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ABSTRACT This paper reviews the meas

l" conceptual and methodological issues regarding the
2 epidemiology of iron deficiency and their implications for
. studies of the functional consequences of iron deficiency“3

ures of iron status (hemoglobin, hematocrit,

mean corpuscular hemoglobin concentration, mean cell volume, free erythrocyte protopor-
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Introduction

The purpose of this workshop is to consider whether
the relationship between iron nutritional status and cog-
nitive development is known and, if not, to establish
working hypotheses about the relationship(s) that can be
subjected to explicit testing. Within that framework, the
purpose of this paper is 1o consider those features of iron
and of measures of iron status that may influence in im-
portant ways both the interpretation of past studies and
the design of future studies. A later paper will address
possible confounding variables. At this stage of the pro-
ceedings it is not clear whether the relevant design will
be epidemiologic (observational) or experimental {inter-
ventionist). An important consideration in this regard
will be the nature of the hypothesis and, more particu-
larly, the question of whether it is current iron status that
is deemed important or iron status at an earlier stage of
growth and development. Given that these aspects of de-
sign have not been defined, the approach that will be
taken in this paper is first to review some of the measures
of iron status that might be included in studies of the
functional outcome of iron deficiency (ID) and then 10
consider the implications of the various measures when
i they are used in epidemiologic and in experimental de-
signs.

Available measures of iron status

Extensive reviews of the available measures ofiron sta-
tus have been published (1). Here we need be concerned

%

phyrin, serum iron, transfernin saturation, and
for inclusion in field studies of the relationship between iron and mental performance. The
characteristics of these measures (sensitivity to iron status, specificity to iron, and diurnal and
day-to-day variability) are reviewed and the implications of choice of variable for the design,

serum ferritin) that are potentially available

analysis, and interpretation of studies are discussed. Brief consideration is given to the question
of confounding variables and to sources of both false-positive and false-negative conclusions.
The explicit message of the paper is that there is no perfect choice of measure of iron status
but, given explicit definition of the research question, there are preferred choices that can most
effectively combine the choice of variable and the design of the study.

Am J Clin Nutr

Iron, iron status, cognition, psychology, epidemiology

only with a few that have potential application in field
studies of human populations. All measures discussed
can now be applied to microliter samples of blood (2}
and hence are minimaily invasive and are potentially ap-
plicable to children, even infants. The list is effectively
limited to hemoglobin (Hb), hematocrit, red cell count,
and their various indices; free erythrocyte protoporphy-
rin (FEP); serum iron, serum transferrin, and transferrin
saturation; and ferritin. These subdivide into measures
that assess the adequacy of body iron supplies in relation
to erythropoiesis and those that more closely relate to
total iron storage. Each of the groups of measures has
certain advantages and certain disadvantages as mea-
sures of iron nutriture. If and when a specific compart-
ment of body iron is hypothesized to be causally linked
to mental function, then indices of the particular com-
partment would be preferred.

In this paper the terms sensiti vity, specitficity, validity,
and religbility are used with the following meanings.
Sensitivity is taken to imply the degree to which the mea-
sure reflects the status of iron stores (iron depletion).

| From the Departments of Nutritional Sciences and Preventive
Medicine and Biostatistics, Faculty of Medicine, University of To-
ronto, Toronto.

2 gupported in part by grant 606- 1468-41 from Health and Welfare
Canada.

3 address reprint requests to GH Beaton, Department of Nutritional
Sciences, University of Toronto, Toronto, Ontario, Canada M35 1A8.

Am J Clin Nutr 1989:50:575-88. Printed in USA. @ 1986 American Society for Clinical Nutrition 575



ggleas01
For Archival Use Only.  IDPAS # 60


576 _ BEATON ET AL

Specificity is taken to mean the degree to whiich the mea-
sure is unaffected by other factors and hence is a specific
indicator of iron depletion or deficiency. Validity is
taken to mean the assurance that the method used is ac-
tually measuring the variable in question. Reliability is
usually taken to refer to both measurement error (the re-
producibility of repeated measurements of the same
sample)} and within-person variation (reproducibility of
the results from repeated samples collected at different
times, within a day or across a period of days, from the
same subject). In this paper, the components of reliabil-
ity are discussed separately and the term is not applied
in a generic sense.

Hemoglobin, hematocrit, red cell volume, and
calcidated indices

If the question being asked relates to the presence of
ID anemia (IDA) or oxygen-carrying capacity of the
blood, one or more of these measures is essential. In gen-
eral population studies, Hb and hematocrit offer similar
information, at least across the range of mild anemias.
Anemia, marked by low Hb, 1s not specific for ID. Use
of the combination of measures and the calculation of
mean corpuscular hemoglobin concentration (MCHC)
and mean cell volume (MCV) increase the specificity but
not the sensitivity. In populations in which other forms
of anemia are expected to be present, even these mea-
sures may offer insufficient specificity, and FEP values as
well as measures of iron stores become very desirable (3,
4). This, of course is a diagnostic or classification issue
rather than one of assessment of relative iron status. In
the context of the present studies, such differential diag-
noses take on more importance in explaining nionre-
sponse of red cell indices to an iron intervention than in
serving as a measure of iron nutriture in analyses of the
association between iron depletion and functional out-
come.

A small diurnal variation is seen in both Hb and hema-
tocrit (Table 1). It is not significant in either the biologi-
cal or statistical sense. Interestingly, the changes are not
proportional to each other and there is a small reverse
diurnal vanation in MCHC. More important for field
studies, the method of collection of the blood sample can
affect the hematocrit and hence the Hb level. Both time
of day and technique of collection should be standard-
ized if the measurement errors are to be minimized. Be-
cause cell volume can change with holding time, precau-
tions should be taken to determine hematocrit shortly
after collection. Hb and hematocrit vatues differ with al-
titude. Although this presents a problem for classifica-
tion of anemia, it should add no specific problem in ei-
ther cross-sectional or longitudinal comparisons carried
out at the same altitude.

There are four very serious limitations of Hb and he-
matocrit for the studies at hand. The first is relative in-
sensitivity to iron depletion. Hb and hematocrit are mea-
sures of a severe deficiency of iron (1). If the question
being considered relates to the association between iron
depletion and functional outcome, then these measure-

ments may be necessary background information but are
unlikely to be of major importance in analyses. Con-
versely, if the question relates to the effect of IDA on cog-
nitive development, they are the critical measures and
indices of iron stores are simply confirmatory. The sec-
ond major issue for studies of underprivileged groups in
developing countries is the nonspecificity of Hb levels. In
particular, levels are reduced by the presence of chronic
infection or inflammation regardless of iron status. A
third very serious concern is the fact that there is a wide
interindividual variability in physiologically normal Hb
levels. Normality of the distribution has been reported
for replete subjects (6-8). In the Nutrition Canada data
(5) the Hb distributions for both males and females ap-
proximated the Gaussian except for the lowest few per-
cent of the population, where true anemia may be exert-
ing its effect. The coefficient of variation {CV) of Hb was
9-10%. As a spectal case of this interindividual variabil-
ity, there is also clear evidence of a genetic difference be-
tween blacks and whites (8-11). The fourth problem, il-
lustrated in Table 2, is that in children Hb and hemato-
crit change markedly with age and exhibit sex differences
in the pattern of change. It is interesting to note that the
Hb level in girls does not fall during adolescence. Rather,
it fails to rise. In free-living adults, it appears that Hb
levels are relatively age-stable in women but progres-
sively decrease with age in men. This pattern is very sim-
ilar to that reported by Yip et al (12) in US survey data.

The interindividual vartability in normal Hb presents
extremely serious problems in any approach that in-
volves classification of individuals as anemic or nonane-
mic (6-8, 13, 14). The relatively rapid and sex-specific
changes with age present serious problems for classifica-
tion criteria {15) and for longitudinal studies in children
{a rise in Hb level is expected with time). The occurrence
of infectious disease can confound both cross-sectional
and longitudinal comparisons, These considerations es-
sentially limit effective use of these measures to experi-
mental designs where change in the measure within the
individual across the period of intervention can be exam-
ined and used as a variable {thereby circumventing in
major part the problem of interindividual variation in
normal Hb). Inclusion of a matched control group re-
duces the problem of expected trends with increasing age
in longer-term studies. Obviously, in any group compari-
sons, age and sex must be matched or an adjustment pro-
cedure must be included in the analyses. Even in such
designs it may be necessary to obtain some measure of
the occurrence of infectious disease, particularly if there
i1s any reason to believe that the intervention can itself
affect morbidity or that these rates differ across popula-
tions being compared. (The concern with morbidity as a
confounding factor applies to all of the measures under
discussion).

Free erythrocyte protoporphyrin

FEP levels tend to rise as the supply of iron for erythro-
poiesis 15 constrained. In that sense they mark the same
phenomenon as a decrease in hemoglobin. However, be-
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BLE 1
. g:served diurnal variation in measures of iron status in adults aged 21-60 y examined in the Nutrition Canada Survey*

F_c;oup and Transferrin

" ime interval n Hb Hematocrit MCHC Serum iron saturation

B

g/L g/L umol/L %

Adult males
0930-1030 14 157.3 0.4836 3252 20.48 33.14
1030-1130 33 154.3 0.4651 331.7 19.71 3191
11301230 & 159.9 0.4800 3330 18.62 29.13
1230-1330 131 156.9 0.4717 3327 21.06 33.03
§330-1430 219 155.6 0.4656 334.2 19.59 31.48
14301530 156 156.4 0.4679 3344 20.17 3122
1530-1630 138 156.4 0.4682 3339 18.95 30.40
1630-1730 301 156.4 0.4658 3358 18.24 28.58
17301830 266 156.4 0.4608 339.6 17.76 27.65
1830-1930 56 152.2 0.4538 335.4 17.08 27.22
1930-2030 955 155.2 0.4551 341.1 16.80 26.57
2030-2130 137 154.4 0.4561 338.5 17.16 26.74

Adult females
0930-1030 18 137.3 0.4317 319.2 19.33 3111
10301130 71 138.7 0.4186 3316 19.41 29.56
1130-1230 26 135.7 04146 3269 19.16 27.23
1230-1330 179 136.8 0.4182 327.1 18.40 28.00
1330-1430 455 137.2 0.4154 327.2 18.04 27.19
14301530 421 136.8 0.4183 3273 17.92 26.57
1530-1630 403 136.6 0.4149 3265 17.29 26.00
1630-1730 454 137.0 0.4166 335.0 16.10- 24.24
1730-1830 333 136.5 0.4129 3306 15.47 23.16
1830-1930 a7 134.2 0.4145 3239 14.46 21.70
19302030 709 136.5 0.4103 332.7 14.72 22.35
2030-2130 95 1368 (.4082 335.2 15.52 23.36

* Nutrition Canada {5} was a population survey with a stratified random design. Analyses presented in this paper have not taken into accournt
sampling weights. Other analyses established that there was no consistent relationship between the diurnal change and bedy weight, reported iron
intake in the previous 24 h, or deciles of age.

cause FEP levels are very low in the adequate situation,
the rise tends to be a sharper marker than is a decrease
in Hb. FEP is seen as an early measure of the effect of
iron depletion on erythropoiesis, somewhat more sensi-
tive than Hb (1, 16). FEP levels rise in the presence of
infection, just as Hb levels decrease, even when body

trast to the serious problems that arise for serum iron and
transferrin saturation).
Serum iron, transferrin, and transferrin saturation

For many years the preferred technique of assessing
jron status, in the absence of obvious anemia, was by

iron stores are adequate (17). In separating these effects
from those attributable to iron depletion, FEP offers no
real advantage. FEP levels decrease with age during
childhood (12) and rise in the presence of lead toxicity
(18). A difficult and time-consuming methodology de-
layed general acceptance of this measure. Even though
current methods are more feasible in application, experi-
ence with this measure in studies of the type under con-
sideration remains limited. The general impression one
obtains from the current literature is that although FEP
may be useful in a multifaceted diagnostic criterion of
anemia, it offers little as a measure of the relative level
of iron stores in the body. Recently, the within-person
variation in FEP levels across days was examined in US
adults (Table 3). It would appear that a distinct advan-
tage of FEP is its stability within the individual (in con-

measurement of transport iron in the serum. Much evi-
dence was accumulated to demonstrate that serum iron
levels fall before impairment of the hematopoietic func-
tion leads to a detectable deficit in circulating Hb (1, 4).
In the range of modest deficits in Hb, the serum iron vari-
ables respond much more sharply than does Hb. Across
this range of major depletion to moderate anemia, these
measures appear quite sensitive to the body supply of
mobilizable iron. At higher levels of body iron, serum
iron is still responsive but with much less sensitivity.
The relative patterns of change in serum iron and Hb
are consistent with the notion that they reflect at least
two different body iron pools that deplete differentially.
A detailed examination of Nutrition Canada data served
to demonstrate the nonlinearity of the relationship (Fig
1) (generally similar patterns hold if serum iron is used
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TABLE 2
Regression of iron variables on age for data from the Nutrition Canada Survey
Males Females
Variable Age interval n Regression SE* n Regression SE
Hb {(g/L) 0-13 2148 19+ 14y 0.06 1867 20+ 1.1y 0.07t
14-20 1064 943 +34y 0.02 1025 131 +0.28y 1.3%
21- 4097 162—0.17y 0.03 4958 134+ 006y 0.01%
Hematocrit 013 2123 0.359+0.0038y 0.0001 1841 0.363 +0.0034 ¥ 0.0002t
14-20 1055 0.288 + 0.0096 v 0.0003 1010 0.396 + 0.00075 ¥ 0.000451
21~ 4053 0.472 - 0.00026 ¥ 0.00003 4903 0.408 + 0.00019 ¥ (.00003%
MCHC (/L) 0-13 2098 332 +0.28y 0.12 1821 333+002y 0.13
14-20 1041 3324025y 0.29 998 330+0.21y (.48
21~ 4017 345-0.18y 0.02 4849 330 +001ly 0.02%
Serum iron {ug/ 00 mL) 0-13 1636 14.7+0.14y 0.036 L387 14.9+0.13y 0.039
14-20 1045 11.3+0.44y 0.084 1012 164+ 00007y 0.090%
21- 4040 19.1-0.27y 0.005 4847 17.5—-0.021y 0.004
Transferrin saturation {%) 0-13 1636 21.3+0.30y 0.05 1387 226+0.19y 0.06
14-20 1044 145+ 081y 0.13 1012 244 —-0019y 0.13%
21- 4040 200—-0012y 0.007 4846 24240021y 0.007¢

* Siandard error of the slope of regression. Regressions are unweighted.
t Slopes are significantly different between males and females, p < 0.01.
% Slopes are significantly different between males and females, p < 0.001.

T e

in place of transferrin saturation and if hematocrit or
MCHC is used in place of Hb). In these analyses individ-
uals were clustered by 0.18 umol/L (1-pg/100 mL) units
of serum iron and the mean Hb level was calculated for
each cluster (for the 4056 females between ages 20 and
70 y, there were 185 such clusters; for the 3 L 96 males,
there were 192 clusters). Weighted-regression techniques
{with number of subjects in each cluster as the weighting
factor) were applied to fit the nonlinear, asymptotic
model. The derived estimates of the parameters of the
model are presented in Table 4. At lower levels of serum
iron and at the higher levels, the number of subjects in-
cluded in a cluster were small, often a single subject. To
test whether aberrant values in this range might be exert-

ing undue effect, algorithms were developed to group the
lowest 32 (25 in females) serum iron levels into intervals
of 0.56, 0.72, or 1.43 umol/L (2, 4, or 8 ug/100 mL).
Similar reclustering was done for the upper 72 (64 in fe-
males) clusters. In total this yielded 16 new data sets. The
estimates of A, B, and C were quite stable across these
data sets.

A segmented linear-regression model was also fitted to
the data. This model assumed a quadratic relationship
between serum iron and Hb until a threshold value of
serum iron is reached, after which a plateau in Hb was
achieved. The results of fitting this model are shown in
Table 5. The proportions of variance explained (R?) were
almost identical with those shown in Table 4. The

TABLE 3
Predicted impact of repeated measures on atienuation of correlation and regression analyses in data from Hispanic HANES adulis*

Simple correlation Bivanate regression

Iron measure Sex Varance ratiot One measure Three measures One measure Three measures
Ervthrocyte protoporphyrin M 0.05 0.98 0.99 0.95 (.93
F 0.06 0.97 0.53 0.94 0.98
Serum iron M 1.9 0.59 (.78 .34 0.61
F 39 0.51 0.66 0.20 0.43
Transferrin saturation M 222 (.56 0.76 0.31 0.58
F 1.4 .65 0.83 0.42 0.68

* n = 3| males and 47 females, each with two measures.
+ Variance ratios for logarithmically transformed data reporded in reference 19.
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are for the asymptotic model.

threshold values were 24.01 and 16.56 umol iron/L se-
rum for males and females. In the segmented linear-re-
gression models the maximal Hb for males was 159 g/L
compared with 160 for the asymptotic model. For fe-
males the values were 139 and 141 g/L, respectively.

Both models suggest that females reach their maximal
Hb level at a lower serum iron level than do males. These
results suggest that there is a true sex difference in physio-
logical normality for serum iron just as there is for Hb,
even though this is not commonly recognized in estab-
lishing diagnostic cut points. The display of data in Table
2 suggested that the relationship between serum iron and
age was very similar in maie and female children. It is

TABLE 4
Relationship between hemoglobin and serum iron in adults®: A—
asymptotic model: Hb = A — B X e xSy

Parameter estimates

Sex n A B C R?

Males 3196 160+£0.9 66+ 104 0.156+0020 053
Females 4056 141404 116+154 0251+0.018 071

* Subjects aged 20-7Q v, drawn from Nutrition Canada data.
t SI = serum iron.

Nutrition Canada {not controlied for divrmal varnation o
0.18-umol { 1-ug/mL) intervals of serum iran are plotted.
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FIG 1. Observed relationship between Hb (g/L) and serum iron (umol/L) in adults aged 20-70 y examined in
¢ the small age effects seen in adults). Mean Hb levels for
See text for fitted regression parameters. The lines shown

reasonable to assume that the true sex difference begins
at or around menarche and hence is not a matter of ma-
jor concern in studies focusing on children. Conversely,
the analyses illustrate that Hb and related measures are
insensitive to iron status except when the storage pool
has been markedly depleted. It must be assumed that a
similar relationship holds for children.

The strong perceived advantage of seram iron as a sta-
tus measure is the increased sensitivity to iron depletion
through the range representing major depletion through
moderate anemia—a range that is of interest in studies
of the association between iron and cognitive function.
Initially, there were difficulties in standardizing labora-
tories and achieving acceptable validity of measures.
These were overcome and measurement of serum iron
and serum transferrin and thus calculation of transferrin
saturation are now acceptable although it is clear that
care must be taken (15). Current methodologies permit
estimations with very smali samples (2).

The serious limitation to the use of serum iron is its
notorious variability both within days and across daysin
the same individual (1, 20-23) (see Table 3). These are
mediated in part by shifts in iron release (24, 25), with
iron uptake being influenced by the plasma level. Other,
imperfectly identified influences play a major role. Be-
cause iron status is only one of these influences, specific-
ity is a problem. Expressing serum iron in proportion to
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TABLE 5

Relationship between hemoglobin and serum irost in adulis®; B—
segmented regression model: if It < Sy, Hb = A + B X SI + C X SI
ifSI=z Sk, Hb=D

Parameter estimates

Sex n Sl A B C D R?

Males 3196 2401 1217 307
Females 4056 17.03 83.1  6.81

0.0654 159 0.50
02055 139 0.69

* Subjects aged 20-70 y, drawn from Nutrition Canada data.
1 8I = serum iron; 81; = threshold value of serum iron.

the carrying capacity of the transport protein, transfer-
rin, improves the situation somewhat but does not re-
move the problem (see Table 3).

As reported by many authors and portrayed in Table
1, diurnal variation is a major systematic effect for both
of these measures. The cycles are not necessarily in phase
across individuals; nevertheless, in total groups a clear
pattern emerges. For the data in Table 1, simple linear
regressions of half-hour-interval means (unweighted) on
time yielded the following estimates of changes across
the 0900-2100 period. As noted in Table 1, these could
not be related to iron intake in previous day, body
weight, or decile of age.

Serum iron for adult males
=26.51-0478h; R*=0.83 ()
Serum iron for adult females
=25.66 —0.545h; RZ =090 (2)
Transferrin saturation for adult males
=4223-0.78h; R*=0.86 (3)
Transferrin saturation for adult females
=38.50-081h; R*=0.90 (4)

Whereas for Hb and hematocrit the range of diurnal vari-
ation represented 3-3% of the early-moming values, for
serum iron and transferrin saturation the range was
~20% of morning levels. In women, oral contraceptive
usage was another systematic factor. (This can be seen
for both serum iron and transferrin saturation even after
subjects are matched for menstrual blood loss to avoid
differences in iron status [26]). Age- and sex-related
differences are present (12, 27}. The display in Table 2
suggests that although these changes present difficulties
for classification criteria, they would present less of a
problem in cross-sectional or longitudinal analyses than
would Hb up to puberty. In the adolescent years again
the levels rise sharply for boys but not for girls. Diurnal
variation is seen in children as well as in adults (22). In-
fections, even minor infections, depress the levels quite

sharply (1), creating potential problems of interpretation
of field data.

The major concerns with these measures, then, are 1)
wide diurnal variation (which could be controlled); 2)
wide variation within persons from day to day; and 3)
nonspecific response to several other influences (which
would be difficult to control under field conditions).

Serum ferritin

In the last decade or two, serum ferritin has gained ac-
ceptance as the preferred index of iron storage. Methodo-
logic problems have hindered the validity of measure-
ments done in different laboratories although this prob-
lem has been greatly reduced in recent years. It appears
that this measure is directly related to the level of storage
iron in normal subjects (28). It has been suggested that a
difference of | pg/L in serum ferritin is equivalent to ~8
(29) or 10 (30} mg of storage iron in normal adults. Se-
rum ferritin level is sensitive to tissue iron level across a
substantially greater range than any of the other indices
and it is the only index that appears to be useful as an
index of iron nutriture at tissue levels above those mark-
ing the beginning of impairment of hematopoiesis. This
measure has the further advantage of having an appar-
ently smaller day-to-day variation than serum iron but it
does increase in response to infection (30). (Note that
this is the only variable examined that moves in the op-
posite direction to that seen in ID during infection:)

Serum ferritin levels are high at birth, decrease rapidly
during the first vear, and then climb slowly through ad-
olescence (31). As for other variables of iron, there is a
major increase in males. For ferritin it appears to take
place during the late adolescent and early adult vears.
There is then a progressive rise with increasing age. Fe-
males do not show this adolescent increase and levels
tend to increase slowly to about the age of menopause
and then increase relatively sharply (31, 32). The in-
creases with age in older persons may represent accumu-
lation of stores or be the effect of progressive develop-
ment of inflammatory disease {32).

Implications for interpretation and design

In the foregoing discussion, emphasis was placed on
three dimensions of the characteristics of measures of
iron status: their sensitivity to change in iron status; their
specificity as markers of iron status; and their variability
within the day or across days (rehability as markers of
iron status). The assumed analytical question is, What is
the relationship between iron status and functional out-
comes, in this case cognitive function? In this conceptual
model, iron status is not measured directly and all the
variables under discussion are proxy measures or estima-
tors of the reality that is of interest. That being the case,
there is yet another important dimension of the proper-
ties of the measures that warrants consideration—prox-
imity to the true measure of iron status.
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The analytical question underlying this paper, and in-
deed this workshop, is, What is the relationship between
ID and brain function? To proceed further in discussing
the utility of the various markers of iron status it is neces-

+4 gary to pause and consider the explicit meaning of ID. In

the foregoing discussion three dimensions of the charac-

= teristics of available measures were considered: their sen-

sitivity to changes in body iron stores, their specificity to
changes in iron status as contrasted with other factors
such as infection, and their varability within days and
across days in the presumed absence of real changes in
body iron stores. To this point it has been assumed that
D and reduced body iron stores are synonyms.

If this conceptual identity is accepted then a critically
important issuc arises. None of the measures discussed
directly estimates the true reality under study. They are
proxy measures, indirect estimators, indicators, what-
ever term you may wish to apply. In the foregoing discus-
sion we have examined the degree to which the measures
appear to relate to the reality—in group data. What must
now be recognized is that there is every reason to accept
that, among individuals, there is interperson variation in
that relationship. This is clearly illustrated by the widely
accepted interindividual varation in physiologically
normal Hb. For a particular individual, achievement of
his or her physiologic norm implies that body iron levels
have risen to the point that hematopoiesis is no longer
compromised—and that either the level of stores needed
for this purpose differs between individuals or the hema-
topoietic rate associated with a given level of stores differs
between individuals. Either way, we must accept that
there is individual variation between the estimator of
iron status, in this case Hb, and the reality of body iron
stores. It is but an extension of the same logic to suggest
that analogous variability exists in the relationship be-
tween measures of serum iron and true body stores, and
between serum ferritin and true body stores. It also fol-
lows that, given a fixed state of the true reality, there must
be interindividual variation in the relationships among
estimators of that reality (33). Implicit recognition of this
issue is to be found in the various efforts to estimate the
prevalence of ID (eg, 3, 8, 9, 15, 32). These break down
into two broad approaches: those that have used a single
measure and then use a distributional approach to esti-
mate the proportion of low values for the varable
{whether that be a statistical estimator of shift in distnbu-
tion, a probability approach, or the application of a fixed
cutoff) and those that attempt to apply multiple criteria,
each with its own cutoff, to diagnose the individual and
then count the number of deficients. The important ele-
ment to recognize is that in each case there is an implicit
acceptance of the notion of individual variability of the
marker in relation to the reality under investigation and
of the notion that these interindividual variabilities may
be independent, or semiindependent, across markers.
This has very important analytical implications.

A critical question that must be asked in the planning
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of analysis and interpretation of studies relating to iron
and human function is, Is there need for, or advantage
to, a classification of individuals? Should we dichoto-
mize data or treat the measures as continuous variables?
There is a long tradition of the development of classifi-
cation criteria marking stages of ID. Undoubtedly this
has arisen from the model of diagnosis and treatment of
anemia in health care practice. Over the years the defini-
tions have become more refined and more parameters
have been included in the criterion. However it is aiso
true that over this period there has been continuing con-
cern about the recognized misclassification of individu-
als. Given the interindividual variation discussed above,
coupled with the sources of within-person variation dis-
cussed earlier, it is inevitable that the classification of in-
dividuals will be very imperfect. In addressing the
current questions, misclassification of individuals in
a dichotomized (or trichotomized) classification will seri-
ously compromise the ability to demonstrate effects of
iron status. In most analytical situations there is little or
no advantage to classification of a continuous variable
and indeed there is often a loss of statistical power. This
reviewer would agree wholeheartedly with the concept
espoused by Dallman (4) when he said, “In relation to
examining the role of iron in various aspects of behavior,
the operational definition of ID, provided by the re-
sponse of Hb concentration to iron administration; is a
useful adjunct to the use of currenily availabie iron
tests.” This reviewer would only extend the concept to
all of the variables of iron. It is the approach of paired
analyses of the impact of an intervention on the individ-
ual. It is reasonable to assume that the relationship be-
tween change in iron status and change in functional per-
formance will show less interindividual variation than
will the relationship between status and function.

There is a probiem. The relationship between our vari-
ables of iron status and iron status are not linear. Indeed
in the case of the red cell measures (Hb, hematocrit, and
MCHC) the relationship is truncated—there is a maxi-
mum limit in response marked by the individual's physi-
ologic, homeostatic norm (6}. As was illustrated in Fig-
ure 1, the relationship among parameters changes across
presumed levels of iron nutriture.

It follows that we should recognize that the preferred
estimator(s) of iron status will differ with the range of
status in which we are interested and that the relation-
ship between the chosen indicator of status and a func-
tional outcome will differ between measures as we Iove
through the range of status. Surely this is a part of the
confusion in the literature when investigators have used
different measures of iron status and have applied them
in populations having different ranges of iron nutriture.
Some of these designs have to have been mismatches.

From the earlier part of this paper one can stipulate
the measures that would be expected to be effective tools
as a function of both the question being asked and the
status of the population group(s) under examination.
These measures are summarized in Table 6. The goal of
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TABLE &

Conceptual framework for choice of measures of iron status based on the responsiveness of the indicator to range of true iron status

Expected study-population

Potential indicators of iron status

Analytical question condition Red cell measures* Serum iront Serum ferritin

Dioes severe ID affect function? Anemia very prevalent in study Preferred but Desirable ?
group with evidence of very problematic
low Hb in substantial
numbers

Does marginal deficiency affect function? Moderate prevalence of anemia Necessary but not Acceptable but Preferred
in study group; few enaugh problematic
individuals with very low Hb
levels

Does iron depletion affect function? Low prevalence of anemia; Not responsive ? Preferred

indication of presence of low

iron stores (eg, low serum

ferritin levels)

* Includes Hb, hematocrit MCHC, MCV, FET. FET may be particularly useful in questions concerning marginal deficiency.

t Includes both serum iron and transferrin saturation.

this assignment is to select indicators that can be ex-
pected to show a continuous response {preferably linear
but this is unlikely) across the range of iron status in-
volved. Hb is useless once one is above the range where
anemia is seen. Serum iron is not very responsive once
one leaves the marginal-deficiency stage. Serum ferritin
may not be very effective in very severe depletion {or in
very excessive accumulation). This table alludes to, but
does not factor in, differences between the indicators in
their variation with factors other than iron status. This is
discussed below.

In reviewing the available measures, emphasis was
placed on specificity and vanability {diurnal and day-to-
day) as well as sensitivity to changes in iron status. These
two characteristics are important in the design of any
study.

Consider first the guestion of specificity. All of the
measures considered are affected by infection and/or in-
flammatory disease. In children we can focus attention
on infection and its implications. The effect of infection
will be to underestimate stores when Hb, hematocrit,
FEP, serum iron, or transferrin are chosen; MCHC and
transferrin saturation will be affected with the same di-
rection of bias but the effect may be of different magni-
tude. The converse is true for serum ferritin: the bias is
likely to be in the opposite direction, so iron stores will
be overestimated.

If the design is cross-sectional then at least two types
of statistical effects might be seen. If the prevalence and
severity of morbidity differ between groups there could
be a true bias in the comparative assessment of iron sta-
tus of the groups. Perhaps much more important, be-
cause it can be postulated that measured psychologic and
cognitive functions would associate with current or past
morbidity, there could be serious bias in the examination

of the relationship between iron status and function. If
one were to rule out the possibility of association be-
tween morbidity and outcome, then the presence of mor-
bidity and its effect on the measures of iron status would
serve to attenuate relationships (would create noise in the
data). Similar considerations would hold if one suspected
lead toxicity to be present in the study population; this
would shift the levels of FEP and, if severe, other vari-
ables,

In a longitudinal design, error in the estimation of
change in iron status is more serious than error in estima-
tion of the absolute level of nutriture at the beginning or
end of the study period. One would wish to have avail-
able measures that are specific and sensitive and that re-
spond in a linear manner to change in iron status across
the range of interest. None of the available measures fully
meet these specifications.

As discussed above, morbidity affects all of the avail-
able measures of iron status. However, infectious disease
(with some exceptions) does not affect response to iron.
In infection depressed indices of iron status may not re-
spond to iron supplementation but that is generally be-
cause true ID was not present, not because the infection
blocked response. In addition to the implications for the
cross-sectional design discussed above, there are three
scenarios of the effect of morbidity on interpretation of
the longitudinal design. If morbidity is a prevalent and
essentially constant (in the individual) background in the
study population, it’s major effect will be to bias the as-
sessment of initial or final nutriture without bias in the
estimation of change of status. As the prevalence of mor-
bidity decreases, it becomes more likely to affect a partic-
ular individual at the time of both (all) measurements,
The effect will be to generate noise in the estimation of
change in iron status and this will decrease statistical
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" wer. It can also bias the estimate of coefficients in re-
-on analyses. Usually this bias will be one of under-
jmation of relationships but, in some circumstances, it
can also lead 10 overestimation in multivariate analyses
34), Finally, as is generally the case 1n developing coun-
tries, if morbidity follows a cyclical pattern and if mea-
surements fall into this cycle, there is a major chance for
a true bias in the estimation of change in iron status. The
direction and magnitude of the bias would differ with the
pature and phasing of the morbidity cycle in relation to
the measurement cycle and indeed with the particular
measure of iron status being used.

Analogous effects would be created in longitudinal de-
signs if the time of biood collection were not controlled.
Diurnal variation could create noise or bias, depending
on the design. Problems associated with diurnal varia-
tion are particularly major for serum iron and transferrin
saturation but they exist also for other measures (see Ta-
ble 1 for examples).

From the standpoint of study design, diurnal variation
is more easily addressed than is morbidity. The obvious
solution is to carefully standardize both the method and
time of blood coliection. In the case of morbidity, two
possible approaches immediately come to mind. In a
cross-sectional study one might exclude from the study,
or from the analysis, children with evidence of current
or recent morbidity. In a developing country this would
result in a very major sampling bias and might well de-
feat the purpose of the original study. A much more de-
manding approach would be to collect data concerning
current and past morbidity and inctude that information
in multivariate or covariance analyses of the association
between iron status and function.

In a longitudinal study there is another approach to
minimizing the impact of random morbidity (or other
factors) on the estimation of change in iron status. This
involves repeated measures during the course of the
study, coupled with regression analyses, for each individ-
ual, to estimate change across the period of the study.
Here the question of linearity or nonlinearity of response
curves becomes important in selecting the appropriate
regression model. Of concern is the lineanty of the rela-
tionship between the measure of iron status and iron sta-
tus itself and the expected linearity of the response of iron
status to the intervention over time. From discussions
earlier in this paper, it is clear that one must select mea-
sures of iron status that are responsive across the range of
status under study. Thus, for example, serious difficulties
arise if Hb is the chosen measure and the expected iron
status will range from manifest anemia to an iron-replete
state. In such a situation serum ferritin would appear to
present the preferred choice. Not only does it respond
across that range but the impression is that it responds in
arelatively linear manner.

~ With cross-sectional studies (measures at one point in
time) the effects of short-term random variation (day-to-
day variation) can be greatly reduced by collecting sev-
eral samples of blood on different days clustered around
the nominal date of measurement. The more measures

pooled, the smalier will be the remaining component of
measurement error and the greater will be the statistical
power {34). The phenomenon is illustrated in Table 3.
The presence of a substantial day-to-day variation in se-
rum iron and transferrin saturation would greatly atten-
uate the relationships seen in simple correlation or re-
gression analyses—we would lose statistical power and
we would incorrectly describe the nature of the relation-
ship (slope of the regression line). Table 3 also illustrates
the improvement that would result were three measures
{collected on different days) available. In practice this is
usually not a feasible approach for minimizing the effects
of morbidity. The spacing of measures would have to be
greater than the expected duration-of-illness effects.

In longitudinal designs extending over a period of
months or years, the reported association between mea-
sures of iron status and age and the differences in these
relationships between sexes become very important {see
Table 2 for examples of effects). Here the presence of
matched control groups, or at least a precise knowliedge
or expected change with age, is critically important to
analysis and interpretation.

A very specific issue arises if the analytical design in-
volves stratification of the individuals by the dependent
variable. An example would be attempting to ask
whether iron-depleted subijects show a different iron-sta-
tus response to supplementation than do iron-replete
subjects. If the measure of iron status has a large within-
person variance compared with the expected true re-
sponse, then the phenomenon of regression to the mean
can cause very serious errors. This says simply that initial
outliers can be expected to move toward the group mean
when a second measurement is examined—-the defi-
cients can be expected to respond whether or not there
was any real change. Such analytical approaches can be
taken only with extreme care and full awareness of the
possible spurious results. Pooling of data collected on
different days, as discussed above, would decrease the er-
ror component and decrease, but not eliminate, the re-
gression to the mean effect.

The preceding discussion has a theoretical tone. Itis
difficult, or impossible, to apply this theory retroactively
to published studies for the simple reason that it has not
been customary to report, or use in analyses, the esti-
mated error terms. A strong pléa is herewith issued to
include a series of replicated measures in all future stud-
ies and to report the within-person variance of measure-
ments. With additional knowledge about the expected
behavior of the measures, both analyses and interpre-
tations can be greatly enhanced (34).

With either cross-sectional or longitudinal designs,
there is a conceptual issue that must be recognized—the
fact that interindividual variation in the relationship be-
tween true iron status and any functional outcome must
be expected (33). The present paper has focused on varia-
tions affecting the relationship between measures of iron
status and the underlying reality of iron status. There is
another variation for which we have no estimators. The
level of iron nutriture required to achieve a defined level
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of functional performance must be expected to vary
among seermningly similar individuals. The issues are par-
allel to those we face in defining nutrient requirements.
In the analysis of the results of human studies this fact
of life will attenuate observed relationships. It becomes
essential that the change (or difference) in true iron status
and hence associated change (or difference) in psycho-
logical measures be substantial and that sample sizes
must be adequate if we are to display the associations,
Sample-size and statistical-power calculations must al-
low for the expected variation in response as well as the
measurement errors discussed above.

Having solved all of the above problems by implementa-
tion of a near-perfect design, it is worth remembering that
the probabilitics are that we will have underestimated the
magnitude of the relationship, the slope of the line relating
iron status to function. That is, for the most part, the factors
discussed are likely to attenuate that slope even though we
may have designed the study to have sufficient power to
detect the presence of an association.

Other cofounders: covariance

In any cross-sectional type of epidemiologic study, the
very serious concern must always be that associations
seen may be spurious in the sense that both iron status
and brain function relate to other, perhaps unmeasured,
variables but are not causaily linked themselves. The epi-
demiologist attempts to address this problem in three
ways. The first is by collection of data on all vanables
recognized as potential covariates and controlling for
these variables through various types of multivariate
analyses. The second is to search for consistency of rela-
tionships among studies carried out in various settings,
perhaps with various measures. (In this case care must
be taken to ensure that the individual studies were well
designed and conducted and that the measures of iron
status and brain function were appropriate to the condi-
tion of the population.} The third, of course, is the con-
trolied, double-blind, experimental intervention trial, a
design that is possible with pharmaceutical supplements
(iron and carefully matched placebo).

The potential for covariance is very real in the research
questions at hand. Measures of mentai function and of
iron status tend to change with characteristics of the so-
cial and biological environment. Pollitt (35) has dis-
cussed and exemplified several of these possible associa-
tions. He has discussed also the conceptual difficulties
that arise when attempting to interpret analyses that
have controlled for third variables when indeed all three
are truly related. Here, the attempt may remove evidence
of a true relationship, increasing the chance of a false-
negative conclusion at the same time one is attempting
to minimize the chance of a false-positive one.

Pollitt (35) makes another important point. The rela-
tionship between ID and mental performance may differ
depending on the environmental circumstance of the
population under study. The epidemiologist’s search for

consistency across studies may not be appropriate if the
study settings differ in ways that are important to the re-
lationship. .

Perhaps, however, the most revealing commentary is
that of Lozoff and Brittenham (36): “Despite major
methodologic strengths, virtually every study [reviewed]
has been limited either by inadequate characterization
of subjects’ iron status, the lack of appropriate normal
controls, the omission of a placebo-treated group, or the
failure to demonstrate changes in behavior.” There can
be no question but that well-designed, well-controlled
trials accompanied by careful analyses are desperately
needed if we are to understand the relationship, if any,
between iron status and brain function (35, 36).

The critical question: what is the hypothesized
relationship?

The most important question that must be addressed
before the design of a new investigation or before the
planning of analysis on an existing data set is, What is
the question that is being asked? In this paper sources of
potential analytical and interpretational problems have
been reviewed. There have been repeated hints or spe-
cific indications that the relative importance of the-issue
being discussed depends on the precise analytical ques-
tion being addressed.

One dimension of this question, addressed above, 1s
the range of iron nutriture over which the association is
expected to exist. Only with the answer 1o this in mind
can one begin to consider the criteria for setection of
study groups or the parameters of iron status that should
be included.

A closely related question is the age group, or age
range, in which an effect is expected to be seen. Given the
argument that a controlled intervention is the preferred
design for several reasons, the question must be €x-
panded to, In what age range is it expected that an effect
of ID can be detected and a reversal of the effect by iron
supplementation be demonstrated?

This then brings us to the final question: Is it current
iron status that is expected to influence current mental
function or was it iron status at either a critical point in
brain development {physical development or functional
development) or a chronic, long-standing iron deficiency
that is expected to have affected the performance now
being measured? The importance of this specification for
the design of studies [must they be prospective from an
early age or can they be over a short term (a few weeks)
or longer term (a few months)?] and for the selection of
data or published reports for critical analyses should be
apparent (36, 37).

Finally, it is necessary to remind the reader of a fact
that has been implicit in the preparation of this paper. It
has been repeatedly demonstrated that controlied iron
supplementation is an efficacious approach to the treat-
ment of DA (38, 39). It is yet to be clearly established
that distribution of iron supplementation is an effective

P A



of controlling anemia in the community. It must not
‘assumed that because iron supplements and placebos
. distributed in the study population there was a resul-
change in iron status. It is absolutely essential that the
of the intervention on iron status be assessed and that

el

ed] hie be made an explicit part of the analysis of the effects
ion intervention on the mental-performance outcome. The
mal ; must be built if causation is to be inferred—or if
the definitive refutations are to be obtained. (]
ﬁan For the covanance discussion the author had access to a background

ed " fiterature review prepared by MW Fairchild, Division of Nutritional Sci-
tely S8 . e, Comell University. This contribution is acknowledged with grati-
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Comments

Peter Dallman'

Dr Beaton’s paper is very stimulating and thought-
provoking. The need to have a clear conceptual model
for ID may on first impression seem rather abstract but it
turns out to be of practical value in placing the numerous
tests for iron nutrition into an understandable frame-
work. A conceptual model is also useful when we en-
counter apparent incoansistencies in clinical and epide-
miological studies of iron nutrition.

One point on which Dr Beaton and I may differ is on
the use of the terms reduced iron stores (or low iron
stores) and iron deficiency. 1 find it difficult to consider
reduced iron stores and 1D as synonymous, especially in
relation to the physiological handicaps associated with
ID. Tt scems much more in line with what we know of
iron nutrition to consider low iron stores as a state of
vulnerability to ID. Only when low iron stores become
associated with impaired production of the so-called es-
sential iron compounds {(compounds that fulfill essential
physiological functions) is there a theoretic basis for ab-
normalities in physiological function that seem to be im-
plied by the term iron deficiency. It is generally agreed
that low iron stores by themselves represent no such
handicap (1). In fact, low stores serve a homeostatic func-
tionin that they enhance the effectiveness with which the
intestinal tract absorbs food ron. Thus young women,
who typically have low iron stores compared with men,
absorb about twice the percentage of iron from food
as men.

I can describe the results of an animal experiment to
further illustrate and support this conceptual model for
distinguishing low iron stores per se from irou deficiency
(accompanied by low iron stores). In this experiment 11
matched groups of weanling rats were fed diets for 3 wk
in which the only variable was the concentration of iron
{2). The 11 concentrations of iron used spanned an al-
most 100-fold range, from 7 to 500 mg iron/kg diet, and
we measured liver iron stores, transferrin saturation, and
three of the major essential iron compounds: Hb, myo-
globin, and skeletal-muscle cytochrome ¢, Liver iron
stores rose in a continuous curvilinear fashion as the con-
centration of iron in the diet was increased. By itself, this
continuum of liver iron stores gives no indication where
one might place a dividing line between phystological
iron status and ID. Any value that one might select could
be considered arbitrary. In human populations, esti-
mates of prevalence based on such definitions would
vary widely and could only be based on an arbitrary
value for serum ferritin.

In marked contrast to the smooth curve for liver iron
are the sharp breaks that occur in all the other curves at
an iron intake of ~25 mg/kg. Above this intake, the level
of dietary iron has no discernable effect on the concentra-

' From the Departmnent of Pediatrics, School of Medicine, Univer-
sity of California, San Francisco.
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tion of any of the three essential iron compounds. Below ]

this level, there is a sharp drop in concentration. Because
the term ID connotes an abnormality, it seems most rea-
sonable and least ambiguous to reserve it for those

groups of rats whose iron intake was < 25 mg/kg diet and §
whose production of essential iron compounds was rate- 3

limited by the availability of iron.

In man it is most practical to define the corresponding
point in terms of Hb production. Hb is the easiest to
measure of the essential iron proteins and its concentra-
tion accounts for two-thirds of body iron. Only when Hb

production is rate-limited by iron availability is there the 28

likelihood of an abnormality in the production of other |

essential iron compounds (3). If iron availability is de-

creased to the extent that the Hb concentration is below &
the 95% reference range that condition can be termed B

iron-deficiency anemia. If, on the other hand, Hb pro-
duction is only slightly impaired, it is likely to remain
within the 95% reference range, with values that are typi-
cally in the low-normal portion of that range. This condi-
tion is often termed iron deficiency withowt anemia or
preanemic ID. It is this stage that is most difficult to iden-
tifv in individuals, even with all the laboratory tests that
have become available for evaluating iron status,

Low iron stores per se are a normal characteristic of
infants, children, adolescents, and women during their
childbearing vears {1). In populations that are relatively
well-nourished with respect to iron, most individuals in
these groups remain in an equilibrium of low iron stores
that rarely progresses to ID anemia. For example, in
HANES II, the median serum ferritin was 17 pg/L. and
the 25th-percentile value was 12 pg/L in children be-
tween the ages of 5 and 10 y (4). Despite these values,
which indicate very low iron stores, the prevalence of
anemia was < 3% (5). The probable reason that the vast
majortty of children could maintain such a precarious
equilibrium so successfully is that iron absorption plays
an extraordinarily effective homeostatic function; ab-
sorption increases substantially when iron stores are de-
creased {(1). The regulation of iron metabolism, there-
fore, works very successfully against the progression
from low stores to ID if the diet supplies sufficient ab-
sorbable iron to allow some scope for this regulatory
mechanism.

As Dr Beaton points out, laboratory tests are tradition-
ally {and most simply} used in a dichotomized fashion,
with values being considered either normal or abnormal.
One reason why individuals near the boundary between
low iron stores and ID are so difficult to classify by labo-
ratory tests is that results for erythrocyte protoporphyrin,
the ratio of serum iron to iron-binding capacity, and fer-
ritin are also likely to yield borderline values. Whether
these are classified as normal or abnormal is often deter-
mined more by sampling error, analytic error, and fac-
tors such as diurnal variation than they are by small shifts




on status. This helps to explain why one study
3 owed that the prevalence of anemia in individuals with
one of the above laboratory abnormalities was
0.9%, only slightly higher than the 8.3% in the entire
- population (6). However anemia was found in 28% of
P2 individuals with two abnormal results and in 63% of
those with abnormal results in all three tests. Results
ch as these were the basis for considering only those
-+ jndividuals with two or more abnormal values to have
© impaired iron status (4). It would be helpful if a method
for using the full scale of the laboratory measurements

could be developed. This might allow us to give appro-
0}  priate weight to a low-normal or extremely abnormal
ra- value. However, the difficulty of developing such meth-
Hb ods is enormous because each test behaves differently,
the usually in a nonlinear fashion, with abnormalities devel-
16T § oping at individual rates and with different confounding
de-| variables.
OW 4  agree that the confounding effects of infection and
1ed § inflammation on laboratory tests for iron nutrition rep-
ro- § resent a major problem. However, we can go a long way
ain toward resolving the problem by obtaining a thorough
’D@- . medical history and by including acute-phase reactants
di- in the laboratory tests in surveys and studies involving
or jron nutrition. Infants with mild infections either at the
CT- time of laboratory studies or even within the previous
hat § month are often anemic and have false-positive or false-
f: negative results for the other laboratory tests (7). Anemia
0
1eir |
ay ] Comments
10
TEs Jean-Pierre Habicht'
nig I have little to offer beyond what Dr Beaton has pre-
be- se_nted but this commentary does give me the opportu-
s nity to expand on an issue that seems particularly rele-
oi‘ vant: the nonlinearity of response of _indicators of nutri-
ast tional status to changes in iron nutrition. First, however,
us it may be useful to agree on some terminoclogy.
ays The concepts outlme_d_ m’Dr Beaton’s paper are so
ab- rarely addressed by nutritionists that we do not yet have
do- an agreed-upon terminology. Itis satisfying to see that he
ro- and I came to a similar common-sense terminology
on about sensitivity and specificity (1). Unfortunately, these
terms have a quantitative, well-agreed-upon meaning in
ab- . - -
oty epldcmmlogy (2), where they ref;:r to th_e proportion of
diagnoses made correctly by a diagnostic test of ilt and
- healthy subjects, respectively, and there is no quantita-
an tive way to relate this usage to our common-sense defini-
. a]’ tions. Because these terms are particularly relevant to
=er; cb}lu:al and ﬁql@l epidemiological research, I try to main-
f)o— tain compatibility with the accepted epidemiological ter-
. minology (2).
_:2;: In epidemiology, the term reliability is used in the
ﬁer same way Dr Beaton uses it. We both (3, 4) further
er- 1 L .. . .
ac- From the Division of Nutritional Sciences, Cornell University, ith-

aca, NY,
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is also far more common in children in whom an ele-
vated sedimentation rate or C-reactive protein suggests a
persistent or recent infection. Laboratory tests for iron
status will yield more reliable results if such subjects are
considered as a separate category.

The issues that Dr Beaton raises will remain with us
for a long time. I do believe, however, that we are success-
fully chipping away at the problems of developing a con-
ceptual model for iron nutrition and of classifying 1D
more reliably with laboratory tests,
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differentiate between the component of unreliability that
is due to measurement imprecision and that component
due to other factors than imprecision and changes in nu-
tritional status within an individual. This latter compo-
nent I call undependability. Undependability of an indi-
cator of nutritional status across individuals also reflects
the degree to which the indicator of nutritional status is
affected by nonnutritional factors. Thus dependability is
what Dr Beaton calls specificity.

To avoid conflict with epidemiological usage 1 call re-
sponsiveness of the variable to changes in nutnition (5)
what Dr Beaton calls sensitivity. Changes in nutrition
status cannot be measured directly (6) but they can be
inferred from changes in indicators of nutritional status
in response to nutritional interventions. Thus, opera-
tionally, one estimates the responsiveness of the indica-
tor to an intervention.

These quibbles about terminology are not important
as long as we all understand what we are talking about
when we use different terms for the same concept. How-
ever, that becomes more difficult as we try to operation-
alize these concepts quantitatively. Thus it is best if the
same term is used to describe the results from the same
quantitative formula, which is available for sensitivity
and specificity (2), for responsiveness (5), and for reliabil-






