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Both iron deficiency and malaria are common in much of sub-Saharan Africa, and the interaction between

these conditions is complex. To investigate the association between nutritional iron status, immunoglobulins,

and clinical Plasmodium falciparum malaria, we determined the incidence of malaria in a cohort of children
between the ages of 8 months and 8 years who were living on the Kenyan coast. Biochemical iron status and
malaria-specific immune responses were determined during 2 cross-sectional surveys. We found that the incidence
of clinical malaria was significantly lower among iron-deficient children (incidence-rate ratio [IRR], 0.70; 95%
confidence interval [CI], 0.51-0.99; P<.05), that the incidence of malaria was significantly associated with
plasma ferritin concentration (IRR for log ferritin concentration, 1.48; 95% CI, 1.01-2.17; P<.05), and that
iron status was strongly associated with a range of malaria-specific immunoglobulins. We conclude that iron
deficiency was associated with protection from mild clinical malaria in our cohort of children in coastal Kenya

and discuss possible mechanisms for this protection.

Both iron deficiency and malaria are common in much
of sub-Saharan Africa, and the interaction between these
conditions is complex. The literature regarding the re-
lationship between them is dominated by studies in
which iron has been given therapeutically, either as pro-
phylaxis or for the treatment of iron deficiency. Although
early studies of this kind have suggested that iron sup-
plementation might be associated with an increased in-
cidence of clinical malaria [1-3], this suggestion had not
been confirmed in studies conducted more recently [4—
7]. Nevertheless, a recent meta-analysis has shown that
the evidence still favors a small but significantly increased
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risk of malaria after iron supplementation [8]. Relatively
little is known about the converse association—that is,
the incidence of malaria among iron-deficient children.
Although studies of animals have suggested that iron
deficiency may be associated with protection from ma-
laria [9], few data are available for humans. We therefore
conducted an observational study in which we investi-
gated the relationship between biochemical iron status,
immunoglobulin concentrations, and the incidence of
clinical malaria among children living on the coast of
Kenya, with the dual aims of gaining further insight into
the interaction between iron and malaria and of inform-
ing the design of future studies investigating the benefits
and risks of iron supplementation in our community.

MATERIALS AND METHODS

Study area. The study was conducted in the Nger-
enya area in Kilifi District on the Kenyan coast. Malaria
transmission in this area occurs throughout the year,
although the majority of clinically evident infections

occur after long and short periods of rainfall that, in
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general, occur during the months of October—-November and
March—July, respectively [10]. Residents of Ngerenya experience
an average of 10 infective bites/person/year [11]. The popu-
lation of this rural farming community is predominantly of the
Mgiriama ethnolinguistic group, which is a subgroup of the
Mijikenda of the northern Kenyan coast.

Study design.  The current study was nested within an
ongoing, rolling, cohort study evaluating the history and ac-
quisition of natural immunity to malaria that has been de-
scribed in detail elsewhere [12]. Children residing in randomly
selected households were recruited, at birth, to this study and
remained under surveillance until their eighth birthday. Se-
lection of households for inclusion in the study was based on
a random-cluster sample of all the households identified
within the prescribed study area during a prestudy census in
April 1998 [12]. The present study was conducted during an
18-month period, between November 2001 and May 2003,
and involved 240 children between the ages of 8 months and
8 years. Data on morbidity due to malaria were collected
throughout the period, while 2 cross-sectional surveys were
conducted at 6 and 12 months after the study began, in May
and October 2002 (figure 1). At each survey, data were col-
lected regarding a range of clinical parameters, together with
a sample of venous blood. In addition, all children were
weighed using Seca model 835 digital scales (CMS instru-
ments). For children >1 year old, height was measured using
a Leicester height measure (CMS Instruments); for younger
children, length was measured using a length board (Appro-
priate Health Resources and Technology Action Group design,
as modified by Nicoll and Uljjaszec [13]).

Morbidity surveillance. ~ Cohort children were visited
weekly. At each visit, a standard morbidity questionnaire was
completed that detailed each child’s state of health, any clinical
symptoms, and any recent medications. Axillary temperature
was measured at each visit by use of a digital thermometer.
Thick and thin blood smears were prepared for all children

with either a history of fever during the preceding 48 h or an
axillary temperature >37.5°C. Children whose slides were pos-
itive for malaria parasites were treated according to standard
Government of Kenya guidelines. First-line treatment was with
sulphadoxine/pyrimethamine (Falcidin; Cosmos). In the event
of treatment failure, second-line treatment was with amodia-
quine. Children born in the study households during the study
period were recruited at birth and entered the current study at
8 months of age. Children left the study if their parents with-
drew informed consent, if they moved from the study area for
>2 montbhs, or if they died.
Laboratory procedures.
Giemsa and examined for malaria parasites by standard meth-

Blood films were stained with

ods. Parasite densities were recorded as a ratio of parasites to
white blood cells (WBCs) (from thick smears) or to red blood
cells (RBCs) (from thin smears) for heavier infections. Densities
(parasites per microliter of whole blood) then were calculated
on the basis of a WBC count of 8 X 10° cells/uL. or an RBC
count of 5 X 10° cells/uL. Hemoglobin typing (for sickle-cell
trait) was conducted by cellulose-acetate electrophoresis. Rou-
tine hematological assessments were not part of the study.
Assessment of biochemical iron status.  Venous blood was
collected into heparin, and the plasma was separated by cen-
trifugation. Plasma then was frozen immediately and stored at
—80°C, pending further processing. All subsequent investiga-
tions were conducted using plasma. Concentrations of C-re-
active protein (CRP), ferritin, and transferrin were measured
by turbidimetry, and plasma iron concentration was measured
by Ferrozine-based photometry using an automated analyzer
(Hitachi 917, Hitachi Corp.). Transferrin saturations (TFSs; in
percentage) were calculated from the plasma iron and trans-
ferrin measurements, by use of standard methods [14].
Definitions of biochemical iron status.  Iron deficiency was
defined as plasma ferritin concentration <12 pg/mL, in associ-
ation with TFS <10%, as described elsewhere [15]. Children

with plasma ferritin concentration =12 pg/mL and TFS =10%
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were classified as iron replete if no evidence of current malarial
infection or inflammation was found (i.e., a blood film negative
for malaria and CRP concentration <10 mg/L). Inflammation
and current malarial infections have unpredictable effects on
markers of iron status; thus, reliable measurement of iron in
subjects with either condition is not possible [16]. Children
who did not meet the criteria for iron sufficiency or iron de-
pletion, either because they had evidence of inflammation or
malaria at the time of venesection or because the results of
ferritin and TFS assays were discordant, were not classified and
were excluded from analyses exploring associations between
category of iron status and clinical disease. All biochemical as-
says were conducted on archived samples at the end of the
study, at which time children found to be iron deficient were
offered standard therapy based on locally available guidelines
(20 mg of ferrous sulfate/kg/day for 30 days and 100 mg of
mebendazole twice daily for 3 days).

Immunoglobulin measurement. Immunoglobulin assays
were done by ELISA in 96-well plates (Costar), as described
elsewhere [17]. In brief, for the measurement of total IgE,
plates were precoated with affinity-purified goat anti-human
IgE (Vector Laboratories), and, for the measurement of ma-
laria-specific immunoglobulins, plates were precoated with
crude malaria schizont extract prepared from Plasmodium fal-
ciparum—infected RBCs enriched with mature schizont ex-
tracts on percoll gradients [18]. Plates then were blocked with
1% bovine serum albumin and incubated with fixed volumes
of prediluted plasma, and bound antibodies were detected by
subsequent incubation with monoclonal antibodies (MAbs)
with specificities for the appropriate immunoglobulin class
or subclass. Total antimalarial IgG and antimalarial IgG sub-
classes were detected using commercially available biotiny-
lated mouse anti-human MADbs. Total IgG was detected by
use of clone G18-145, IgG1 by clone G17-1, IgG2 by clone
G18-21, IgG3 by clone G18-3, and IgG4 by clone JDC-14, all
of which were supplied by Pharmingen. IgE was detected
using a biotinylated goat anti-human IgE (Vector Laborato-
ries). Plates were washed extensively between incubations, by
use of an automated plate washer (Skatron Instruments). Al-
kaline phosphatase—conjugated streptavidin (Mabtech) was
added, followed by the enzyme substrate o-phenylene diamine
(Sigma). Optical densities were read at 405 nm. Concentra-
tions of total IgE (in nanograms per milliliter) were deter-
mined by reference to a standard curve derived using serial
dilutions of purified myeloma IgE (National Institute for Bi-
ological Standards and Control). Since no standards are avail-
able for the quantification of malaria-specific antibodies, all
other antibody concentrations were recorded in arbitrary
units per milliliter, on the basis of the optical density readings,
with reference to curves derived from serial dilutions of a
control standard. All assays were conduced in duplicate. An-

tibody measurements from each survey were batch processed
within 2 months of blood collection.

All data were
checked for consistency before double entry into a computer
database (FoxPro, version 6.0; Microsoft). After further checks
of range and consistency, the duplicate databases were merged

Data processing and statistical analysis.

and revalidated, and any errors were corrected by reference to
the primary data. Data were analyzed using STATA, version 8
(Timberlake). For the purposes of this study, malaria was de-
fined according to 2 alternative definitions. “Malaria definition
17 was indicated by either a measured fever (axillary temper-
ature >37.5°C) at the time slides were prepared or a clinical
history of fever, within the preceding 48 h, in conjunction with
a slide positive for blood-stage asexual P. falciparum parasites
at any density. “Malaria definition 2” was indicated by a mea-
sured fever in conjunction with P. falciparum parasites at any
density for children <1 year old or at a density >2500 parasites/
pL for children =1 year old. Malaria definition 2, derived by
means of multiple logistic regression methods described else-
where [19], is associated with both a sensitivity and specificity
of >80% in the diagnosis of clinical malaria in this area [12].
Z scores for the anthropometric parameters weight for age,
height for age, and weight for height were calculated using Epi-
Info, version 6.0 (Centers for Disease Control and Prevention).
Biological data that did not have a normal distribution were
log transformed prior to further analysis. These parameters
included all biochemical markers of iron status and all im-
munoglobulin values. Biological data from iron-replete and
iron-deficient children were compared separately for each sur-
vey by use of unpaired Student’s ¢ tests, with the exception of
proportion data, which were compared by use of Fisher’s exact
test. We used Poisson regression analysis to investigate the as-
sociation between a range of biological parameters and the
subsequent incidence of clinical P. falciparum malaria during
the follow-up period. For the purpose of this analysis, children
retained their biological status (for the iron and immunoglob-
ulin variables) throughout the 6-month period following a
cross-sectional survey. Their status was refreshed at the follow-
up survey if they attended, or they were dropped from further
analysis if absent. New children joined the study if they attended
the second survey for the first time. Children were considered
not at risk and were dropped from both numerator and de-
nominator populations for 21 days after receiving treatment
with an antimalarial drug. Confidence intervals (Cls) and P
values were inflated by means of the “sandwich” estimator, as
described by Armitage et al. [20].

We conducted a second analysis to investigate whether the
plasma concentrations of the biochemical markers of interest
were related to the incidence of malaria during the period
before each cross-sectional survey. For this analysis, each child
was ascribed their biochemical data for each survey for the

Iron Deficiency and Malaria * JID 2004:190 (1 August) * 441



entire 6-month period prior to the survey. We then used Pois-
son regression models to investigate the association between
malaria incidence and the biochemical parameters of interest.
Because active malarial infection and inflammation influence
both plasma ferritin and malaria-specific immunoglobulin con-
centrations, data for all children with slides positive for malaria
or a CRP concentration =10 mg/L at the time of cross-sectional
survey were excluded from this analysis.

Ethical permission for this study was granted by the National
Ethical Review Committee of the Kenya Medical Research In-
stitute (KEMRI), in Nairobi. Individual written informed con-

sent was obtained from the parents of all study participants.

RESULTS

At the initial survey in May 2002, 78 (33.3%) of 234 study
participants were iron deficient, and 95 (41%) of 234 were iron
replete, as determined on the basis of the definitions used. Seven
children (3%) had increased concentrations (=10 mg/L) of CRP.
The remaining children (54 [23%] of 234) could not be classified
as either iron deficient or iron replete, because neither definition
was fully satisfied. At the subsequent survey in October 2002, 91
(38%) of 240 children were iron deficient, 104 (43%) were iron
replete, 7 (3%) had increased CRP concentration, and 38 (16%)
could not be classified. Of the 204 children for whom data on
iron status were complete at both surveys, 57 (28%) remained
iron replete at both time points, and 49 (24%) remained iron
deficient. Eight children (4%) who were iron replete at the time
of the first survey had become iron deficient at the second survey,
whereas 12 (6%) children who were iron deficient at the first
survey subsequently recovered and became iron replete. The re-
maining children could not be classified.

The characteristics of the iron-replete and iron-deficient chil-
dren at the time of the 2 cross-sectional surveys in May and
October 2002 are summarized in table 1. No significant dif-

ferences in anthropometric characteristics or sex ratios were
observed between the 2 groups at either survey, although chil-
dren in the iron-deficient group were significantly younger at
both surveys.

A comparison of immunoglobulin concentrations between
the 2 groups is presented in table 2. The concentrations of
malaria-specific IgG2, IgG4, and IgE and of total IgE were
significantly lower in iron-deficient children than in iron-re-
plete children at both surveys. In addition, the concentration
of malaria-specific total IgG was significantly lower in iron-
deficient children at the first survey, although the differences
seen at the second survey did not reach significance. To further
investigate the relationship between iron status and the con-
centrations of the various immunoglobulins measured at the
cross-sectional surveys, we examined the effect of a change in
iron status on immunoglobulin concentration in children for
whom data were available from both surveys. In general, a
change in iron status from iron replete to iron deficient was
associated with a fall in rank of the concentration of all im-
munoglobulins measured, and a change from iron deficient to
iron replete was associated with a rise in rank of immuno-
globulin concentration. Nevertheless, these differences only at-
tained significance in the case of total malaria-specific IgG and
IgG2 (P = .01 and P = .002, respectively [Kruskal-Wallis test]),
possibly because of the small number of children for whom
iron status changed over the 6-month period (data not shown).
Regression analysis investigating the association between the
concentrations of each immunoglobulin and the incidence of
malaria during the preceding 6-month period showed strong
positive associations for both total malaria-specific IgG and all
subclasses of malaria-specific IgG (table 3), supporting the as-
sertion that both assays indicate markers of malaria exposure.
However, malaria-specific IgE concentration was associated with
subsequent incidence of malaria but did not associate with ex-

Table 1. Clinical characteristics of iron-deficient and iron-replete children.
May 2002 October 2002
Iron-replete Iron-deficient Iron-replete Iron-deficient

children children children children
Characteristic (n = 95) (n=178) P (n = 104) (n=91) P
Age, years 4.57 (1.71) 3.65 (2.08) <.01 5.01 (1.81) 4.22 (2.13) <.01
Log ferritin concentration, ug/mL 1.43 (0.27) 0.78 (0.19) <.01 1.38 (0.22) 0.77 (0.16) <.01
Transferrin saturation, % 17.61 (5.35) 5.28 (2.40) <.01 17.70 (7.17) 5.27 (2.24) <.01
CRP concentration, mg/L 1.22 (2.44) 1.90 (4.66) .25 1.41 (2.20) 1.41 (3.85) .88
WAZ —1.25 (0.98) —1.45 (0.97) .29 —1.44 (0.95) —1.44 (0.82) .99
HAZ -1.5681(0.92) —1.67(1.11) 43 —1.85(1.03) —1.77 (1.05) .62
WHZ —0.38(0.98) —0.56 (0.89) 47 —0.38(0.90) —0.47(0.84) 49
Sex ratio® 0.72 0.70 1.00 0.65 0.82 47

NOTE.

Data are mean (SD), except where indicated otherwise. Statistical comparisons were done by use of unpaired Student's t test (2-

sided). See Materials and Methods for definitions of the iron-replete and iron-deficient classifications. CRR, C-reactive protein; HAZ, height-for-
age z score; WAZ, weight-forage z score; WHZ, weight-forheight z score.

@ Ratio of female:male children. Significance was determined by use of Fisher's exact test.
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Table 2.

Immunoglobulin concentrations in iron-replete and iron-deficient children.

Concentration, May 2002°

Concentration, October 20022

Iron-replete Iron-deficient Iron-replete Iron-deficient
children children children children

Immunoglobulin (n = 95) (n =78) P (n = 104) (n=91) P
Malaria specific, AU/mL

Total 1gG 3.74 (0.42) 3.56 (0.4b) <.01 3.95 (0.42) 3.92 (0.44) .55

lgG1 3.46 (0.55) 3.39 (0.55) .39 2.91 (0.74) 2.86 (0.79) .67

lgG2 1.54 (0.62) 1.15 (0.70) <.001 1.46 (0.65) 1.15 (0.65) .001

1gG3 2.08 (0.52) 2.02 (0.52) 46 3.39 (0.47) 3.36 (0.44) .80

1gG4 2.27 (0.62) 2.06 (0.62) .03 2.00 (0.69) 1.78 (0.56) .03

IgE 2.69 (0.42) 2.51 (0.37) <.01 3.60 (0.41) 3.43 (0.40) <.01
Total IgE, ng/mL 2.86 (0.58) 2.44 (0.65) <.001 2.41 (0.45) 2.16 (0.42) <.001

NOTE.
@ Data were log transformed and are given as mean (SD).

posure to malaria in the preceding season, implying that elevated
concentrations of this immunoglobulin could be indicative of
susceptibility to disease.

The incidence of clinical malaria among iron-replete and
iron-deficient children during the 12-month follow-up period
is summarized in table 4. A trend was seen toward a lower
incidence of clinical malaria (both definitions 1 and 2) among
iron-deficient children, although incidence did not reach sig-
nificance for either definition. On further analysis by Poisson
regression, adjustment for the confounding variables age (fitted
as a categorical variable, in 1-year categories), sickle hemoglobin
status (hemoglobin AA or hemoglobin AS), season (categorized
into 12-week blocks), and ethnic group—all of which were
found to be independently associated with malaria when uni-
variate analysis was done—confirmed this effect of iron defi-

Table 3.
clinical malaria in the study cohort.

Statistical comparisons were done by use of unpaired Student's t test (2-sided). AU, arbitrary units.

ciency to be significant, at least in the case of malaria definition
1 (table 4). Furthermore, in a separate regression analysis that
excluded data for children with an increased CRP concentration
at the time of ferritin measurement, children with a blood film
positive for malaria, and children who had experienced an ep-
isode of P. falciparum malaria during the preceding 21 days,
we found a significant association between log ferritin concen-
tration and malaria incidence. This was true both before and
after adjustment for confounding variables: in regression anal-
ysis of malaria definition 1 against log ferritin concentration,
the adjusted incidence-rate ratio (IRR) was 1.48 (95% CI, 1.01—
2.17; P<.05). A similar trend was seen for malaria definition
2, although it did not reach statistical significance (IRR, 1.37;
95% CI, 0.88-2.14; P = .18). Although previous studies have
shown that younger, non-malaria-immune infants show an

Association between concentrations of plasma immunoglobulins and the incidence of

Retrospective study®

Prospective Stud\/,b

Malaria definition 1

Malaria definition 2 malaria definition 1

Immunoglobulin IRR (95% CI)° P IRR (95% CI)° P IRR (95% CI)° P
lgG 2.90(2.10-3.99) <.0001 3.70(2.456-6.57) <.0001 1.26 (0.90-1.77) .17
lgG1 2.20 (1.73-2.73) <0001 2.15(1.65-2.99) <.0001 1.04 (0.85-1.27) .69
lgG2 1.94 (1.62-2.47) <0001 1.87(1.29-2.69) <.001 1.23 (1.00-1.562) .05
lgG3 1.20 (1.03-1.40) .02 1.35 (1.07-1.70) .01 1.35(1.05-1.73) .02
lgG4 1.84 (1.44-2.34)  <.001 1.78 (1.18-2.68) <.01 1.15(0.94-1.40) .17
Total IgE 1.32 (0.99-1.76) .06 1.31 (0.82-2.10) .25 1.07 (0.80-1.43) .67
Malaria-specific IgE 0.81 (0.62-1.06) A2 1.18 (0.81-1.73) .38 1.60 (1.14-2.25) <01

NOTE. Log-transformed data forimmunoglobulin concentrations were used in the analyses. See Materials and Methods
for descriptions of malaria definitions 1 and 2. Cl, confidence interval; IRR, incidence-rate ratio.

? The 6-month period preceding immunoglobulin assessment.

® The 6-month period following immunoglobulin assessment. No significant associations were found between the con-
centration of any individual immunoglobulin and the incidence of malaria definition 2, with the exception of malaria-specific
IgE (IRR, 1.568; 95% Cl, 1.09-2.27; P<.02).

° IRRs were determined by Poisson regression. IRRs for the prospective study were adjusted for the confounding variables
age (fitted as a categorical variable, in 1-year categories), season (categorized into 12-week blocks), and ethnic group.
Unadjusted IRRs are reported for the retrospective analysis. 95% Cls were inflated for within-person clustering of episodes
by use of the “sandwich” estimator, as described by Armitage et al. [20].
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Table 4. Incidence of Plasmodium falciparum malaria among
iron-replete and iron-deficient children during 12 months of fol-
low-up.

Iron-replete Iron-deficient
children children

Variable (n = 154) (n = 125)
No. of child weeks of observation 4545 3788
Malaria definition 1

No. of episodes 119 73

Annual incidence 1.36 1.0

Adjusted IRR (95% CI)? 1.00 0.70 (0.51-0.99)°
Malaria definition 2

No. of episodes 76 50

Annual incidence 0.87 0.69

Adjusted IRR (95% ClI)? 1.00 0.83 (0.57-1.24)°

NOTE. See Materials and Methods for descriptions of malaria defini-

tions 1 and 2. Cl, confidence interval; IRR, incidence-rate ratio.

@ IRRs adjusted for malaria in iron-deficient children, compared with that
in iron-replete children. 95% Cls were calculated by Poisson regression and
were inflated for within-person clustering of episodes by use of the “sand-
wich"” estimator, as described by Armitage et al. [20].

b p<.05 (by Poisson regression).

¢ P = .36 (by Poisson regression).

advantage in having low iron concentrations [21], this is not
the case for older, semi-immune children. We therefore inves-
tigated the possibility that age could be acting as an effect
modifier in our study, through age-stratified analyses and the
fitting of interaction terms. No evidence was found for a role
for age as an effect modifier.

Despite the evidence that iron deficiency was protective
against clinical malaria, we found no statistical difference in
parasite densities during incident malarial infections in iron-
replete and iron-deficient children after assessment: for iron-
replete children, the geometric mean parasite density during
infection was 13,712 parasites/uL (95% reference range, 9031—
20,818 parasites/uL), compared with 12,142 parasites/uL (95%
reference range, 7350-20,059 parasites/uL) for iron-deficient
children (P = .72). Furthermore, we found no evidence for an
association between iron deficiency (either as a categorical var-
iable or based on log ferritin concentration) and the incidence
of nonmalarial fever or morbidity from all diseases, including
malaria (data not shown).

DISCUSSION

A protective effect of iron deficiency against malarial infection
in humans has been suspected for many years and has been
supported by studies of animals [22]. Nevertheless, remark-
ably few observational studies have assessed the incidence of
malaria in cohorts of children whose iron status has been
categorized on the basis of biochemical parameters, possibly
because of the logistic and ethical considerations associated
with such studies.

We investigated the association between iron status and

malaria through a number of different approaches and con-
cluded that iron deficiency was associated with a small but
significant degree of protection from episodes of clinical ma-
laria in our cohort of young children living on the Kenyan
coast. First, the incidence of malaria during prospective sur-
veillance was lower among iron-deficient children than among
iron-replete children. Although this effect was strongest for
malaria definition 1, trends were consistent for both malaria
definitions. Furthermore, evidence of a protective effect of
iron deficiency was supported by the significant positive as-
sociation between log ferritin concentration, obtained at the
cross-sectional surveys, and the incidence of malaria in the
subsequent 6-month period: since plasma ferritin concentra-
tions correlate positively with iron stores in the body [23,
24], this observation implies that the incidence of malaria
decreased with decreasing levels of stored iron. Finally, the
concentration of plasma immunoglobulins with specificity for
malaria schizont extract was consistently lower in iron-defi-
cient children than in iron-replete children, at the cross-sec-
tional surveys (table 2), and, in general, parallel changes in
biochemical iron status and immunoglobulin concentration
were observed. Two explanations for these observations are
possible. First, the immunoglobulin concentrations simply
reflected exposure: iron-deficient children had lower immu-
noglobulin concentrations because they developed malaria
less often during the period preceding assessment. This in-
terpretation of the data is supported by the strong positive
association between the concentrations of most immuno-
globulins and the incidence of malaria during the period pre-
ceding assessment (table 3), suggesting that, as expected, ma-
larial infection resulted in an increase in the concentrations
of the immunoglobulins we measured. However, we cannot
exclude the reverse explanation: iron deficiency results in a
specific defect in immunoglobulin production that is the cause
of protection from malaria.

A number of studies have found an association between
low concentrations of malaria-specific IgG2 antibodies and
protection from malaria [25, 26]. Consistent with these find-
ings, we found that the concentration of malaria-specific IgG2
antibodies was significantly lower in iron-deficient children,
among whom the incidence of disease was lowest. Similarly,
we found that the concentration of malaria-specific IgE was
significantly lower in iron-deficient children and also was as-
sociated with the subsequent incidence of malaria. It is pos-
sible, therefore, that iron deficiency protects against malaria
through an immune mechanism involving a specific defect in
the production of particular immunoglobulin subclasses.
Nonetheless, our data do not support this position strongly.
Although we observed a trend toward an association between
low malaria-specific IgG2 and IgG4 concentrations and sub-
sequent malaria episodes, this trend was barely significant and
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much weaker than the retrospective association between ma-
laria-specific antibodies and all IgG subclasses (table 3). Fur-
thermore, studies do not suggest that iron deficiency results
in defective immunoglobulin production in humans. In re-
cent years, the relationship between iron and immunity has
been studied extensively (reviewed by Peto and Hershko [27]).
Although specific defects of cell-mediated immunity have
been described in iron-deficient subjects in a number of stud-
ies [15, 28-30], little evidence has been found of a systemic
defect in immunoglobulin production in iron-deficient sub-
jects. Although a number of alternative mechanisms have been
proposed whereby iron deficiency might result in protection
from malaria, including a limiting effect on parasite nutrition
[31-33], further studies will be necessary to determine which
mechanisms, if any, are relevant to humans.

Our conclusion that iron deficiency is associated with pro-
tection from clinical malaria is predicated on the assumption
that our classification of children as iron deficient or iron re-
plete was correct. Biochemical markers of iron status can be
unreliable in tropical communities. For example, plasma fer-
ritin is an acute-phase protein and, therefore, is elevated in
acute infections and in malaria [16, 34]. Therefore, potential
misclassification is the main concern regarding the use of fer-
ritin concentration in the diagnosis of iron deficiency in tropical
countries: children who are iron deficient may be categorized
as iron replete if their plasma ferritin concentration is false-
ly high because of concomitant malaria or inflammation. Our
classification of iron status included plasma ferritin concentra-
tion: we therefore were anxious to exclude any possibility of
confounding that might result from the interaction between
malaria and ferritin. As a result, in our regression analysis of
malaria against iron status, we excluded data from children
with evidence of inflammation (CRP concentration =10 mg/
L), children with a blood film positive for malaria at the time
of assessment, and children who had experienced an episode
of malaria during the 21 days prior to assessment. We also
excluded children whose results for TFS and ferritin concen-
tration were discordant. Consequently, we excluded ~30% of
the children from the analysis, because we could not categorize
their iron status with confidence. We believe that, by using
these strict exclusion criteria, we minimized the possibility of
confounding through misclassification. Nevertheless, our re-
sults could be explained by other confounding factors of which
we were unaware. One potential group of confounding factors
are the hemoglobinopathies, all of which are thought to provide
protection from malaria. Although we adjusted our analyses
for the effect of sickle-cell trait, we did not have current data
on the thalassemia status of the children in our cohort. Al-
though (-thalassemia is not known to occur in this population,
a-thalassemia is thought to occur at a frequency of ~40% [35].
Nevertheless, we believe that our findings are unlikely to have

been caused by confounding from this condition: available data
suggest that a-thalassemia is associated with increased stores
of iron [36]. Consequently, if thalassemia was acting as a con-
founder, we would have expected an over-representation of
affected children in the iron-replete group, which would have
tended to mask the effect we observed. Further data on the
interaction between thalassemia and iron status in African pop-
ulations are urgently needed.

Two recent meta-analyses of placebo-controlled trials of iron
supplementation in humans both suggest a small increase in the
risk of malaria after iron supplementation, as evidenced by a
range of different markers, including episodes of clinical malaria,
diarrhea, and spleen enlargement and by end-of-trial cross-sec-
tional surveys [8, 37]. How our observation that iron deficiency
protects children against malaria relates to the distinctly different
conclusion that iron supplementation leads to an increased risk
of malaria raises an important biological question: if iron defi-
ciency protects against malaria, why should supplementation re-
sult in susceptibility? A number of mechanisms seem plausible.
First, the explanation might lie in immunological naiveté: a pe-
riod of relative protection from malaria might result in a failure
to develop immunity to the disease. Second, iron supplemen-
tation could result in susceptibility due to a direct effect of iron
itself: the most dramatic associations between iron supplemen-
tation and malaria susceptibility have occurred when iron was
given by intramuscular injection [21], which raises the question
of whether iron itself or the method or formulation of supple-
mentation is the critical factor. Finally, it is possible that the
physiological effects of iron supplementation, rather than iron
itself, could predispose children to malaria. For example, in most
iron-deficient patients, supplementation is followed by an in-
creased production of reticulocytes, which, in turn, may be more
susceptible to infection [38]; alternatively, iron supplementa-
tion might result in modulation of the host immune response
[39]. Whatever the cause of this reversal, our data suggest an
important dilemma for policymakers in malaria-endemic com-
munities: what is the balance between the risks and the benefits
of iron supplementation?

Nutritional iron deficiency is recognized as a global health
problem. Its prevention is associated with a number of po-
tential health benefits, including prevention of anemia and
protection against neurocognitive impairment. Accordingly,
the International Nutritional Anemia Consultative Group
produced a recent consensus statement [40] based on an ex-
tensive review of both published and unpublished literature.
On the basis of the evidence available, they concluded that
the hematological improvements associated with iron sup-
plementation are large and are likely to confer substantial
health benefits. Although they acknowledge that “clinically
important risk elevations [for malaria] are not ruled out” [40,
p- 2] by the available data, in view of the balance of current
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evidence in favor of benefit over risk they strongly advocate
the active promotion of iron-supplementation programs in
malaria-endemic areas, in conjunction with continued vigi-
lance in the monitoring of such programs for adverse effects.
We suggest that such monitoring is not a trivial exercise: subtle
effects on the incidence of malaria, severe malaria, and other
infections will be identified only through large, well-con-
ducted, placebo-controlled trials designed specifically to ad-
dress this issue. To date, none of the studies conducted have
been designed or have the power to address this question.
Although the conclusion that high rates of iron deficiency are
bad for the health of communities seems intuitively obvious
[37], widespread support for iron-supplementation programs
will only be embraced in malaria-endemic communities once
the risk-benefit question has finally been answered.
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