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Although malaria is widely considered a
major cause of death in young children
born with sickle cell anemia (SCA) in
sub-Saharan Africa, this is poorly quanti-
fied. We attempted to investigate this
question through 4 large case-control
analyses involving 7164 children living
on the coast of Kenya. SCA was associ-
ated with an increased risk of admission
to hospital both with nonmalaria diseases
in general (odds ratio [OR] � 4.17; 95%

confidence interval [CI], 1.95-8.92;
P < .001) and with invasive bacterial dis-
eases in particular (OR � 8.73; 95% CI,
4.51-16.89; P < .001). We found no evi-
dence for a strongly increased risk of
either uncomplicated malaria (OR � 0.43;
95% CI, 0.09-2.10; P � .30) or malaria com-
plicated by a range of well-described clini-
cal features of severity (OR � 0.80; 95%
CI, 0.25-2.51; P � .70) overall; neverthe-
less, mortality was considerably higher

among SCA than non-SCA children hospi-
talized with malaria. Our findings high-
light both the central role that malaria
plays in the high early mortality seen in
African children with SCA and the urgent
need for better quantitative data. Mean-
while, our study confirms the importance
of providing all children living with SCA in
malaria-endemic areas with effective pro-
phylaxis. (Blood. 2010;116(10):1663-1668)

Introduction

The common causes of morbidity and mortality in children living
with sickle cell anemia (SCA) in developed countries have been
well documented through projects, such as the Cooperative Study
of Sickle Cell Disease in the United States and the Jamaican Cohort
study. Nevertheless, surprisingly little research has been conducted
in Africa,1-3 where more than 230 000 children with SCA, approxi-
mately 80% of the global burden, are born every year.4 Although
malaria is widely considered a major cause of death in African
children with SCA,1,5-7 this assumption is supported by surprisingly
few data. Most reports have involved small, hospital-based studies
and have lacked control data that enable comparisons of risk to be
made with non-SCA subjects.1 Perhaps the strongest evidence
comes from the Garki project, conducted in northern Nigeria
during the 1970s, which reported a nonsignificant trend toward
higher survival of children with SCA in an area exposed to
intensive malaria control.8 However, studies suggesting that ma-
laria is an important cause of death in children with SCA are
balanced by others that show the opposite: children with SCA
might even be less susceptible to malaria than those without the
disease.6,9-13

Determining the true risk of death from malaria in subjects with
SCA is important for several reasons. From a policy perspective,
documenting an association between SCA and malaria death would
provide strong justification for early-life SCA screening and the
targeted prescription of effective malaria prophylaxis. Conversely,
if the risk of malaria-specific death was not elevated, alternative
approaches to prophylaxis and treatment might be considered.
Recently, we reported that malaria was a rare cause of morbidity in
patients with confirmed SCA in both Dar-es-Salaam, Tanzania13

and in the Kilifi District on the coast of Kenya.11 Nevertheless, the
diagnosis of SCA is often delayed until the disease becomes
clinically manifest, and these studies could not have recorded
malaria deaths in undiagnosed children. Here, we have approached
this question using an alternative design. Instead of confining our
study exclusively to subjects with an established diagnosis of SCA,
we have taken as a starting point a representative sample of
children presenting to hospital with a range of acute illnesses,
including malaria. Admission blood samples collected from case
children were tested retrospectively for Hemoglobin S (HbS) and
their genotype frequencies compared with those of healthy controls
recruited from the same community.

Methods

Ethics statement

The aims of the study were explained to the parents of all study participants
who gave their written informed consent in accordance with the Declaration
of Helsinki. The study was approved by the Kenya Medical Research
Institute/National Ethical Review Committee.

Study area

The study was conducted in the Kilifi District on the coast of Kenya, one of
the poorest districts nationwide where the economy is dominated by
subsistence farming. Health facilities are limited and sick children are
normally referred to Kilifi District Hospital (KDH), which acts as both a
primary facility and a first-referral center for a population of more than
600 000. Facilities at the hospital include both a 50-bed general pediatric
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ward and a 10-bed high-dependency unit.7 Common health problems
affecting children admitted to KDH include malaria, gastroenteritis,
malnutrition, and lower respiratory tract infections.7 The prevalence of
HbAS in the area surrounding KDH is 15%.14 Medical services for children
with SCA are scarce in the Kilifi District: there is no program of antenatal or
early life screening, and the only specialist clinic is in the KDH where only
a small proportion of all anticipated cases are registered. As a result, only a
small but unknown fraction of all children born with SCA in the study area
receive specific antimalarial or antimicrobial prophylaxis. In 2000, we
established a demographic surveillance system (the Kilifi Epi-DSS) in a
defined area surrounding KDH,15 which we refer to as the study area.
Approximately 80% of all children who are admitted to KDH are residents
of this area, which includes 5 administrative divisions, covers a total of
891 km2, and is home to more than 100 000 children younger than 14 years.
A system of routine clinical surveillance has operated on the pediatric wards
at KDH since 1989.16 Data are recorded on all admitted children, including
their location of residence, details of a standardized clinical history and
examination, admission and discharge diagnoses, and the results of routine
blood tests, including a full blood count, blood culture, and blood film
examination for malaria parasites.16 In addition, a sample of blood from
each admitted child is routinely stored at �80°C. The current study was
conducted retrospectively using data and samples collected through this
framework.

Study participants

We studied the relationship between SCA and malaria in 2 groups of case
patients. The first consisted of a random selection of 1087 children younger
than 5 years who were residents of our study area and were admitted to the
general pediatric ward at KDH with uncomplicated slide-positive Plasmo-
dium falciparum malaria between January 1, 2000 and December 31, 2004.
For the purpose of this report, a case of uncomplicated malaria was defined
as a child admitted to the general ward with P falciparum parasites in the
peripheral blood, no clinical or laboratory features to support an alternative
diagnosis and with no clinical signs of prostration (Blantyre coma score
3-4), coma (Blantyre coma score � 2), or deep breathing.17 The second
group included 1718 children younger than 5 years who were admitted from
the study area to the high-dependency unit between September 1996 and
February 2008 with malaria complicated by 1 or more of the following
clinical features: prostration, coma, or deep breathing.17 To put our
observations into context relative to other diseases not caused by malaria,
we also studied 2 additional groups of case patients. The first included a
random sample of 1008 children younger than 5 years of age who were
admitted from the study area to the general pediatric ward during the same
period as those admitted with uncomplicated malaria. All children in this
case group had a negative blood test for malaria at the time of their
admission and constituted a representative sample of nonmalaria diagnoses.
The second consisted of 1872 children admitted between August 1998 and
March 2008 with bacteremia defined by the growth of a pathogenic
bacterium from a blood culture sample collected at admission.16 Controls
were children younger than 5 years who were recruited by random sampling
to studies conducted throughout the study area between September 1998
and November 2005 as described in detail previously.7,18,19

Sampling and laboratory methods

Routine hematology, blood culture, and malaria parasite data were collected
on all admitted children as described in detail previously.16,17 Case patients
were typed for HbS using a single-tube polymerase chain reaction method20

on DNA extracted from stored blood samples (QIAGEN DNA Blood Mini
Kit) and controls were typed by hemoglobin electrophoresis on cellulose
acetate gels following standard methods. All cases of SCA that were
diagnosed by electrophoresis were confirmed by polymerase chain reaction.
Although we did not test formally for �0thalassemia and, as a result, we
cannot exclude a diagnosis of HbS/�0thalassemia in some subjects, it is
probable that �0thalassemia is rare in the study population and that most
patients will have had sickle cell disease-SS. As a result, we have elected to
use the term SCA rather than sickle cell disease throughout this paper.

Statistical methods

We determined the odds ratios (ORs) for SCA between each group of case
patients and controls by both univariate and multivariable logistic regres-
sion analysis, adjusting for the declining prevalence of SCA with age. We
compared proportions using the �2 or Cornfield exact test as appropriate and
the means of normally distributed continuous data using the Student t tests.
Nonparametric data were compared using the Mann-Whitney Rank Sum
test. All analyses were conducted using STATA, Version 10.0.

Results

The sample flow and genotype results are summarized in Figure 1
and Table 1, respectively, and the clinical features of case patients,
stratified by HbS genotype, are summarized in Table 2. Overall, of
the severe malaria group, 468 of 1393 (33%) were prostrated,
620 (52%) were in coma, and 536 (41%) had signs of deep
breathing. There were no significant differences in the distributions
of these features between genotypic groups. Of those admitted
with nonmalaria illnesses, the most common primary diagnoses at
the time of discharge were lower respiratory tract infection
(234; 31.4%), gastroenteritis (164; 22%), and malnutrition (61;
8.2%). There were no significant differences in the distributions of
these diagnoses by genotype.

Overall, 218 of 1479 (14.7%) controls were heterozygous and
10 (0.7%) were homozygous for HbS (allele frequency � 0.08)
and were in Hardy-Weinberg equilibrium. The prevalence of SCA
decreased from 8 of 782 (1.0%) in children younger than 12 months
to 2 of 697 (0.3%) in children 12 to 59 months of age. We therefore
calculated the ORs for HbS genotypes for the 4 clinical case groups
both with and without adjustments for age. Although we found no
evidence of a strongly increased risk of either uncomplicated or
severe P falciparum malaria in children with SCA (OR � 0.48 and
0.80, respectively), we did find that a high proportion (6 of 7) of

Figure 1. Success rates for Hemoglobin S genotyping. Typing of controls was by electrophoresis using fresh blood and was successful in all subjects.

1664 McAULEY et al BLOOD, 9 SEPTEMBER 2010 � VOLUME 116, NUMBER 10 

http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


those admitted with malaria who tested positive for SCA were
severely anemic (Table 2) and, furthermore, that mortality was
considerably higher in the SCA (4 of 7) than non-SCA groups
(140 of 2193; P � .001; Table 2). SCA was significantly associated
with a 4-fold increase in admission to hospital with nonmalaria
illnesses (OR � 4.17) and a greater than 8-fold increase in
bacteremia (OR � 8.73; Table 3). The ratio of SCA compared with
HbAA children was significantly different across the 4 case groups
(�2 3 df � 107; P � .001). Because the time period for sample
collection differed between the case conditions, we conducted a
secondary analysis restricted only to cases collected during the
5-year period of January 1, 2000 to December 31, 2004. These

results were not significantly different from the ORs reported here
(data not shown). As expected, we found protective associations
among children with HbAS against bacteremia (OR � 0.60),
uncomplicated malaria (OR � 0.24), and severe malaria
(OR � 0.12) and borderline evidence for protection against nonma-
laria illnesses (OR � 0.78; Table 3).

Discussion

Each year, approximately 13 000 children are born with SCA in the
north4 where, as a result of intensive research over the last 50 years,

Table 1. HbS genotype frequencies in cases and controls

Overall, no. (%) HbAA, no. (%) HbAS, no. (%) SCA, no. (%)

Controls 1480 (100) 1252 (84.59) 218 (14.73) 10 (0.80)

Uncomplicated malaria 807 (100) 770 (95.42) 35 (4.34) 2 (0.26)*

Severe malaria 1393 (100) 1357 (97.42) 31 (2.23) 5 (0.37)†

Nonmalaria illnesses 743 (100) 636 (85.60) 86 (11.57) 21 (3.30)‡

Bacteremia 1497 (100) 1280 (85.50) 134 (8.95) 83 (6.48)§

Total 5919 (100) 5295 (89.46) 504 (8.51) 120 (2.27)

Overall, the diagnosis of SCA was already established at the time of admission in 16 patients: *1, †1, ‡2, and §12.

Table 2. The clinical and laboratory characteristics of case patients

All genotypes HbAA HbAS SCA P �

Uncomplicated malaria

n 807 (100) 770 (95.4) 35 (4.34) 2 (0.25)

Males 421 (52.2) 397 (51.5) 24 (68.6) 0 .24#

Age, mo* 23 (12-37) 23 (12-37) 18 (13-31) 55 (54-55) .02

Hemoglobin† 7.6 (7.4-7.7) 7.5 (7.4-7.7) 8.6 (7.9-9.5)‡ 3.6 (2.0-6.5) � .001**

Hemoglobin � 5 g/dL 95 (11.8) 90 (11.7) 3 (8.6) 2 (100) .014††

Fatal outcome 3 (0.37) 3 (0.39) 0 0 1.00#

Severe malaria

n 1393 (100) 1357 (97.4) 31 (2.2) 5 (0.4)

Males 699 (50.1) 681 (50.1) 16 (51.6) 2 (40.0) .68#

Age, mo* 26 (15-37) 26 (15-37) 28 (13-41) 9 (7-41) .25‡‡

Hemoglobin† 6.1 (6.0-6.2) 6.1 (6.0-6.2) 6.7 (5.7-8.0) 3.2 (2.0-5.0) � .001**

Hemoglobin � 5 g/dL 423 (30.4) 412 (30.4) 7 (22.6) 4 (80.0) .03#

Fatal outcome 141 (10.1) 136 (10.0) 1 (3.2) 4 (80.0) .0005#

Nonmalaria illnesses

n 743 (100) 636 (85.6) 86 (11.6) 21 (3.3)

Males 435 (58.5) 376 (58.9) 45 (52.3) 14 (66.7) .65#

Age, mo* 10 (2-10) 10 (2-19) 10 (1.75-18) 19 (15-31) .002‡‡

Hemoglobin† 9.6 (9.3-9.8) 9.6 (9.3-9.9) 10.3 (9.8-10.9) 5.2 (4.3-6.4) � .001**

Hemoglobin � 5 g/dL 40 (5.4) 30 (4.7) 1 (1.2) 9 (43.9) � .001#

Fatal outcome 48 (6.5) 41 (6.1) 6 (7.0) 1 (4.8) 1.00#

Bacteremia

n 1497 (100) 1280 (85.5) 134 (9.0) 83¶ (5.5)

Males 861 (57.5) 722 (56.4) 86 (64.2) 53 (63.9) .18

Age, mo* 8 (1-21) 9 (2-22) 6.5 (1-19) 14 (7-31) � .001‡‡

Hemoglobin† 8.4 (8.2-8.5) 8.2 (8.0-8.4) 9.0 (8.5-9.6) 6.4 (5.8-7.0) �.001

Hemoglobin � 5 g/dL 155 (10.4) 128 (10.0) 4 (3.0)§ 23 (27.7) �.001

Fatal outcome 366 (24.5) 312 (24.4) 36 (26.9) 18 (21.7) 0.58

Values are the number of subjects with percentages in parentheses with the following exceptions: *median (interquartile range); and †geometric mean concentration (g/dL;
95% CI).

‡P � .007.
§P � .001.
�Compared with HbAA children.
¶The organisms associated with bacteremia among the SCA group were as follows: Streptococcus pneumoniae, 33 (40%); Staphylococcus aureus, 6 (7%); other

Gram-positive organisms, 3 (4%); non-typhi Salmonella species, 14 (17%); Haemophilus influenzae, 13 (16%); Escherichia coli, 6 (7%); Acinetobacter species, 4 (5%); and
other Gram-negative organisms 4 (5%).

#�2 test.
**Two-tailed Student t test.
††Cornfield exact test.
‡‡Mann-Whitney rank-sum test.
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their prognosis is constantly improving.21 In Africa, however,
where more than 230 000 affected children are born each year,4 the
picture is very different. The majority of these children die in early
life before the diagnosis of SCA has ever been established,3,5,8,22

such that currently SCA is responsible for more than 6% of all
deaths in African children younger than 5 years.4 This proportion is
set to rise as governments strive to meet their Millennium
Development Goals and all-cause under-5 mortality begins to
fall.23 Nevertheless, developing appropriate strategies for the
identification and management of these children is impossible
without quality data on the common causes of morbidity and
mortality in the African context.2

Although malaria is widely viewed as a major problem in
African children with SCA,1,22,24 the supportive evidence is incon-
clusive. There is no doubt that such subjects can develop severe and
fatal malaria24-29; however, their risk relative to those without the
disease remains unknown. Most existing studies have been small
and uncontrolled and have focused on children whose SCA has
already been confirmed, and the many biases of this approach make
the results of such studies difficult to interpret. For example, in
most parts of Africa, SCA is rarely diagnosed before the condition
becomes manifest clinically and studies based entirely on children
with a confirmed diagnosis will naturally under-report early events.
In the current study, we have attempted to avoid this bias by
adopting a case-control design in which our entry point was
admission to hospital, an approach unbiased by preconceptions
regarding the SCA status of admitted children.

As anticipated, we found that SCA was strongly associated with
bacteremia, a diagnosis that was accompanied by an overall
mortality of more than 20%. Exploring this in more detail
elsewhere,30 we have estimated the annual incidence of bacteremia
among young children with SCA in our study population at 4% to
10%, confirming that bacteremia makes a significant contribution
to their overall mortality. Similarly, we found a strong association
between SCA and admission to hospital with nonmalaria illnesses.
As expected, a high proportion of these children were severely
anemic, a condition that in less well-resourced facilities is probably
associated with significant mortality. Although we found no
evidence for a strong positive association between SCA and
admission to hospital with either uncomplicated or severe P falci-
parum malaria, of critical importance we found that both severe
anemia and death were considerably more common among SCA
than non-SCA patients who were hospitalized with malaria. This
observation alone emphasizes how essential it is that all children
born with SCA in malaria-endemic environments are provided with
effective prophylaxis.

Our failure to detect a marked increase in the overall risk of
malaria in patients with SCA through our case-control approach is
open to various interpretations. First, we might easily have failed to
detect a true-positive association between SCA and admission to
hospital with clinical malaria through a lack of power. Although
our study was more than 80% powered to detect an OR � of 3.0, it

was poorly powered to detect effect sizes of lower magnitude that
might still be important at the individual level. Second, and
probably more importantly, our failure to detect a positive associa-
tion might simply relate to bias. There are multiple theoretical
reasons why malaria might follow a particularly fulminant course
in children with SCA that could result in rapid death and, therefore,
to under-ascertainment in a hospital-based study such as ours. First,
the spleen plays an important role in malaria immunity31,32 and
asplenia, which develops functionally in all children with SCA, is a
well-described risk factor for severe disease. It seems probable,
therefore, that susceptibility to malaria in subjects with SCA will
increase as splenic function deteriorates with age. In cohort studies
conducted in the north, it has been shown that abnormal splenic
function (indicated by the presence of pitted red cells in the
peripheral circulation) is common by 6 months of age and affects
almost half of children by the age of 2 years.33 Although spleno-
megaly has been shown to persist until later life in African studies
than is seen in the north,34-36 an observation that has been linked to
the presence of malaria,34,35,37 there are no data on splenic function
in the African context where the role of the spleen in malaria
protection therefore remains unknown. Second, even without
malaria, children with SCA are already anemic, and a sudden
decline in hemoglobin from such a low baseline value could easily
be catastrophic. The current study and an earlier study in which we
also found that both severe anemia and death were significantly
more common among parasitemic than nonparasitemic SCA pa-
tients presenting to hospital in Dar-es-Salaam,13 both suggest that
malaria is probably an important cause of community death from
anemia among African children with SCA. On the same basis, it is
also probable that malaria was the precipitant in a high proportion
of patients with SCA who presented with anemia in our “nonma-
laria” grouping but that parasites were present at such low densities
that they were not detected through routine microscopy.

Taken together, these considerations suggest that it is highly
probable that our failure to detect a strong overall association
between SCA and malaria in our current study relates to study
design. Nevertheless, from a biologic perspective, it remains
possible that malaria is not such a major cause of morbidity in
children with SCA as is commonly thought. Carriers of HbS are
strongly protected from all forms of clinical malaria7,38,39 through
mechanisms that probably include the premature removal by the
spleen of malaria-infected red blood cells,40-43 and in vivo, the
degree of protection in carriers is correlated with HbS, being
virtually complete in those with the highest intracellular concentra-
tions.14 Moreover, in a number of in vitro studies, the mechanisms
that have been proposed as potential explanations for the malaria
protection afforded by HbS have been more pronounced in
homozygotes.40,41,44-46 For these reasons, it is still possible that
children with SCA enjoy a greater degree of innate malaria
protection than heterozygotes, an interpretation that is supported by
a number of studies that have noted both a reduced prevalence9,10,28

and a reduced incidence6,11 of malaria in children with SCA.

Table 3. Age-adjusted ORs for disease-specific admission by HbS genotype

Case category HbAA HbAS P SCA P

Uncomplicated malaria 1 0.24 (0.17-0.36) � .001 0.43 (0.09-2.10) .30

Severe malaria 1 0.12 (0.08-0.18) � .001 0.80 (0.25-2.51) .70

Nonmalaria illnesses 1 0.78 (0.60-1.01) .066 4.17 (1.95-8.92) � .001

Bacteremia 1 0.60 (0.48-0.76) � .001 8.73 (4.51-16.89) � .001

Values are ORs (95% CI) compared with the reference group (HbAA) adjusted for age group (0-23 months, 24-59 months) by logistic regression. Case categories are as
defined in “Study participants.” In a subanalysis restricted to bacteremia caused by the rapidly progressive condition Streptococcus pneumoniae, the OR for SCA in cases
versus controls was 15.3 (95% CI, 7.3-35.1; P � .001).
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Nevertheless, our study was too small to find anything other than a
very large protective effect: for example, given a control preva-
lence of 0.06 and more than 1700 cases of severe malaria, our study
was 80% powered to show an OR of 0.1 at the .05 significance
level, an effect that seems implausibly large. More importantly,
even if the overall incidence of clinical malaria were lower in SCA
than non-SCA children, any advantage would be more than offset
by the massively increased risk of death seen in such children when
they do develop the disease.

Given the huge burden of SCA in Africa, the continuing lack of
clear quantitative data regarding the relative importance of malaria
as a cause of morbidity and mortality more than 50 years after this
question was first debated39,47-49 is unhelpful. As the Global Burden
of Disease Study enters its first major revision,50 the causes of death
in African children with SCA remain poorly documented and the
lack of data make it impossible to evaluate the relative benefits of
various interventions. Such data are critical if African governments
are to make informed decisions regarding alternative approaches.
At one extreme, the introduction of neonatal screening for SCA,
which allows services to be targeted toward affected children, has
been explored in a number of countries.51-53 However, this is
expensive, logistically complicated, and difficult to sustain,51-53 and
the relative difficulties with which screening can be introduced in
rural versus urban communities raises the issue of equity. At the
other extreme, a number of countries in sub-Saharan Africa are
now implementing nontargeted programs at the national level that
will probably result in marked improvements in the survival of
children with SCA. For example, in Kenya, recent initiatives have
seen the introduction of both Haemophilus influenzae type b
vaccine (which has led to a sustained reduction in hemophilus
disease15) and of free access to insecticide-treated bed nets for
children and pregnant women (to which major declines in malaria
incidence have been attributed54). Moreover, Kenya will soon
introduce a 10-valent conjugate vaccine against Streptococcus
pneumoniae that covers 80% of the prevailing S pneumoniae
serotypes.30 Under these circumstances, a range of interventions
will be delivered at population level that will be of particular
benefit to children with SCA, a strategy that will probably translate
to a rapid improvement in survival. Under this new paradigm, the
additional value of targeted malaria prophylaxis becomes a critical
question for health planners evaluating the potential benefits of
screening.

The current study highlights the urgent need for better data
regarding the overall role that malaria plays in the ill health and
death of African children with SCA. Given the importance of this
question, a definitive and well-powered intervention study seems
long overdue. In the mean time, the high risk of death seen in
children with SCA admitted to hospital with malaria in our study
underscores how important it is that effective prophylaxis is made
freely available to all children living with SCA in malaria-endemic
countries.

Acknowledgments

The authors thank the field, laboratory, medical, and nursing staff
of the Centre for Geographic Medicine Research–Coast for their
help in conducting this study; Charles Newton, Jay Berkley, and
Bob Snow for helpful discussions; Greg Fegan for statistical
support; and a number of anonymous reviewers for their help in
revisions of this manuscript.

This work was supported by the Wellcome Trust, United
Kingdom (grant 076934; T.N.W.) and (grant 077092; K.M.) and the
European Union Network 6 BioMalpar Consortium Network of
Excellence. This paper is published with the permission of the
Director of Kenya Medical Research Institute.

Authorship

Contribution: C.F.M. performed the research, analyzed the data,
and wrote the first draft of the paper; C.W., J.M., A.M., S.U.,
D.H.O., A.N., and K.M. helped perform the research and com-
mented on draft manuscripts; C.N. prepared the data, helped with
data analysis, and commented on draft manuscripts; J.A.G.S.
helped with the interpretation and analysis of the data and
commented on draft manuscripts; and T.N.W. designed the re-
search, wrote the final draft of the paper, had full access to all of the
data in the study, and takes responsibility for the integrity of the
data and the accuracy of the data analysis.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Thomas N. Williams, KEMRI/Wellcome Trust
Programme, Centre for Geographic Medicine Research-Coast,
PO Box 230, Kilifi, Kenya; e-mail: twilliams@kilifi.kemri-
wellcome.org.

References

1. Serjeant GR. Mortality from sickle cell disease in
Africa. Br Med J. 2005;330(7489):432-433.

2. Weatherall D, Hofman K, Rodgers G, Ruffin J,
Hrynkow S. A case for developing North-South
partnerships for research in sickle cell disease.
Blood. 2005;105(3):921-923.

3. Obaro S. Pneumococcal disease in sickle cell
disease in Africa: does absence of evidence im-
ply evidence of absence? Arch Dis Child. 2009;
94(9):713-716.

4. Modell B, Darlison M. Global epidemiology of
haemoglobin disorders and derived service indi-
cators. Bull World Health Organ. 2008;86(6):
480-487.

5. Fleming AF. The presentation, management and
prevention of crisis in sickle cell disease in Africa.
Blood Rev. 1989;3(1):18-28.

6. Aidoo M, Terlouw DJ, Kolczak MS, et al. Protec-
tive effects of the sickle cell gene against malaria
morbidity and mortality. Lancet. 2002;359(9314):
1311-1312.

7. Williams TN, Mwangi TW, Wambua S, et al.
Sickle cell trait and the risk of Plasmodium falci-
parum malaria and other childhood diseases.
J Infect Dis. 2005;192(1):178-186.

8. Molineaux L, Fleming AF, Cornille-Brogger R,
Kagan I, Storey J. Abnormal haemoglobins in the
Sudan savanna of Nigeria: III. Malaria, immuno-
globulins and antimalarial antibodies in sickle cell
disease. Ann Trop Med Parasitol. 1979;73(4):
301-310.

9. Trowell HC, Raper AB, Welbourn HF. The natural
history of homozygous sickle-cell anaemia in
Central Africa. Q J Med. 1957;26(104):401-422.

10. Aluoch JR. Higher resistance to Plasmodium fal-
ciparum infection in patients with homozygous
sickle cell disease in western Kenya. Trop Med
Int Health. 1997;2(6):568-571.

11. Komba AN, Makani J, Sadarangani M, et al. Ma-
laria as a cause of morbidity and mortality in chil-
dren with homozygous sickle cell disease on the

coast of Kenya. Clin Infect Dis. 2009;49(2):216-
222.

12. Makani J, Williams TN, Marsh K. Sickle cell dis-
ease in Africa: burden and research priorities.
Ann Trop Med Parasitol. 2007;101(1):3-14.

13. Makani J, Komba A, Cox S, et al. Malaria in sickle
cell disease: differences in burden, risk factors
and outcome between patients at outpatient clinic
and during hospitalization. Blood. 2010;115(2):
215-220.

14. Williams TN, Mwangi TW, Wambua S, et al.
Negative epistasis between the malaria-
protective effects of ��-thalassemia and the
sickle cell trait. Nat Genet. 2005;37:1253-1257.

15. Cowgill KD, Ndiritu M, Nyiro J, et al. Effectiveness
of Haemophilus influenzae type b conjugate vac-
cine introduction into routine childhood immuniza-
tion in Kenya. JAMA. 2006;296(6):671-678.

16. Berkley JA, Lowe BS, Mwangi I, et al. Bacteremia
among children admitted to a rural hospital in Ke-
nya. N Engl J Med. 2005;352(1):39-47.

SICKLE CELL ANEMIAAND MALARIA 1667BLOOD, 9 SEPTEMBER 2010 � VOLUME 116, NUMBER 10  
 

http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


17. Maitland K, Pamba A, Newton CR, Levin M. Re-
sponse to volume resuscitation in children with
severe malaria. Pediatr Crit Care Med. 2003;4(4):
426-431.

18. Mwangi TW, Ross AK, Snow RW, Marsh K. Case
definitions of clinical malaria under different trans-
mission conditions in the Kilifi District, Kenya.
J Infect Dis. 2005;191:1932-1939.

19. Nokes DJ, Okiro EA, Ngama M, et al. Respiratory
syncytial virus infection and disease in infants
and young children observed from birth in the
Kilifi District, Kenya. Clin Infect Dis. 2008;46(1):
50-57.

20. Waterfall CM, Cobb BD. Single tube genotyping
of sickle cell anaemia using PCR-based SNP
analysis. Nucleic Acids Res. 2001;29(23):E119.

21. Wierenga KJ, Hambleton IR, Lewis NA. Survival
estimates for patients with homozygous sickle-
cell disease in Jamaica: a clinic-based population
study. Lancet. 2001;357(9257):680-683.

22. Serjeant GR, Ndugwa CM. Sickle cell disease in
Uganda: a time for action. East Afr Med J. 2003;
80(7):384-387.

23. Christianson AL, Howson CP, Modell B. March of
Dimes Global Report on Birth Defects: The Hid-
den Toll of Dying and Disabled Children. White
Plains, NY: March of Dimes Birth Defects Foun-
dation; 2006.

24. Konotey-Ahulu FI. Malaria and sickle-cell dis-
ease. Br Med J. 1971;2(763):710-711.

25. Pichanick AM. Severe malarial infection. Br
Med J. 1971;3(766):114.

26. Ambe JP, Fatunde JO, Sodeinde OO. Associated
morbidities in children with sickle-cell anaemia
presenting with severe anaemia in a malarious
area. Trop Doct. 2001;31(1):26-27.

27. Ibidapo MO, Akinyanju OO. Acute sickle cell syn-
dromes in Nigerian adults. Clin Lab Haematol.
2000;22(3):151-155.

28. Okuonghae HO, Nwankwo MU, Offor E. Malarial
parasitaemia in febrile children with sickle cell
anaemia. J Trop Pediatr. 1992;38(2):83-85.

29. Seymour A. Malaria and sickle cell disease. Br
Med J. 1971;2(763):711.

30. Williams TN, Uyoga S, Macharia A, et al. Bacter-

aemia in Kenyan children with sickle-cell anae-
mia: a retrospective cohort and case-control
study. Lancet. 2009;374(9698):1364-1370.

31. Safeukui I, Correas JM, Brousse V, et al. Reten-
tion of Plasmodium falciparum ring-infected
erythrocytes in the slow, open microcirculation of
the human spleen. Blood. 2008;112(6):2520-
2528.

32. Buffet PA, Safeukui I, Milon G, Mercereau-
Puijalon O, David PH. Retention of erythrocytes
in the spleen: a double-edged process in human
malaria. Curr Opin Hematol. 2009;16(3):157-164.

33. Pearson HA, Gallagher D, Chilcote R, et al. De-
velopmental pattern of splenic dysfunction in
sickle cell disorders. Pediatrics. 1985;76(3):392-
397.

34. Adekile AD, Adeodu OO, Jeje AA, Odesanmi WO.
Persistent gross splenomegaly in Nigerian pa-
tients with sickle cell anaemia: relationship to ma-
laria. Ann Trop Paediatr. 1988;8(2):103-107.

35. Thuilliez V, Vierin Y. [The importance of sickle cell
anemia in a pediatric environment in Gabon].
Sante Publique. 1997;9(1):45-60.

36. Sadarangani M, Makani J, Komba AN, et al. An
observational study of children with sickle cell
disease in Kilifi, Kenya. Br J Haematol. 2009;
146(6):675-682.

37. Kizito ME, Mworozi E, Ndugwa C, Serjeant GR.
Bacteraemia in homozygous sickle cell disease in
Africa: is pneumococcal prophylaxis justified?
Arch Dis Child. 2007;92(1):21-23.

38. Allison AC. Protection afforded by sickle cell trait
against subtertian malarial infection. Br Med J.
1954;1:290-295.

39. Beet EA. Sickle cell disease in the Balovale Dis-
trict of Northern Rhodesia. East Afr Med J. 1946;
23:75-86.

40. Pasvol G, Weatherall DJ, Wilson RJ. Cellular
mechanism for the protective effect of haemoglo-
bin S against P. falciparum malaria. Nature. 1978;
274(5672):701-703.

41. Friedman MJ. Erythrocytic mechanism of sickle
cell resistance to malaria. Proc Natl Acad Sci
U S A. 1978;75(4):1994-1997.

42. Luzzatto L, Nwachuku-Jarrett ES, Reddy S. In-
creased sickling of parasitised erythrocytes as

mechanism of resistance against malaria in the
sickle-cell trait. Lancet. 1970;1(7642):319-321.

43. Roth EF Jr, Friedman M, Ueda Y, Tellez I, Trager
W, Nagel RL. Sickling rates of human AS red
cells infected in vitro with Plasmodium falciparum
malaria. Science. 1978;202(4368):650-652.

44. Cholera R, Brittain NJ, Gillrie MR, et al. Impaired
cytoadherence of Plasmodium falciparum-in-
fected erythrocytes containing sickle hemoglobin.
Proc Natl Acad Sci U S A. 2008;105(3):991-996.

45. Verra F, Simpore J, Warimwe GM, et al. Haemo-
globin C and S role in acquired immunity against
Plasmodium falciparum malaria. PLoS ONE.
2007;2(10):e978.

46. Marsh K, Otoo L, Hayes RJ, Carson DC,
Greenwood BM. Antibodies to blood stage anti-
gens of Plasmodium falciparum in rural Gambi-
ans and their relation to protection against infec-
tion. Trans R Soc Trop Med Hyg. 1989;83(3):
293-303.

47. Beet EA. Sickle cell disease in northern Rho-
desia. East Afr Med J. 1947;24:212-222.

48. Neel JV. The inheritance of the sickling phenom-
enon, with particular reference to sickle cell dis-
ease. Blood. 1951;6(5):389-412.

49. Raper AB. Sickling in relation to morbidity from
malaria and other diseases. Br Med J. 1956:965-
966.

50. Global Burden of Disease Study. http://www.
globalburden.org. Accessed April 29, 2009.

51. Tshilolo L, Aissi LM, Lukusa D, et al. Neonatal
screening for sickle cell anaemia in the Demo-
cratic Republic of the Congo: experience from a
pioneer project on 31 204 newborns. J Clin
Pathol. 2009;62(1):35-38.

52. Kafando E, Nacoulma E, Ouattara Y, et al. Neo-
natal haemoglobinopathy screening in Burkina
Faso. J Clin Pathol. 2009;62(1):39-41.

53. Rahimy MC, Gangbo A, Ahouignan G, Alihonou
E. Newborn screening for sickle cell disease in
the Republic of Benin. J Clin Pathol. 2009;62(1):
46-48.

54. Fegan GW, Noor AM, Akhwale WS, Cousens S,
Snow RW. Effect of expanded insecticide-treated
bednet coverage on child survival in rural Kenya:
a longitudinal study. Lancet. 2007;370(9592):
1035-1039.

1668 McAULEY et al BLOOD, 9 SEPTEMBER 2010 � VOLUME 116, NUMBER 10   

http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl



