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The epidemiology of multiple P/asmodium falciparum infections 

9. Effect of insecticide-treated bed nets on haemoglobin values, prevalence and 
multiplicity of infection with Plasmodium fakiparum in a randomized controlled 
trial in Tanzania 
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and H.-I? BeckU llfakara Health Research and Development Centre, I?O. Box 53, Ifakara, Tanzania; ZSwiss Tropical 
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Abstract 
A randomized controlled trial of insecticide-treated bed nets (ITNs) was conducted in an area of high 
malaria transmission in Tanzania in order to assess the effects of ITNs on infection and anaemia. One 
hundred and twenty-two children, aged 5 to 24 months, were randomly allocated to 2 groups, one of 
which received ITNs. Outcome measures were assessed in 6 consecutive months with monthly cross-sec- 
tional surveys. These measures were haemoglobin values, Plasmodium falciparum prevalence and density, 
and multiplicity of infection determined by polymerase chain reaction-restriction fragment length poly- 
morphism analysis (PCR-RFLP) of the msp2 locusThere was a significant increase in mean heamoglobin 
values and a significant decrease of 16.4% in microscopically determined I?falciparum prevalence in chil- 
dren in the ITN group six months after the start of the trial. Both effects were more pronounced in 
younger children. However, no significant difference was observed in parasite density or multiplicity of 
infection among infected children. Comparison with PCR results indicated that microscopically subpat- 
ent parasitaemia was more frequently found in children in the ITN group. This, together with the 
observed similar multiplicity in the 2 groups, suggests that infections are maintained despite ITN use, 
owing to the chronicity of infections. This study shows that ITNs reduce the risk of anaemia in highly 
exposed young children. The virtually unchanged multiplicity of infection indicates that the potentially 
protective concomitant immunity is not compromised. 
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Introduction 
The promotion of insecticide-treated bed nets 

(ITNs) to reduce exnosure to mosauitoes infected with 
klasmddium falcipar&m has become a major focus of ma- 
laria control options for sub-saharan Africa. Several ef- 
ficacv trials have aiven comuelline evidence that ITNs 
improve child su&val and ieduci malaria-attributable 
morbidity (ALONSO et al., 199 1; D’ALESSANDRO et al., 
1995; BINJCA et al., 1996; NEVILL et al., 1996; HAB- 
LUETZEL et al., 1997). There is, however, concern that 
if children are protected from infections with ITNs, the 
development of their malaria-specific immunity might 
be impaired. There is evidence from studies conducted 
in both holoendemic and mesoendemic areas that chil- 
dren using a net mav have significantlv reduced levels of 
I? falcipahm-specific immunoglobul~n (Ig) G or IgM, 
when compared to fully exposed children not using a 
net (GENTON et al.. 1994; SNOW et al.. 1996). Natural 
immunity against clinical malaria is believed to develop 
gradually as a function of frequent infections, and the 
time period a child is at risk for clinical disease might 
become longer if the child uses an ITN (SNOW et al., 
1994; SNOW & MARSH, 1995; TRAPE’ & ROGIER; 
1996). Hence, a ‘rebound effect’ might be observed in 
children who used an ITN durina infancv. but later 
stopped using it and were suddenly highly,exposed to 
infectious mosquitoes. 

Recently, we and others have shown that multiple 
concurrent I? falciparum infections, with different geno- 
types, are associated with a reduced risk of clinical ma- 
laria in older children, probably due to the development 
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of premunition (ROBERT et al., 1996; AL-YAMAN et al., 
1997: BECK et al.. 1997). In a studv in Seneaal. the 
force-of infection also appeared to be correlatid ‘with 
multiplicity of infection (NTOUMI et al., 1995). Thus, 
the question arises whether the use of an ITN, assumed 
to reduce the force of infection, can lead to reduced 
multiplicity of infections, and thus ultimately compro- 
mise the development or maintenance of immunity. 
Such an effect would be expected to be most pro- 
nounced in highly endemic areas, but no randomized 
controlled ITN trials have yet been conducted in areas 
of extremely high perennial transmission. 

In order to evaluate short-term protective effects in 
an area of exceptionally high and perennial malaria 
transmission, we conducted a randomized controlled 
ITN trial in a village in the Kilombero valley of Tanza- 
nia. In addition to assessing effects on anaemia, parasite 
prevalence and density, multiplicity of infection was de- 
termined as a marker for premunition in order to pre- 
dict possible rebound effects due to reduced exposure. 
The-assumption underlying the study was that; under 
carefullv controlled trial conditions. children in the ITN 
group would be less exposed to infective mosquito bites 
than those in the control group. 

Study design and Methods 
The study took place in the village of Kiberege, Kil- 

ombero District, southern Tanzania, which has about 
6500 inhabitants and lies at the edge of the Kilombero 
river plain. In this area, malaria transmission is intense 
and perennial: the annual entomological inoculation 
rate is approximately 300 (SMITH et al., 1993) and, by 
the age of 5 months, more than 60% of children are in- 
fected with malaria (KITUA et al., 1996). The Kilombe- 
ro valley has been the site of various intervention trials, 
but villagers from Kiberege had not been enrolled in any 
of these studies. 

The present trial started at the end of the rainv season 
in May-l 996, and ended at the peak of the dry season in 
November 1996. Hence, the recruited children would 
have received more infectious bites at the beginning of 
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the study than at the end. Children were recruited at the 
local dispensary when they attended for routine visits as 
part of the Mother and Child Health (MCH) pro- 
gramme. They were eligible if they were resident in Kib- 
erege, aged 5-24 months, afebrile (axillary temperature 
<375”C), currently not under reported chloroquine 
treatment, and not using a bed net. Only one child was 
enrolled from each household. During informed con- 
sent taking, the voluntary character of the study, the al- 
location of nets by chance, and the possibility of early 
morning check visits were emphasized. In total, 6 1 chil- 
dren w&e enrolled in each of-tie 2 intervention groups, 
a cohort size which would allow the detection of a 50% 
reduction in multiplicity between the 2 groups with 
90% power and 95% confidence. Children were indi- 
vidually allocated at random in blocks of 4 and allocated 
to either the ‘ITN group’ or the ‘control group’. The 
ITNs had been treated with pennethrin (0.5 g/m2) and 
individually numbered. The nets were also marked with 
a water-soluble pen, to show whether they had been 
washed during the trial. The nets were re-treated after 3 
months and at the end of the trial, and at the end of the 
trial the children in the control group also received an 
ITN. 

Initial net installation was done by the parent and 
checked by project staff, who also checked net use by 
surprise visits between 05:OO and 08:OO. Monthly cross- 
seciional surveys were conducted during the partici- 
uants’ routine visits to the MCH clinic. At enrolment 
&d at each survey during follow-up, thick blood films 
were prepared a&d capifiary blood -samples collected 
into ethylenediaminetetraacetic acid MicrotainersTM 
(Becton Dickinson. Rutherford. New Tersev. USA). 
haemoglobin conc&trations were deter&nex directly 
(HemocueTM, hgelholm, Sweden). Fresh urine sam- 
ples were collected for testing for recent chloroquine 
consumption. Axillary temperature was measured, and 
a short morbidity questionnaire was administered in or- 
der to record current and past illness, health facility vis- 
its and drug consumption. All children presenting with 
any illness were referred to the health facilities and ap- 
propriately treated. All participants carried a medical 
card, on which prescriptions given at Kiberege dispen- 
sary were recorded. 

Laboratory procedures 
Slides were Giemsa-stained and examined twice, with 

a third examination if the first 2 were discrepant (&ON- 
SO et al., 1994). Two examinations of 200 fields each of 
a thick film w&e made before a slide was declared neg- 
ative. Chloroquine in urine was measured by thin-layer 
chromatography (BETSCHART & STEIGER, 1986). 
Blood samples were stored frozen after plasma separa- 
tion until a polymerase chain reaction (PCR) was per- 
formed. All blood samples, irrespective of the 
microscopy results, were amplified by PCR for the locus 
of the merozoite surface protein 2 gene (msp2) as de- 
scribed by FELGER et al. (1999). All tests with negative 
results were repeated once, and 10% of all samples were 
routinely repeated for quality control purposes. PCR 
products were subjected to an array of restriction en- 
zymes and analysed according to a restriction fragment 
length polymorphism (RFLP) typing scheme (FELGER 
et al., 1999). 

Statistical methods 
Approximate confidence limits for average levels of 

parasitaemia, parasite density and haemoglobin levels in 
each follow-66 group were c-alculated wi&out regard to 
correlations within individuals. For formal statistical 
testing, the arithmetic mean of all follow-up data for 
each child was first calculated and the ITN control 
groups compared using Wilcoxon tests. Parasite densi- 
ties were log-transformed before analysis. Non-para- 
metric correlations between age at baseline and the 
response variables also used data first summarized for 
each child. 

Survey, and age-at-survey, adjusted analyses of para- 
site positivity were carried out using logistic regression 
models which allowed for correlations within individu- 
als using random-effect terms. These models were fitted 
using EGRET software (version 2.0; Statistics and Epide- 
miology Research Corporation, Seattle, Washington, 
USA). 

Results 
A total of 122 children was enrolled. Two children 

were withdrawn during the trial: one child in the control 
group died during thexrst month of follow-up, and the 
uarenls of one ITN reciuient refused to allow follow-ur, 
I 

surveys. This left 60 children in each group for analysii. 
The characteristics of these children at enrolment are 
shown in Table 1. The mean age was little different in 

Table 1. Baseline characteristics of the study 
population 

Insecticide- 
treated 

bed net users Control 
ITN users group 

No. of subjects 60 60 
Males (%) 44 54 
No. c 15 months old 30 
Age (years)a l.lZO.39) 1.19(0.46 
Haemoglobin level (g/L)a 86.5(1.94) 86.9(1.48 
l? falciparum prevalence (%) 

By microscopy 54.1 65.6 
By PCR-RFLP 97.8 96.1 

aMean (SD in parentheses). 

the 2 groups, and the mean haemoglobin levels were vir- 
tually the same. There was a small, chance imbalance in 
the baseline prevalence of Z? falciparum infections, as- 
sessed by mi&oscopy, with a-higher prevalence in the 
control group than in the ITN group (Table 1). 

During the 6 cross-sectional dispensary-based sur- 
veys, overall compliance was 98%. The homes of chil- 
dren in both groups were visited to assess bed net use, 
which was reuorted in 97% of 229 earlv morning home 
visits to children in the ITN group. tie child \;as ob- 
served sleeping inside or outside the ITN on 82% and 
1% of these occasions, respectively. On 17% of visits, 
direct observation of sleeping behaviour was not possi- 
ble. In the control group, 14 children were each found 
once using a torn net or home-made netting but, as the 
protection provided was negligible, they were not with- 
drawn from the study. Net washing in between the re- 
treatment intervals was not observed. 

Overall, mean haemoglobin concentrations measured 
during the follow-up were 93.4 g/L [95% confidence in- 
terval (CI) 91.7-95.11 in the ITN group and 88.2 g/L 
(95% CI 86.6-89.8) in the control group (Wilcoxon’s 
2~2.5 1, -0.0 12). Heamoglobin values increased in 
both groups over time, but to a much greater extent in 
the ITN group (Fig. 1). Haemoglobin concentrations 

100 -r I 

P, 
0' 

5 6 7 8 9 10 11 

Survey (month, 1996) 

Fig. 1, Haemoglobin values in the group receiving insecticide- 
treated bed nets ((I) and in the control non-intervention group 
m 
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during follow-up were not correlated with age at base- 
line. 

Prevalence of I? fulciparum infections detected by mi- 
croscopy remained higher in non-ITN users throughout 
the follow-up period (Fig. 2), with average prevalences 
of 48% in the ITN group and 65% in the controls. This 
difference was not due to the imbalance at baseline and 
indicated that there was still a highly significant differ- 
ence between the 2 groups in follow-up parasitaemia 
[likelihood ratio test (LRT): ~2~6.2, P--0.013]. When 
assessed by PCR, prevalence of infection at baseline was 
close to 100% in both groups, implying that 43.7% of 
children in the ITN group and 30.5% of children in the 
control group had subpatent parasitaemia at the start of 
the trial (Table 1). In the course of follow-up, parasite 
prevalence determined by microscopy decreased in 
both groups (Fig. 2) (LRT testing effect of survey in a 

100 m I 

30 1 -_ 
5 6 7 8 9 IO 11 

Survey (month, 1996) 
Fig. 2. Point prevalence of Plasmodium falciparum in the group 
receiving insecticide-treated bed nets as determined by micro- 
scopy (‘1) or by the PCR-RFLP for the msp.2 locus (0) and in 
the control non-intervention group (m and l , respectively). 

Children who were aparasitaemic (assessed by micro- 
scopy) in any survey, including the baseline, were more 
common in the ITN group than in the control group 
(15 vs. 5), and children with parasitaemia in all surveys 
were found more often in the control group than in the 
ITN group (19 vs. 10). A similar, but less pronounced, 
trend was observed when PCR results of infection status 
were used. In both groups, multiplicity increased with 
age (Spearman correlation between age at baseline and 
mean multiplicity: pcO.29, P=O.OO 15). 

Bed net use did not appear to lead to a significant 
change in parasite densities in a comparison of the geo- 
metric mean parasite densities of the 2 groups based on 
microscopically positive films only (Fig. 3, A). Overall, 
mean parasite densities tended to decrease during the 
follow-up period. We then tested for differences in den- 
sities if subpatent infections were also taken into ac- 
count. For the purposes of analysis, a density of 10 
parasites/pL was arbitrarily allocated to samples which 
were positive by PCR but microscopically negative. 
Calculated on this basis, the geometric mean density in 
follow-up samples from the ITN group was 441 para- 
sites/pL (95% CI 303-643) and in the control group it 
was 1001 parasites/yL (95% CI 725-1382) (Fig. 3b). 
The Wilcoxon test indicated that average densities were 
significantly lower in the ITN group (Z=2.19, 
FO.028). 

At baseline, multiple l? falciparum infections were ob- 
served in most of the samples giving positive PCR re- 
sults, with an average of 2.6 genotypically distinct 
infections in children allocated to the ITN group and 
3.0 infections in children allocated to the control group 
(Table 2). During follow-up there was a positive corre- 
lation between multiplicity in PCR-positive samples 
and the age at baseline (Spearman’s p=o.29, 
P=O.O015), but multiplicity was little affected by sea- 
son, and no clear difference in average numbers of in- 

Table 2. Mean multiplicity of Plasmodium falciparum infections in the two study groups at baseline and 
during follow-up 

Survey no. 
Baseline 1 2 3 4 5 6 

Insecticide-treated bed net group 2.56 2.81 3.05 2.56 3.19 3.29 3.08 
Control group 3.04 3.12 3.02 2.43 2.82 2.86 3.33 

random effects logistic model: x2=10.9, PCO.OOl), but 
the decrease in prevalence as determined by PCR was 
not statistically significant (~2~2.8, -0.093). The 
prevalence determined by PCR, however, was signifi- 
cantly reduced in the ITN group (LRT: x2=4.4, 
P=O.b36). 

A 
7000 

fections was recorded between the 2 groups (ITN 
group, mean multiplicity 3.0, 95% CI 2.8-3.2; control 
group, mean multiplicity 2.9, 95% CI 2.7-3.1) (Table 
2). Similarly, no striking difference was found when 
multiplicity was analysed with respect to the 2 allelic 
families of msp2 (data not shown). However, in both 

a 6000 
‘02 c 
5 .$ 5000 
05 
fi .; 4000 
E‘;i 
.g B 3000 
;i;l 
g g 2000 
P)- 

(3 1000 

Survey (month, 1996) Survey (month, 1996) 
Fig. 3. Geometric mean densities of Plasmodium falciparum in (A) microscopically positive samples and (B) all samples positive by 
PCR-RFLP for the msp2 locus; microscopically negative samples in this group were assigned an arbitrary density of 10 parasites/pL. 
V’, Group receiving insecticide-treated bed nets; n , control non-intervention group. 
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groups geometric mean densities determined by micro- 
scopy were significantly positively correlated with the 
number of genotypes observed to be present concur- 
rently (Spearman’s p=O.36, P<O.OOOl), both with 
genotypes belonging’ to the FC27 family (p=O.30, 
P~O.0001) or the 3D7 familv of alleles (0~0.24. 
P<O.OOOlj. Season, age and group status did not affect 
this association significantly (data not shown). 

Axillary temperatures >37.5”C on the day of survey 
were recorded for 3.2% of the children in the ITN 
group (total of 349 observations) and for 3.7% of the 
children in the control group (349 observations). The 
analysis of average fever rates per child indicated that 
this difference was not statistically significant (Wilcox- 
on’s Z=O.32, &+OS). Chloroquine concentration was 
determined in 297 urine samples from the ITN group 
and 295 samples from the control group. Concentra- 
tions >l mg/mL were found in 20% and 25% of sam- 
ples, respectively. 

Discussion 
There is little doubt about the short-term efficacy of 

ITNs in reducing malarial anaemia in highly endemic 
areas (~&FUXQI et al.. 1994: PREMTI et al.. 1995: BINKA 

,  ,  1 ,  

et al., 1996; HABLUETZEL et al., 1997), parasite preva- 
lence (GRAVES et al., 1987; KARCH et al., 1993; JAEN- 
SON et al., 1994), parasite density (KARCH et al., 1993; 
PREMJI et al., 1995; HABLUETZEL et al., 1997), and 
acute morbidity and mortality (ALONSO et al., 1991; 
D’ALESSANDRO et al., 1995; BINKA et al., 1996; NEV- 
ILL et al., 1996; HABLUETZEL et al., 1997). Our study 
has confirmed the efficacy of the nets in controlling high 
parasite densities and anaemia in an area of very high 
perennial transmission. The highly significant increase 
of haemoglobin values in the ITN group is an important 
finding and is particularly relevant for an area like the 
Kilombero valley, where anaemia is a leading cause of 
hospital admissions (SNOW et al., 1994; MENENDEZ et 
al., 1997). 

The question whether ITNs may have a long-term 
benefit to a host in areas of very intense transmission is 
still open. No long-term controlled trial has been per- 
formed, for obvious ethical reasons, and there is cur- 
rently a major concern that the use of ITNs might be 
disappointing in the longer term: instead of reducing 
the toll taken by malaria, their use may merely lead to 
an increase in mortality and morbidity in the older age 
groups (SNOW et al., -1994; SNOW & MARSH, 1995; 
TRUE & ROGIER. 1996). Similar doubts have been 
raised about long-term chemoprophylaxis in endemic 
areas (GREENWOOD et al., 1995), and data from a re- 
cent four-armed intervention trial in Ifakara, Kilombero 
did indeed indicate a rebound effect on morbiditv after 
stopping chemoprophylaxis (MENENDEZ et al., 1997). 

The reason for expecting rebound effects is that par- 
tial immunity against malaria develops gradually and is 
dependent on exposure to infective mosquitoes and the 
presence and frequency of blood-stage infections. Re- 
duced morbidity is associated particularly with high 
multiplicity of infections (ROBERT et al., 1996; BECK et 
al., 1997). In a prospective study in an endemic area of 
Papua New Guinea, AL-YAMAN et al. (1997) showed 
that individuals with single or no infection had a higher 
risk of falling ill with malaria subsequently than individ- 
uals with multiple clone infections. Furthermore, in a 
study based on an ecological comparison between sites 
of different transmission intensity, SNOW and col- 
leagues (1997) showed that severe malaria morbidity 
was highest in places with intermediate-level exposure. 

Because of this evidence for the protective effect of 
multiplicity of infections, we examined whether the re- 
duction of exposure in children using ITNs had re- 
duced the number of concurrent l? falciparum 
infections in children living in an area of intense trans- 
mission, where individuals receive approximately 300 
infective bites per year. We observed no reduction in 

multiplicity during 6 months’ use of ITNs, despite the 
significant reduction in the prevalence of patent P. falci- 
parum infections in the children using ITNs. In fact, the 
multiplicity may have been even higher than observed 
owing to the technical limitations of the methodology 
(FELGER et al., 19991. The nrimarv effect of ITNs is to 
prevent infection, so the observed similarity in micro- 
scopically-assessed parasite densities of patent infec- 
tions in the 2 groups indicated that the use of nets did 
not affect the course of a patent infection once it had 
been established, a finding also reported by GENTON et 
al. (1994). 

Though microscopy indicated a reduction of parasite 
prevalence, data from the PCR, which can detect sub- 
patent parasitaemia, indicated that ITNs had only a 
small effect on prevalence, but that mean parasite den- 
sities were significantly reduced in ITN users. From our 
data we assume that, in children above one year of age, 
Z? fakiparum infections, once established, may become 
chronic and last for a long time at low densities (SMITH 
et al., 1999a). The fact that subpatent low-density infec- 
tions were frequently observed in ITN users suggests 
that such chronic infections form a large proportion of 
all infections. If this is the case limited reduction in ex- 
posure will not have much impact on multiplicity. How- 
ever, preventing only a small proportion of infections 
may not hinder the establishment of premunition 
(SMITH et al., 1999b), which might protect against high 
parasite densities resulting from new inoculations which 
would otherwise contribute disproportionately to the 
parasite load and hence to clinical malaria and anaemia. 

In order to look more closely at possible explanations 
for the similarity in multiplicity between ITN and con- 
trol groups, we carried out further longitudinal analyses 
of the PCR-RFLP data, which are presented in a com- 
panion paper (SMITH et al., 1999a). From these analy- 
ses and from the data presented here, we concluded that 
it is unlikely that there will be a reduction of multiplicity 
of infection due to the use of ITNs even over extended 
periods, provided further infections occur to maintain 
the multiplicity and premunition. In such a situation the 
burden of morbidity from frequent high-density infec- 
tions would be reduced. 

These results should be confirmed by studies with 
longer observation periods and in areas of different en- 
demicity. It should also be emphasized that we have an- 
alysed the effect of ITNs on children aged over 5 
months of age, and the situation may be quite different 
in younger infants where little specific immunity devel- 
ops against infections. 

In conclusion, the results of this study provide evi- 
dence for the beneficial effect of ITNs in highly endemic 
areas such as our study site, where anaemia is the major 
cause of morbidity, and suggest that a major rebound 
effect need not be expected. The substantial increase in 
haemoglobin level and the persistence of multiplicity 
found in our study support this view. Even if morbidity 
were to be shifted towards older age groups, a more ma- 
ture immune system and a more stable physiology 
might protect an older child from the most severe forms 
of malaria morbidity in highly endemic areas such as 
parts of Tanzania (MOLINEAUX, 1997). None the less, 
careful immunoparasitological and epidemiological 
monitoring should accompany any large-scale imple- 
mentation of ITNs as control measures. 
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