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Background. Effective malaria control requires information about intensity of transmission across large areas
and populations. Estimates based on entomological factors lack precision and are not cost-effective to obtain. We
tested altitude and rainfall measurements as correlates of transmission intensity in different ecological settings.

Methods. We conducted 2 cross-sectional surveys of ∼12,000 people (1–45 years old) in 6 altitude transects
(150–1800 m) in the Kilimanjaro and Tanga regions of Tanzania. Data were analyzed for associations with altitude
and rainfall estimates by use of appropriate regression models.

Results. Plasmodium falciparum prevalence showed a negative relationship with altitude (19% and 21%
decrease/100-m altitude increase, respectively, in children in Kilimanjaro and Tanga) and rainfall during the 3
months before the survey (46% decrease/100-mm rainfall increase in children in Kilimanjaro). Mean hemoglobin
concentrations increased with altitude (0.05 and 0.09 g/dL/100-m altitude increase, respectively, in children in
Kilimanjaro and Tanga) and rainfall (0.17 g/dL/100-mm rainfall increase in children and adults in Kilimanjaro).

Discussion. Altitude and rainfall were correlated with parasite prevalence and mean hemoglobin concentration;
however, the relationship varied according to ecological setting. Climatological variables alone cannot predict ma-
larial outcomes. Local variations in seasonality of malaria transmission—together with vector species composition,
topography, host and parasite genetics, and socioeconomic factors—may influence malaria prevalence.

Despite its considerable public health importance, the

relationship between the burden of malarial disease and

intensity of transmission of Plasmodium falciparum re-

mains unclear [1], in part because of a lack of tools for

the rapid and accurate estimation of transmission over

large areas and across different transmission intensities.

More-precise estimates of transmission intensity would

allow improved targeting of novel control tools, such

as the introduction of rapid diagnostic tests to optimize

the use of expensive combination therapies.

Received 14 September 2004; accepted 14 December 2004; electronically
published 7 April 2005.

Presented in part: Third Multilateral Initiative on Malaria Pan African Malaria
Conference, Arusha, Tanzania, 17–22 November 2002 (abstract 318).

Financial support: UK Medical Research Council (grant G9901439); Danish
International Development Agency.

Reprints or correspondence: Dr. Chris J. Drakeley, Joint Malaria Programme,
Box 2228, Moshi, Tanzania (chris.drakeley@lshtm.ac.uk).

The Journal of Infectious Diseases 2005; 191:1589–98
� 2005 by the Infectious Diseases Society of America. All rights reserved.
0022-1899/2005/19110-0004$15.00

The reference standard for measuring intensity of

transmission, the entomological inoculation rate (EIR),

is empirically derived from the density of human-biting

anopheline mosquitoes, their sporozoite rate, and the

human blood index (human biting rate). In Africa, EIRs

vary from !1 infectious bite per person per year (ib/

p/y) to 1800 ib/p/y. However, comparison of EIRs is

difficult, because of methodological differences and a

paucity of values from areas of moderate and low en-

demicity, which are typical of much of sub-Saharan

Africa [2]. In these areas, obtaining reliable and repro-

ducible estimates of the EIR across a large area is pro-

hibitively time consuming and expensive because of low

vector numbers, even lower numbers of infected vec-

tors, and considerable local variations in EIR [3–5].

Transmission estimates based on the prevalence of hu-

man infection are more informative, because they rep-

resent actual (rather than potential) infections, suffi-

cient numbers of people can relatively easily be tested,

and results correlate well with measured EIRs [6]. How-
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Figure 1. Altitude contour map of the study area. Each box defines a transect of 4 villages (black circles); transect numbers match those shown
in table 1. Locations of the 8 meteorological stations, from which rainfall and temperature data were used, are also shown (asterisks).

ever, parasite prevalence saturates at high transmission and can

be affected by seasonal variation in transmission and levels of

acquired immunity.

Transmission intensity varies with climate, of which tem-

perature—which affects the development of the vector and of

the parasite within the vector—is a major component; trans-

mission intensity is expected to vary with altitude because of

the associated changes in temperature. Mosquito densities and

parasite prevalence decrease with increasing altitude [7–10] but

are influenced by rainfall, topography [11], land use [12], the

socioeconomic status (SES) and genetic composition of the

population [13, 14], and the use of antimalarial chemotherapy

[15]. As a consequence, previous attempts to estimate malaria

transmission by use of climatic models and parasite prevalence

on a local scale have failed to accurately predict risk, particularly

at low rates of transmission [16].

As part of a program investigating the burden of disease and

transmission intensity, the present study aimed to determine the

utility of simple indices—altitude and rainfall—to predict the

intensity of malaria transmission. We surveyed parasite preva-

lence and hemoglobin (Hb) concentration in ∼12,000 individuals

in 24 villages in 6 altitude transects (100–1800 m above sea level)

of mountain ranges across northeastern Tanzania.

MATERIALS AND METHODS

Study area. The study area ranged from Mt. Kilimanjaro to

the coastal plain of northeastern Tanzania (figure 1). The Usam-

bara Mountains are populated between the altitudes of 300 and

1870 m; the Pare Mountains reach similar altitudes but are

much steeper. Mt. Kilimanjaro rises from the plains at 700 m

and is inhabited to an altitude of ∼2000 m. The area has a

short rainy season in November and December and a longer

rainy season from March to May; temperatures peak in January

and are lowest in July. Intense, perennial P. falciparum trans-

mission (EIR, ∼700 ib/p/y) occurs on the coastal savannah [17],

whereas altitudes 11700 m are believed to be malaria free [18].

Six transects of altitude were defined—3 in the Kilimanjaro

region and 3 in the Tanga region (figure 1). Within each tran-

sect, 1 village was selected at high (11200 m), 2 at intermediate

(600–1200 m), and, where possible, 1 at low (!600 m) altitude

(table 1). Village selection criteria were chosen to minimize
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Table 1. Characteristics of study villages.

Transect, village name
Altitude,

mean (range), m

Estimated
maximum daily
temperature,

mean, �Ca

Estimated
annual

rainfall, mm
Parasite

prevalence,b %

Hemoglobin
concentration,
mean, g/dLb

Kilimanjaro region
Rombo

Mokala 1702 (1788–1623) 16.7 919 0 11.6
Machame Aleni 1421 (1482–1380) 18.9 748 2 11.8
Ikuini 1160 (1215–1118) 20.9 811 3 11.3
Kileo 723 (724–721) 24.2 535 5 11.0

North Pare
Kilomeni 1556 (1745–1384) 17.4 547 1 11.0
Lambo 1187 (1231–1146) 20.4 562 10 11.2
Ngulu 831 (863–798) 23.0 583 8 11.0
Kambi ya Simba 745 (767–716) 23.8 563 10 11.2

South Pare
Bwambo 1598 (1643–1564) 16.4 639 3 11.2
Mpinji 1445 (1667–1307) 17.5 639 2 11.1
Goha 1162 (1228–1079) 19.7 665 13 11.1
Kadando 528 (531–525) 24.6 717 25 10.4

Tanga region
West, Usambara 1

Emmao 1845 (1872–1810) 14.5 700 0 10.9
Handei 1425 (1517–1372) 17.6 741 17 10.9
Tewe 1049 (1126–965) 20.5 760 22 10.5
Mng’alo 416 (455–406) 25.2 819 55 9.8

West, Usambara 2
Kwadoe 1523 (1603–1473) 15.8 766 4 10.7
Funta 1279 (1322–1236) 18.3 766 17 10.8
Tamota 1176 (1338–1073) 19.7 766 19 10.2
Mgila 432 (455–406) 25.0 744 34 10.4

West, Usambara 3
Magamba 1685 (1751–1659) 15.4 730 0 11.4
Ubiri 1216 (1262–1174) 18.9 711 12 10.9
Kwemasimba 662 (691–636) 23.0 744 25 10.5
Mgome 196 (208–165) 25.9 891 61 9.8

a Temperature data were based on the altitude and distance from the sea of each village by use of estimates from a model of
temperature data from 9 meteorological stations (US National Oceanographic and Atmospheric Association/Climate PredictionCenter
dekadal rainfall estimates for 1996–2002).

b Data from the short rainy season (October–November 2001) for children 0–4 years old.

differences within transects in SES, ethnicity, seasonal migra-

tion, and access to health care (as assessed by village-level so-

cioeconomic surveys).

The study area was mapped by use of differential global po-

sitioning satellite techniques (Trimble GeoExplorer III and Pro

XR receivers; Trimble Navigation), and geographical data were

analyzed by use of Arc/Info 7.1 and ArcView 3.2 (ESRI). The

long-term (1971–2000) average daily mean temperature was de-

rived from 4 meteorological stations in the Kilimanjaro region

and 5 stations in the Tanga region (1 station had data only from

1992 to 2000). Rainfall estimates (RFEs) for the 3-month period

preceding each survey were derived from the duration of cold

cloud cover for each village, as determined by Meteosat infrared

data collected by the Climate Prediction Center at the US Na-

tional Oceanographic and Atmospheric Administration, by use

of dekadal RFE data for 1996–2002. Mean monthly and mean

annual duration of cold cloud cover across Africa are strongly

correlated with rainfall [19]; dekadal RFE estimates and rain-

gauge measurements from neighboring Kenya (available at: http:

//www.HIMAL.uk.net) are also strongly correlated.

Cross-sectional surveys. Two surveys were conducted in

each village, during the short and long rainy seasons, respec-

tively. Written, informed consent was obtained from each par-

ticipant or guardian of children !15 years old. Ethical clearance

was obtained from the institutional review boards of the Na-

tional Institute of Medical Research of Tanzania and the Lon-

don School of Hygiene and Tropical Medicine.

We aimed to recruit 250 individuals (80 who were 0–4 years
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old, 80 who were 5–14 years old, and 90 who were 15–45 years

old) per village. Sufficient subvillages to fulfil the sample size

in the age group of children !5 years old were selected; indi-

viduals presented to a central point in the village over a 3-day

period and were sampled on a first come, first served basis.

Overall, 30%–50% of villagers and 180% of individuals !5 years

old were sampled. Demographic, anthropometric, and clinical

data were recorded, and a 500-mL finger-prick blood sample

was collected. Minor ailments were treated by clinical staff;

villagers with more-serious health problems were referred to

an appropriate health facility.

Laboratory methods. Giemsa-stained blood films were ex-

amined by oil-immersion microscopy. One hundred fields were

screened before a slide was deemed to be negative; if parasites

were observed, they were counted against 200 white blood cells

(WBCs). All slides were read twice; if results were discordant,

they were read a third time. The majority result was accepted

for slide positivity, and the mean of all 3 readings used to estimate

parasite density. Hb concentrations were assessed by hemopho-

tometry (HemoCue). Clinically relevant data were provided to

the study physician, and appropriate treatment was provided.

Data management and analysis. Data were double entered

and verified in Microsoft Access (Microsoft); range and internal

consistency checks and analyses were performed by use of STATA

software (version 8; StataCorp). Anthropometric indicators were

defined in EpiInfo2002 (NutStat) by use of the US Center for

Disease Control and Prevention’s 1978 reference population.

Stunting was defined as height-for-age values 12 z-scores below

the mean. The data from both surveys were pooled, and re-

gression models were included to adjust for the effect of season

and repeated sampling. Data were adjusted for intravillage cor-

relation by use of random-effects linear regression for mean Hb,

population-averaged logistic regression for parasite prevalence,

and negative binomial regression with robust SEs for parasite

density counts. Separate regression models were fitted for chil-

dren and adults because of significant age differences in parasite

indices and interactions between age and other covariates. A

fractional polynomial analysis [20] was used to describe the fit

of the age-prevalence data at different altitude bands. To correct

for the physiological effect of altitude on oxygen-carrying ca-

pacity, Hb values were adjusted for altitude of residence [21].

RESULTS

Participation was high in both surveys, with 97% of the target

sample recruited in the first survey pool and 95% recruited in

the second pool. The sexes were equally represented in the

younger age groups, although 70% of the 15–45-year-olds sur-

veyed were women. After adjustment, there was no significant

association between altitude or estimated annual rainfall and

stunted growth in children !5 years old. However, the risk of

stunting was greater in the Tanga region than in the Kilimanjaro

region (odds ratio [OR], 1.97 [95% confidence interval {CI},

1.42–2.73]; ).P ! .001

Prevalence of malaria infection. A logistic regression model

of parasite prevalence found significant effects of age, altitude,

and rainfall estimates for the 3 months preceding each survey

and significant interactions with region; our analyses include

adjustment for these parameters as appropriate. Overall, P.

falciparum prevalence was 15% during the short rainy season

and 21% during the long rainy season; there were very few

infections with Plasmodium malariae (0.3%) or Plasmodium

ovale (0.1%). The higher prevalence of infection in the long

rainy season was significant in both children (OR, 5.69 [95%

CI, 3.49–9.26]; ) and adults (OR, 3.00 [95% CI, 1.67–P ! .001

5.40]; ).P ! .001

Parasite prevalence decreased with increasing altitude of res-

idence (figure 2a). For every 100-m increase in altitude, the

OR for infection was 0.79 (95% CI, 0.72–0.85; ) amongP ! .001

children (0–14 years old) in Tanga and was 0.81 (95% CI, 0.71–

0.92; ) among children in Kilimanjaro. In adults, theP p .002

OR was 0.89 (95% CI, 0.84–0.94; ) in Tanga, but theP ! .001

effect of altitude among adults in Kilimanjaro was not statis-

tically significant. For every 100-mm increase in rainfall during

the 3 months preceding the survey, the OR of parasitemia was

0.54 (95% CI, 0.42–0.71; ) in children in Kilimanjaro;P ! .001

the effect of rainfall among children in Tanga was not statis-

tically significant. In adults, for every 100-mm increase in rain-

fall during the 3 months preceding survey, the OR was 0.75

(95% CI, 0.58–0.97; ) in Tanga and was 0.58 (95%P p .029

CI, 0.41–0.81; ) in Kilimanjaro.P p .002

The relationship between parasite prevalence and age (as a

continuous variable) was modeled separately for each region

and altitude (categorized into altitude bands of !600, 600–1200,

and �1200 m), by use of a fractional polynomial logistic re-

gression adjusted for survey timing and within-village corre-

lation (figure 3). Parasite prevalence was higher in Tanga than

it was in Kilimanjaro at all ages and at all altitudes. In 4 of 5

region-altitude bands, parasite prevalence peaked in children

or adolescents and decreased in adults, which indicates a degree

of acquired immunity.

Geometric mean parasite density (GMPD). Parasitemic

individuals were classified as symptomatic (measured temper-

ature �37.5�C or reported fever during the preceding 2 days)

or asymptomatic. During the short rainy season, 14% of par-

asite-positive subjects were symptomatic, whereas, during the

long rainy season, 35% were symptomatic. In both surveys, the

proportion of symptomatic parasite-positive subjects decreased

with increasing altitude (28% at !600 m, 26% at 600–1200 m,

and 21% at 11200 m; , score test for trend) and withP p .009

increasing age (31% in 0–4-year-olds, 23% in 5–14-year-olds,

and 25% in 15–45-year-olds; , score test for trend).P p .022

In symptomatic children, there was no effect of either altitude
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Figure 2. Association between altitude and malariometric parameters. Associations are shown between altitude and actual and predicted mean
parasite prevalence (A) or asymptomatic geometric mean parasite density (GMPD) (B), by age group, for the short rainy season (October–November
2001). Predicted values are from a logistic regression model adjusting for intracluster correlation within villages (A) or a negative binomial model of
GMPD in asymptomatically infected individuals with no prior treatment (B), adjusting for intracluster correlation within villages. Circles, villages in
Kilimanjaro; diamonds, villages in Tanga.

or rainfall on GMPD; however, GMPD decreased by 65% in

older children, compared with younger children (density ratio,

0.35 [95% CI, 0.24–0.50]; ); it was twice as high inP ! .001

those who reported having received antimalarial treatment dur-

ing the preceding week than in those who did not (density

ratio, 2.03 [95% CI, 1.41–2.92]; ). This apparent par-P ! .001

adox probably reflects the low efficacy or improper use of the

available antimalarial drugs in this area of extremely high drug

resistance [22, 23].

In asymptomatic individuals, after adjusting for survey tim-

ing and antimalarial treatment during the preceding week, GMPD

decreased with increasing altitude in children but not in adults

(figure 2B). In adults, there was an interaction between GMPD

and recent rainfall in Tanga, with a reduction in GMPD of 14%

per 100-mm increase in rainfall (density ratio, 0.86; [95% CI,

0.75–0.98]; ), but no significant effect was seen inP p .024

Kilimanjaro. Asymptomatic GMPD in adults was also signifi-

cantly higher in Tanga than in Kilimanjaro (density ratio, 2.43

[95% CI, 1.18–5.01]; Pp .016). In children, for every 100-m

increase in altitude, asymptomatic GMPD decreased by 7%

(density ratio, 0.93; [95% CI, 0.88–0.98]; ) in TangaP p .009

and by 17% (density ratio, 0.83 [95% CI, 0.78–0.88]; P! .001)

in Kilimanjaro. Older children (5–14 years old) had significantly

lower GMPDs than younger children (density ratio, 0.36 [95%

CI, 0.26–0.51]; ). GMPD was 2.83 times higher inP ! .001

asymptomatic children (95% CI, 1.45–5.50; Pp .002) and 2.27
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Figure 3. Association among age, altitude, and parasite prevalence. Age prevalence curves by altitude band (!600, 600–1200, and 11200 m) and
region (Kilimanjaro and Tanga) were modeled by use of fractional polynomial logistic regression adjusted for survey timing and within-village correlation.
The 1 village in Kilimanjaro that lay below 600 m was excluded because it provided insufficient data in that band. Triangles, Tanga, !600 m (predicted,
long-dashed line); circles, Tanga, 600–1200 m (predicted, dotted line); squares, Kilimanjaro, 600–1200 m (predicted, short-dashed line); plus signs,
Tanga, 1 1200 m (predicted, solid line); crosses, Kilimanjaro, 11200 m (predicted, dashed line).

times higher in asymptomatic adults (95% CI, 1.17–4.41; P

p .016) who reported having received treatment for malaria

during the preceding week, compared with those who did not

report having received treatment.

Prevalence and severity of anemia. The prevalence of mod-

erate anemia (Hb concentration, 8 g/dL) decreased significantly

with increasing altitude (7.2% at !600 m, 2.8% at 600–1200

m, and 2.1% at 11200 m; , score test for trend) andP ! .001

was significantly higher in Tanga than in Kilimanjaro (4.97%

vs. 1.51%; ). Severe anemia (Hb concentration, 5 g/dL)P ! .001

was also more prevalent in Tanga than in Kilimanjaro (0.43%

vs. 0.09%, respectively; ).P ! .001

The mean Hb concentration was higher in older (5–15 years

old) than in younger (0–4 years old) children (difference, 1.58

g/dL [95% CI, 1.51–1.64]; ) and was higher in girlsP ! .001

than in boys (difference, 0.14 g/dL [95% CI, 0.07–0.21]; P !

). Children (0–4 years old) with stunting had lower Hb.001

concentrations than their nonstunted counterparts in both Kil-

imanjaro (difference, �0.20 g/dL [95% CI, �0.36 to �0.04];

) and Tanga (difference, �0.32 g/dL [95% CI, �0.47P p 0.017

to �0.17]; P! .01). As expected, women had a lower mean Hb

concentration than men (difference, �1.65 g/dL [95% CI, �1.77

to �1.52]; ).P ! .001

Mean Hb concentrations were lower in Tanga than in Kili-

manjaro in both children (difference, �1.04 [95% CI, �1.59 to

�0.49]; ) and adults (difference, �1.48 [95% CI, �1.61P ! .001

to �0.66]; ). The mean Hb concentration was positivelyP ! .001

associated with altitude in both regions (figure 4). In children,

the Hb concentration increased by 0.09 g/dL (95% CI, 0.06–

0.12; ) for every 100-m increase in altitude in TangaP ! .001

and by 0.05 g/dL (95% CI, 0.01–0.08; ) for every 100-P p .016

m increase in altitude in Kilimanjaro. In adults, the Hb con-

centration increased by 0.08 g/dL (95% CI, 0.04–0.12, P !

) for every 100-m increase in altitude in Tanga. The mean.001

Hb concentration was positively associated with rainfall in Kil-

imanjaro, increasing by 0.17 g/dL (95% CI, 0.10–0.23; P !

.001) for every 100-mm increase in estimated 3-month rainfall

in children and by 0.17 g/dL (95% CI, 0.06–0.28; ) inP p .002

adults. There was no significant effect of recent rainfall on mean

Hb concentration in either children or adults in Tanga.

DISCUSSION

The present study describes the effect that altitude and esti-

mated rainfall have on indices of malaria infection over a large

area encompassing a wide range of intensities of transmission.

The inclusion of children and adults in the study allowed us

to look for interactions between intensity of transmission and

the acquisition of immunity. Overall, altitude was closely cor-

related with multiple measures of malaria exposure (parasite

prevalence, asymptomatic parasite density in children, and mean

Hb concentration). Similarly, in a study of hospital admissions
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Figure 4. Association between altitude and mean hemoglobin (Hb) concentration (in g/dL), by age group. Associations are shown between altitude
and actual and predicted mean Hb for the short rainy season (October–November 2001) for males only and for children without stunting. The fitted
lines are predicted from a linear regression model that adjusted for intracluster correlation within villages and independent effects of altitude on Hb
(0.1 g/dL for steps of 100–300 m, according to the exponential model of Dirren et al. [21]). Circles, villages in Kilimanjaro; diamonds, villages in Tanga.
Predicted values: solid lines, villages in Kilimanjaro; broken lines, villages in Tanga.

in the same study area, we found clear evidence of altitude-

related differences in the age distribution and manifestations

of severe malaria [24].

Previous studies have shown a logarithmic relationship be-

tween parasite prevalence in children and EIR [6] and between

EIR and altitude [8]. Our data thus confirm that intensity of

transmission is directly related to altitude and that parasite

prevalence (adjusted for covariates) is a good marker of this.

(The lack of association between altitude and parasite preva-

lence among adults in Kilimanjaro may reflect their greater

mobility vs. that of children, particularly in high-altitude vil-

lages, where adults migrate to the lowlands to farm during the

rainy seasons [data not shown].) Applying the criteria devel-

oped by Beier et al. [6], we estimate that only 1 village in our

study, Mgome, had an EIR 1100 ib/p/y. EIRs in the other low-

land villages (!600 m) were 11–100, those in midrange villages

(600–1200 m) were !10 ib/p/y, and those in high-altitude vil-

lages (11200 m), with the exception of the outliers described

below, were !1 ib/p/y.

The mean Hb concentration is another indicator of malaria

infection and (after adjusting for the direct physiological effects

of altitude) revealed a pattern similar to that of parasite preva-

lence. In children !5 years old, both parasite prevalence and

mean Hb concentration correlated equally well with altitude,

which suggests that mean Hb concentration reflects recent ma-

laria exposure in this age group. However, with increasing age,

the mean Hb concentration tended to correlate more closely with

altitude than did parasite prevalence; this effect was particularly

apparent for adults in the Tanga region, which suggests that,

among individuals who have a significant degree of acquired

immunity, the examination of a single peripheral blood film may

underestimate the burden of disease due to chronic, low-density

parasitemia. Indeed, our data suggest that, in the absence of other

common causes of anemia, such as heavy hookworm infection

[17, 25], Hb concentration may be a more reliable measure of

P. falciparum exposure than parasite prevalence.

After adjusting for altitude, parasite prevalence decreased

(and mean Hb concentrations increased) with increasing rain-

fall (estimated during the 3 months preceding the survey), which

indicates that malaria transmission decreases as rainfall in-

creases. At first glance, this seems counterintuitive, because, in

this region of Tanzania, malaria transmission in lowland sites

has consistently been shown to increase during the rainy season

[8, 10, 26]. However, there is no direct, predictable relationship

between rainfall and the intensity of malaria transmission [27].

In other settings, very heavy rainfall can lead to a paradoxical

decrease in malaria transmission [28] because of flushing of

breeding sites, which reduces larval numbers and decreases nu-

trient availability [11, 29–31]. Heavy rainfall at high altitude

in Kilimanjaro is also associated with reduced ambient tem-

perature, which would further limit vector development.

The acquisition of immunity with age and increasing trans-

mission intensity is apparent from the shift in peak parasite

prevalence to older age groups with increasing altitude [32]

and from the less marked effect of altitude on parasite prev-

alence among adults, compared with that among children. The

decrease in asymptomatic GMPD with increasing altitude in-

dicates that the fever threshold is lower in children with lower
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levels of exposure, which is consistent with observations pub-

lished elsewhere [33], in which pyrogenic thresholds differed

with intensity of transmission [34, 35]. The lack of association

between GMPD and altitude in adults is consistent with evi-

dence that the ability to control parasite replication is acquired

earlier than the ability to prevent infection per se [36]. The

observation that GMPD was significantly lower in adults than

in children, even at the highest altitudes, implies that adults

can develop a considerable degree of antiparasite immunity

even under conditions of very low transmission. Furthermore,

our observation of an increase in symptomatic parasitemic in-

dividuals during the long transmission season is consistent with

the notion that clinical episodes of malaria are associated with

new infections by genetically distinct parasites [37].

Despite the clear association between malariometric param-

eters and altitude within transects, marked altitude-independent

differences were observed; after adjustment for altitude and po-

tential confounding factors, the risk of malaria infection and that

of anemia were both 5-fold higher in children in Tanga than in

children in Kilimanjaro. This might be explained by differences

in vector composition. In coastal Tanga, the principal vectors are

Anopheles gambiae (sensu stricto) and Anopheles funestus [10],

whereas, around Mt. Kilimanjaro, vectors are almost exclusively

Anopheles arabiensis [38, 39], which is a significantly less efficient

vector than A. gambiae (sensu stricto) [40]. All 3 vectors are

present at various times throughout the year in the Pare Moun-

tains [41]. These vector distributions correspond very well with

the parasite prevalence data that we recorded and with those

from more extensive comparisons of malaria stability and vector

composition [42]. Differences between transects might also re-

flect differences in SES and health-seeking behavior (including

the use of bed nets and antimalarial drugs) [43]; preliminary

data have suggested higher SES in villages in Kilimanjaro (data

under analysis), but the prevalence of alleles associated with drug

resistance is similar in both regions [22, 23]. Finally, the prev-

alence of hemoglobinopathies might decrease with increasing

altitude [44] and thus confound the relationship between Hb

concentration and transmission intensity, but there is little evi-

dence that they affect parasite prevalence per se.

In addition to this regional variation, we also observed mi-

croheterogeneity in intensity of transmission at the village level.

There were 3 villages (Ikuini, Handeni, and Funta) in which the

parasite prevalence was higher than expected, given their altitude,

and 1 village (Kileo) in which the parasite prevalence was lower

than expected. Handeni lies in a sheltered basin, which may

provide long-term vector breeding sites [11], whereas Funta has

previously been identified to be epidemic prone. Kileo reported

extremely low rainfall at the time of both surveys [45, 46]. None

of these unexpected parasite prevalences were matched by out-

lying mean Hb concentrations, which suggests that they reflect

short-term fluctuations in malaria transmission intensity rather

than any long-term aberration in transmission; serological analy-

sis of samples from these villages confirmed this interpretation.

Moreover, serological parameters were extremely highly corre-

lated with altitude, irrespective of transect or region [47], which

indicates that intertransect differences may be largely explained

by short-term seasonal variation.

In conclusion, the present results demonstrate that altitude is

a useful proxy for malaria transmission across a very wide range

of transmission intensities, but only when there is sufficient in-

formation to adjust for the confounding effects of seasonal var-

iation in rainfall and vector composition. However, given that

both altitude and rainfall can be rapidly and accurately measured

by use of geographical information systems approaches and that

surveys of vector composition are much cheaper and quicker

than measuring EIR, we believe that this approach has potential

for the rapid assessment of malaria transmission intensity over

large areas. Although microheterogeneity of transmission may

obscure these relationships in small studies, we have demon-

strated the utility of altitude measures for characterizing P. falcip-

arum transmission with a precision that is appropriate for epi-

demiological or intervention studies. Furthermore, this relatively

small, well-populated geographical area harbors a wide range of

intensities of malaria transmission and is an optimal site for

evaluation of such interventions.
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