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     INTRODUCTION 

 Of the estimated 300–500 million annual cases of acute 
clinical malaria worldwide, only a small fraction progress to 
severe illness or death. 1  Severe malarial anemia (SMA) is the 
most frequently observed severe outcome, with an estimated 
1.42–5.66 million cases and 0.19–0.97 million fatalities annu-
ally in children less than five years of age and a case fatal-
ity rate greater than 13%. 2  During the past decade, research 
has suggested a multi-organ pathology for severe malaria, in 
which multiple pathways can produce similar syndromes. 3 , 4  
This pathology is much more complex than the view that 
cerebral malaria (CM) and SMA represent two well-defined 
severe malaria endpoints with simple underlying pathogenic 
processes, 5  and complicates the search for severe malaria risk 
factors. Nonetheless, SMA is recognized as the most impor-
tant manifestation of severe malaria in highly endemic areas, 6  
primarily affecting children six months to three years of age, 
with increasing transmission leading to earlier encounters with 
malaria and a higher incidence at younger ages. Where trans-
mission is low, the mean age of clinical cases increases and CM 
is more frequently observed. 7  

 The effects of transmission intensity on community epide-
miologic patterns of severe malaria are well-documented. 8 , 9  
However, evidence of socioeconomic and environmental 
risk factors for specific severe malaria syndromes is inconsis-
tent. Most research has focused on severe malaria in general 
(i.e., including CM, SMA, and other severe outcomes). In The 
Gambia, no association was found between severe malaria 
and household wealth, crowding, educational or occupational 
characteristics of the parents, or the use of personal protec-
tion measures. 10  Two studies in Kenya 11 , 12  found conflicting 
results for the effect on severe malaria of presence of domes-
tic animals, house construction, and use of mosquito coils. 
With regard to SMA specifically, a third study in Kenya found 
parental education and occupation and use of mosquito coils, 
but not house construction, to affect risk in univariate, but not 

multivariate, analysis, 13  whereas a study in Gabon could not 
identify any effects of socioeconomic status factors. 14  These 
factors have been linked in various locations to CM 15  and 
severe anemia. 16  Duration of symptoms and distance to hos-
pital have in several cases been identified as risk factors for 
severe malaria and severe anemia. 10 , 16  

 Investigations of insecticide-treated bed net (ITN) use and 
severe malaria are more extensive, but also provide conflicting 
results. Research in Kenya, The Gambia, and the Congo found 
no effect of ITN use on severe malaria, 10 , 12  CM, 15  or malar-
ial anemia. 13  However, bed nets have been shown to reduce 
mortality and severe morbidity in a variety of contexts. 17 , 18  
Protective effects for bed nets have been observed for ane-
mia in Malawi 19  and severe anemia in Tanzania. 16  Bed nets 
were shown to increase hemoglobin levels and reduce SMA in 
western Kenya 20  and to reduce malaria cases in Malawi, where 
ITNs were socially marketed. 21  Further research is needed to 
clarify the different effects of socioeconomic and environmen-
tal risk factors on severe malaria occurrence. 

 Severe malaria outcomes have rarely been examined in the 
context of urban environments, despite rapid urbanization 
in Africa. 22  This is due, in part, to observed lower transmis-
sion in large urban centers relative to rural areas, decreased 
availability of anopheline vector breeding sites, a lower ratio 
of vectors to humans, and diminished range of vector dis-
persion. 23  However, the potential for malaria outbreaks 
and severe malaria morbidity in sub-Saharan African urban 
areas is likely increased by high levels of circular rural-urban 
migration, frequent commerce among peripheral urban and 
outlying village populations, proximity of low-transmission 
(low-immunity) areas to high-transmission zones, and the tra-
dition of urban agriculture, which may provide perpetual vec-
tor breeding sites and thus chronic sources of infection for 
urban residents. 

 A few studies have examined the epidemiologic profile of 
severe malaria and anemia in urban areas, 24 – 28  and there is 
substantial research on urban behavioral factors related to 
malaria, 29 – 31  on urban entomologic patterns, 23 , 32  and on the dis-
tribution of prevalent infection in urban areas. 33 , 34  However, 
few studies have attempted to quantify risk factors for severe 
malaria outcomes among urban residents. 19 , 28 , 35  To address this 
need, we investigated the epidemiology of malarial anemia in the 
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city of Kisumu, Kenya, a hyperendemic region representative 
of rapidly growing urban environments in SSA. 22  In particular, 
we implemented an unmatched case–control study aimed at 
understanding risk factors for malaria in this urban setting. 

   METHODS 

  Study area.   This study was conducted in Kisumu, western 
Kenya (population = 326,407) 36  on the shores of Lake Victoria. 
The proximity of the lake, extensive swamps, abundant rainfall 
(1,000–1,500 mm/year) and a year-round warm climate 
combine to make this region one of the most favorable for 
malaria transmission in east Africa. 37  Transmission is highest 
in several months after the rainy seasons, which occur during 
April–June and October–December. In rural areas near 
Kisumu, exposure to infective mosquito bites is estimated to 
be 90–410 per year. 37 , 38  The study site was limited to the urban 
core of Kisumu and partitioned into three eco-epidemiologic 
zones (urban, peri-urban, and semi-rural) as described fully 
elsewhere. 39  Briefly, seven variables related to malaria and 
urbanization were summarized at the geographic scale of the 
national census enumeration area (EA) (encompassing, on 
average, approximately 100 households), and three factors 
accounting for a large proportion of the variation in this data 
identified through principal components analysis. This analysis 
is a mathematical procedure that takes a number of potentially 
correlated variables and transforms them into a smaller 
number of uncorrelated variables that account for much or 
most of the variation in the data. A clustering algorithm was 
applied to these EA-level factor scores to assign each EA to 
an urbanization zone. 

 Kisumu District Hospital (KDH) is a government-run facil-
ity in central Kisumu that accounts for 13% of district hos-
pital beds and is among the most important regional centers 
for treatment of severe malaria arising in the urban area. 
Data from a concurrent knowledge, attitudes, and practices 
(KAP) survey 40  indicates that approximately half the popula-
tion would go to KDH in a health emergency, more than any 
other local facility. The U.S. Centers for Disease Control and 
Prevention (CDC), in conjunction with the Kenya Medical 
Research Institute (KEMRI), maintained a continuous sur-
veillance system for malaria at KDH from 1996 through 2005, 
with ongoing collection of clinical and laboratory data during 
and prior to our study period. 

   Study design and participants.   This case–control study 
involved cases with malarial anemia and high parasitemia 
identified from among patients coming to the pediatric 
inpatient ward of KDH from June 2002 through February 
2003. Cases were initially defined as children less than 10 years 
of age with a hemoglobin level £ 8 g/dL and parasite density 
≥ 10,000/μL who were normally resident within the study 
area. However, all observed cases were ≤ 7 years of age. This 
definition differs from the standard World Health Organization 
definition for SMA, which specifies a hemoglobin threshold 
of £ 5 g/dL. Our higher cutoff value was chosen to enhance 
comparability with other studies on anemia conducted in the 
same area and to ensure sufficient availability of cases for 
analysis. Cases for which informed consent was obtained were 
accompanied to their home by a study interviewer who made 
local environmental and household observations and recorded 
the geographic coordinates of the house using a handheld 
global positioning system. Control children were chosen from 

among respondents to a concurrent citywide KAP survey. 40  To 
ensure comparability of case and control children, eligibility 
for controls was restricted to children within the observed case 
age range (i.e., ≤ 7 years of age). The criteria for inclusion as 
a control included residing within the study area, no history 
of malaria or serious illness within the previous 30 days, and 
indicating KDH as the first choice for treatment in the event 
of severe illness in the household. 

 Clinical data for cases were obtained from the CDC sur-
veillance group during the course of treatment and during 
the interview at KDH. Trained CDC staff performed all lab-
oratory procedures. A hemoglobin test device (HemoCue 
Inc., Lake Forest, CA) was used to measure hemoglobin lev-
els.  Plasmodium  parasitemia was determined by using stan-
dard methods of microscopic examination of blood smears. 41  
Clinical data were not available for controls. 

   Survey instrument and ancillary data.   The KAP survey 
instrument was administered at the hospital to caregivers 
of cases by a study interviewer. A trained supervisor accom-
panied field and hospital interviewers on randomly selected 
occasions to ensure consistency. The survey instrument con-
sisted of eight sections: basic demographics, knowledge of 
malaria, health and treatment history, malaria treatment-
seeking behavior, use of malaria prevention, travel history, 
socioeconomic status, and environmental characteristics of the 
home and surroundings. Wealth was assessed by constructing 
an index based on ownership of specific household items 
using principal components analysis. 42  The distribution of the 
first component resulting from this analysis was divided into 
percentiles. An index variable was created for housing quality, 
measuring whether houses had either open eaves or windows 
with low-quality covering, potentially enabling mosquitoes 
access to the household. 

 Population data and maps were obtained from the Kenya 
Central Bureau of Statistics. Locations of survey households 
were determined using a handheld Garmin Etrex global posi-
tioning unit (Garmin, Olathe, KS). Geographic data were pro-
cessed with geographic information system software (ArcGIS 
version 9.0; Environmental Systems Research Institute, 
Redlands CA), which was also used to estimate population 
density from digitized street maps and enumeration area 
boundaries. A Quickbird high-resolution multispectral satel-
lite image (DigitalGlobe, Longmont, CO) was used to derive 
normalized difference vegetation index (NDVI) values for 
the entire study area using PCI Geomatica (PCI Geomatics, 
Richmond Hill, Ontario, Canada). The NDVI, which ranges 
from –1 to 1, was transformed to a 200-point scale by adding 1 
to the value and multiplying by 200, to create a more interpre-
table index and to enhance comparability with other studies. 43  

   Statistical analysis.   Observed distributions for 32 poten-
tial risk factors and confounders were compared by case 
status using SAS version 9.1 (SAS Institute, Cary, NC). Sig-
nificant associations were identified by using chi-square 44  or 
Fisher’s exact 45  tests for categorical and Student’s t tests 46  
or Wilcoxon’s rank-sum 47  tests for continuous variables. All 
significant predictors of case status were entered singly into 
logistic regression 48  models for malarial anemia to produce 
odds ratios (ORs). 

 A multivariate logistic model was constructed using the 
LOGISTIC procedure in SAS. Variable selection for this model 
was guided by results of the bivariate analysis and the known 
epidemiology of malarial anemia. However, the limited number 
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of cases (n = 80) constrained the number of variables that 
could be considered. Although logistic models with less than 
10 events per variable should be interpreted with caution, 49  
excluding important variables can bias or invalidate results. 
Based on previous studies, seven variables were included in 
the multivariate model  a priori : child age, bed net ownership 
(independent of whether nets were treated), mosquito coil 
use, housing quality, regular travel to rural area by the child 
(i.e., at least one night per month), household wealth, and level 
of urbanization. Level of urbanization comprised an index 
encompassing a wide range of other socioeconomic and envi-
ronmental variables, including NDVI, distance to town, popu-
lation density, ownership of transportation and luxury items. 39  
In addition, variables that met the Bonferroni significance cri-
teria for multiple testing (i.e.,  P  < 0.0016 for 32 individual risk 
factors) in bivariate analysis were included as potential risk 
factors in the multivariate model. Interaction terms were not 
considered because of the small sample size. 

 The final logistic model was produced using a forward selec-
tion method, beginning with the seven initial variables, and 
including other variables that again met criteria for multiple 
testing during multivariate analysis. Multicollinearity among 
predictor variables was assessed using variance inflation fac-
tors. 50  Continuous variables were examined for nonlinearity 
with respect to the logit of the dependent. Multiple imputation 
was used to compensate for small amounts (< 5%) of miss-
ing data in some variables; three imputations were considered 
adequate based on guidelines in the literature. 51  The Hosmer-
Lemeshow goodness-of-fit test 52  was used to assess adequacy 
of model fit. Residual diagnostics were used to identify signifi-

cant outliers, and the model was rerun with those observations 
removed to test the stability of parameter estimates. A vario-
gram of the model residuals measuring the similarity between 
pairs of point measurements at different geographic distances 
was constructed using PROC VARIOGRAM in SAS. 

   Protection of human subjects.   Written informed consent 
from parents or caretakers of participants was obtained prior 
to all interviews. The protocol for this study was reviewed and 
approved by the institutional review boards of The University 
of Michigan (Ann Arbor, MI), CDC (Atlanta, GA), and the 
Kenya Medical Research Institute (Nairobi, Kenya). 

    RESULTS 

 From July 2002 through February 2003, 141 children less 
than 10 years of age had malarial anemia and high  Plasmodium  
parasitemia at KDH. Of these children, 80 (57%) were iden-
tified and interviewed for this study. Captured cases were 
slightly younger, smaller, and lighter in weight than uninter-
viewed cases, although no differences were statistically sig-
nificant. Symptoms were comparable in captured and missed 
cases, except that the latter had significantly lower parasitemia 
(mean = 35,218/μL versus 48,061/μL; t = 2.75,  P  = 0.007). Over 
the same period, 826 controls were identified from among 
4,336 interviews conducted in the KAP survey. 

 Not surprisingly, age was found to be a strong predictor 
of case status, with cases much more likely to be between 
six months and three years old than controls, and few cases 
greater than five years of age ( Table 1      ). Various characteris-
tics of the structure, environment and behavioral patterns of 

 T able  1 
  Bivariate analysis of categorical variables investigated as potential risk factors for severe malarial anemia in Kisumu, Kenya *   

Variable No. (%) cases, n = 80 No. (%) controls, n = 826 Odds ratio (95% CI)  P 

Household head is male 70 (87.5) 565 (68.4)  3.2 (1.6–6.3)  0.0004 
Presence of wage earner other than caregiver 41 (51.3) 365 (44.2) 1.3 (0.8–2.1) 0.2253
At least one self-reported household malaria case 

during previous month 25 (31.3) 340 (41.2) 0.7 (0.4–1.1) 0.0829

Child’s age     < 0.0001 
< 6 months 8 (10.0) 86 (10.4)  1.0 (0.5–2.1)  0.9082 
6 months–3 years 61 (76.3) 338 (40.9)  4.6 (2.7–7.9)  < 0.0001 
3–5 years 8 (10.0) 212 (25.7) 0.3 (0.2–0.7) 0. 0018 
> 5 years 3 (3.8) 190 (23.0) 0.1 (0.0–0.4)  < 0.0001 

Child regularly spends ≥ 1 night/month in rural area 28 (35.0) 34 (4.1)  12.5 (7.1–22.2)  < 0.0001 
Child slept under a bed net during previous week 41 (51.3) 374 (45.3) 1.3 (0.8–2.0) 0.3152
Child shares a sleeping room 79 (98.8) 800 (96.9) NA NA
Child was born in a rural area 11 (13.8) 86 (10.4) 1.4 (0.7–2.7) 0.3586
Prior household residence was rural 32 (40.0) 128 (15.5)  3.7 (2.3–6.1)  < 0.0001 
Ownership of current residence 21 (26.3) 207 (25.1) 1.1 (0.6–1.8) 0.8434
Ownership of land other than residence 62 (77.5) 406 (49.2)  3.5 (2.1–6.1)  < 0.0001 
Ownership of rural land 49 (61.3) 267 (32.3)  3.3 (2.1–5.3)  < 0.0001 
Bed net ownership 45 (56.3) 431 (52.2) 1.2 (0.7–1.9) 0.4863
ITN ownership 20 (25.0) 220 (26.6) 0.9 (0.5–1.6) 0.7518
Use mosquito coils for malaria prevention 42 (52.5) 555 (67.2)  0.5 (0.3–0.9)  0.0074 
House has open eaves or poorly covered windows 58 (72.5) 539 (65.2)  2.0 (1.1–3.6)  0.0164 
House wall materials (stone or brick) 28 (35.0) 314 (38.0) 1.0 (0.6–1.7) 0.954
House floor not earthen 61 (76.3) 665 (80.5) 1.2 (0.7–2.3) 0.5259
Presence of windows 70 (87.5) 800 (96.9) 0.8 (0.2–2.6) 0.7244
Standing or running water within 10 meters 32 (40.0) 149 (18.0)  3.9 (2.4–6.5)  < 0.0001 
Primary source of washing water is natural 16 (20.0) 63 (7.6)  3.0 (1.7–5.6)  0.0002 
Domestic animals kept overnight at residence 22 (27.5) 103 (12.5)  2.7 (1.6–4.5)  0.0002 

Level of urbanization    0.3323
Semi-rural 30 (37.5) 291 (35.2) 1.1 (0.7–1.8) 0.6852
Peri-urban 41 (51.3) 388 (47.0) 1.2 (0.7–1.9) 0.4645
Urban 9 (11.3) 147 (17.8) 0.6 (0.3–1.2) 0.1386

  *   CI = confidence interval; NA = not available; ITN = insecticide-treated bed net. Statistically significant values are shown in  bold .  
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the household were significantly related to malarial anemia 
in bivariate analysis ( Tables 1  and  2      ). In addition to the seven 
variables selected  a priori  for multivariate analysis, eight oth-
ers met the significance criteria for multiple testing, and were 
included as candidate variables in the forward-selected logis-
tic model including sex of household head, land ownership 
other than residence, rural land ownership, prior residence in 
rural area, close proximity to standing/running water, wash-
ing with natural water sources, domestic animals present over-
night, and household size. 

 Despite a relatively low number of events per variable 
(6.7), regression diagnostics indicated a good fit to the data, 
no significant problems with outliers or autocorrelation (vari-
ance inflation factors for predictor variables were uniformly 
low, ranging from 1.03 to 1.38), and moderate predictive abil-
ity (max-rescaled r 2  » 45%). The resulting multivariate logistic 
model showed that age was a strong predictor of case status 
when adjusting for other factors ( Table 3      ). Bed net owner-
ship or use of mosquito coils were not statistically protective 

after multivariate adjustment. Relative to those living in an 
urban EA, children in semi-rural and peri-urban areas were 
more likely to be cases, though neither association was signifi-
cant, nor was there significant increased risk from poor hous-
ing quality. Other variables found to be significant risk factors 
in the final model included ownership of land other than the 
residence (OR = 4.0, 95% confidence interval [CI] = 2.1–7.6, 
 P  < 0.0001), presence of standing or running water within 
10 meters of the household (OR = 4.8, 95% CI = 2.5–9.3, 
 P  < 0.0001), presence of domestic animals overnight at the 
household (OR = 3.9, 95% CI = 1.8–8.1,  P  = 0.0004), and num-
ber of people in the household (OR = 1.4, 95% CI = 1.2–1.6, 
 P  = 0.0002). Most significantly, the odds of being a case were 
more than nine times greater (OR = 9.3, 95% CI = 4.4–19.7, 
 P  < 0.0001) for children who reported typically spending at 
least one night per month in a rural area. 

   DISCUSSION 

 This study characterized risk factors for malarial anemia in 
an urban setting surrounded by an area of high endemicity in 
western Kenya. The observed age range of cases was consis-
tent with that observed for severe malaria outcomes in other 
highly endemic areas, as was the failure to observe any CM 
among admissions to KDH during the study period. 8  Although 
the latter may be caused by difficulty in diagnosing CM, 53 , 54  
the age profile for cases of malarial anemia was more like that 
observed in rural settings than in typically lower-transmission 
urban contexts. We found that regular overnight travel to rural 
areas was a strong risk factor after adjusting for other factors 
in the multivariate analysis, which suggested that frequent 
exposure to infected mosquitoes during rural travel signifi-
cantly increased risk among urban residents. Although prior 
residence in a rural area did not meet the Bonferroni crite-
ria for inclusion in the multivariate model, it was a risk factor 
in bivariate analysis. This finding may further substantiate the 
idea that chronic rural exposure contributes to incidence of 
malarial anemia, such that children from high-exposure rural 
areas experience higher risk even after migrating to cities, 
although this was difficult to evaluate in our study. In bivariate 
analysis, we did not find an effect for increasing length of time 
spent in rural areas. However, this finding may reflect recall 
difficulty in accurately reporting duration of travel or monthly 
or seasonal variations in travel patterns. 

 The current data do not enable us to establish a causal link 
between exposure during rural travel and acute presentation 
with malarial anemia. Investigating such a link would have 

 T able  3 
  Multivariate logistic regression of potential risk factors for severe 

malarial anemia in Kisumu, Kenya *   

Variable
Adjusted odds ratio 

(95% CI)  P 

Use mosquito coils for malaria 
prevention 0.6 (0.3–1.1) 0.0853

Bed net ownership 0.9 (0.5–1.7) 0.8334
House has open eaves or poorly 

covered windows 1.8 (0.8–4.1) 0.1297
Child regularly spends ≥ 1 night/

month in rural area  9.3 (4.4–19.7)  < 0.0001 
Wealth percentile (increase of 10%)  0.8 (0.7–0.9)  0.0004 
Household head is male  3.6 (1.6–8.1)  0.0017 
Ownership of land other than 

household  4.0 (2.1–7.6)  < 0.0001 
Standing or running water within 

10 meters  4.8 (2.5–9.3)  < 0.0001 
Domestic animals kept overnight 

at residence  3.9 (1.8–8.1)  0.0004 
No. persons in household  1.4 (1.2–1.6)  0.0002 

Level of urbanization   
Semi-rural 1.7 (0.7–4.6) 0.2756
Peri-urban 2.0 (0.8–5.1) 0.1415
Urban Reference Reference

Child’s age   
< 6 months  6.7 (1.5, 30.8)  0.0143 
6 months–3 years  18.9 (5.0, 70.9)  < 0.0001 
3–5 years 3.3 (0.8, 14.5) 0.1100
> 5 years Reference Reference

  *   CI = confidence interval. Statistically significant values are shown in  bold .  

 T able  2 
  Bivariate analysis of continuous variables investigated as potential risk factors for severe malarial anemia in Kisumu, Kenya *   

  *   CI = confidence interval; NDVI = normalized difference vegetation index; EA = enumeration area. Statistically significant values are shown in  bold .  

Variable

Cases mean Controls mean

Odds ratio (95% CI)  P (95% CI), n = 80 (95% CI), n = 826

No. persons in household 5.09 (4.69–5.48) 4.32 (4.21–4.43)  1.3 (1.1–1.4)  0.0001 
Length of time in current residence, years 5.78 (4.13–7.43) 4.11 (3.74–4.49)  1.2 (1.0–1.4) (5-year increase)  0.0165 
Wealth percentile 45.9 (40.1–51.8) 49.8 (47.8–51.8) 1.0 (0.9–1.0) (10% increase) 0.2492
Proportion of household members sleeping under net 

during previous night 0.78 (0.68–0.88) 0.83 (0.81–0.86) 0.5 (0.2–1.4) 0.3161
Number of nights/month child sleeps outside Kisumu 0.8 (0.37–1.23) 0.34 (0.18–0.50) 1.1 (1.0–1.1) 0.1113
NDVI (within 25 meters of household) (scale = 0–200) 124.9 (121.9–128.0) 129.5 (128.5–130.4)  0.8 (0.7–0.9) (increase of 10 units)  0.0068 
Distance to lakeshore, km 2.01 (1.78–2.24) 2.08 (2.02–2.14) 0.9 (0.7–1.2) 0.5176
EA population density, 1,000/km 2 16 (12.2, 19.9) 18.8 (17.3, 20.3) 1.0 (0.9–1.0) (increase of 5,000/km 2 ) 0.1914
Distance to hospital, km 2.84 (2.57, 3.12) 2.58 (2.50, 2.66) 1.2 (1.0–1.4) 0.0526
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required details of recent trips (often multiple trips per house-
hold) with respect to timing, location, and participation by indi-
vidual household members, adding considerable complexity 
to the survey process for interviewers and respondents. How-
ever, there was a significant correlation between reporting 
typical travel to rural areas and spending at least one night 
outside Kisumu in the previous month. This link needs to be 
explored in more detail. 

 Two-thirds of cases occurred in households where the child 
did not typically travel to rural areas, indicating some level of 
intra-urban transmission. The magnitude of this is unclear for 
various reasons: for example, some children for whom regular 
travel was not reported might nevertheless have spent a recent 
night in a rural area. Further research is needed to clarify the 
roles of travel, rural exposure, chronic and acute infection, and 
intra-urban transmission in determining severe malaria risk in 
sub-Saharan African urban settings. 

 The effects of bed net ownership, mosquito coil use, and 
house construction were all in the expected direction, but not 
statistically significant. Bed nets or ITNs have been found 
not to reduce SMA in some contexts, 10 , 12 , 15  although it is gen-
erally accepted that they reduce  Plasmodium  infection and 
mortality. In urban Kisumu, increased risk of malarial anemia 
may have resulted if a significant fraction of exposure subse-
quently occurred during travel when nets were not being used. 
Mosquito coils were found to be preventive in bivariate analy-
sis, but had a non-significant effect after multivariate adjust-
ment. Good house construction, as characterized in this study, 
normally is considered to be another barrier to transmission, 
and was similarly related to malarial anemia in bivariate analy-
sis, but non-significant in the multivariate model. As with nets, 
good house construction would not have prevented increased 
exposure during travel. 

 Household size was found to represent a risk factor in the 
final model. However, this result is potentially an artifact of 
the different sampling schemes for cases and controls. To the 
extent that household size is associated with other risk factors, 
this finding could bias results in either direction. Although we 
were unable to include interaction terms in the final model, 
the inclusion of household size should have controlled for this 
effect. Moreover, we did not observe inordinately high correla-
tions between household size and other variables in the data. 

 The overall effect of level of urbanization on malarial ane-
mia risk was non-significant, although some individual vari-
ables comprising this index (e.g., distance to the hospital, 
population density, source of water, and NDVI) were signifi-
cantly associated with disease in bivariate analysis. These rela-
tionships were in the directions expected, except that higher 
NDVI, indicating more nearby vegetation, was associated 
with lower risk for malarial anemia. This unexpected relation-
ship may possibly have resulted from the low NDVIs that are 
found in peri-urban zones (where residents are most likely to 
travel to rural areas), or from higher socioeconomic levels that 
enable greater access to malaria prevention in highly urban 
zones where houses have gardens. The unexpected association 
with NDVI may explain why the urbanization index was not a 
significant predictor. Inclusion of interaction terms in a larger 
dataset would help clarify these relationships. 

 The limited sample size reduced the statistical power of 
this study to identify some risk factors. Nonetheless, the strict 
requirements for inclusion in the final model, the consistent 
direction and magnitude of observed relationships in compar-

ison with bivariate results, and the robustness of the model 
to deletion of outliers and exclusion of specific variables indi-
cate that it represents a solid and conservative compromise. 
A larger study over a longer period of time is needed to fur-
ther explore the multifactorial nature of risk for severe malaria 
outcomes. We failed to recruit »40% of cases meeting our case 
definition at KDH, but differences between identified and 
missed cases were minimal and should not have biased the 
analysis. Captured cases were generally sicker than those that 
were missed, indicating that our results may only be applicable 
to more severe cases. The reasons why cases were missed are 
not clear. However, missed cases tended to cluster near the 
beginning and end of the study period and during times when 
caseload was high, indicating that failure to capture may have 
resulted from some combination of an inability to handle the 
caseload with interviewer inexperience or fatigue. We were 
also unable to evaluate the effects of caregiver characteristics 
because of the different methods for recruitment of cases and 
controls. 

 These results imply that different prevention and control 
strategies may be necessary for the large and growing group 
of urban residents, many of whom frequently travel to rural 
areas. Traditional prevention strategies may be ineffective 
for urban families who use bed nets at home but fail to do so 
when traveling. In particular, travel histories and their impact 
on severe malaria need to be more carefully described in sub-
Saharan Africa because studies have so far been limited on 
this count. At the same time, the presentation of these cases 
within urban areas and the limited timeframe within which 
some may experience exposure (i.e., during travel to rural 
areas) present opportunities for effective and efficient preven-
tion that are often unavailable in remote areas where access to 
health facilities is limited and exposure is protracted. A better 
understanding of the link between travel and severe malaria 
could have direct practical benefits for public heath by helping 
to direct the allocation of resources among and within cities, 
effectively targeting and focusing education and intervention 
programs, and producing clear and informed policies for urban 
public health. Likewise, a clearer picture is needed of risk fac-
tors for severe malaria for those urban residents who do not 
travel. A major component of this research should focus on 
describing the urban environment and delineating the specific 
elements of urbanization that may increase risk. Such efforts 
should produce a better understanding of urban malaria risk 
factors, thus enabling effective targeting of control strategies 
to those at greatest risk of severe malaria. 
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