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Abstract

Background: Malaria transmission reduction is a goal of many malaria control programmes. Little is known of how
much mortality can be reduced by specific reductions in transmission. Verbal autopsy (VA) is widely used for estimat-
ing malaria specific mortality rates, but does not reliably distinguish malaria from other febrile illnesses. Overall malaria
attributable mortality includes both direct and indirect deaths. It is unclear what proportion of the deaths averted by
reducing malaria transmission are classified as malaria in VA.

Methods: Both all-cause, and cause-specific mortality reported by VA for children under 5 years of age, were assem-
bled from the KEMRI/CDC health and demographic surveillance system in Siaya county, rural Western Kenya for the
years 2002-2004. These were linked to household-specific estimates of the Plasmodium falciparum entomological
inoculation rate (EIR) based on high resolution spatio-temporal geostatistical modelling of entomological data. All-
cause and malaria specific mortality (by VA), were analysed in relation to EIR, insecticide-treated net use (ITN), socioec-
onomic status (SES) and parameters describing space-time correlation. Time at risk for each child was analysed using
Bayesian geostatistical Cox proportional hazard models, with time-dependent covariates. The outputs were used to
estimate the diagnostic performance of VA in measuring mortality that can be attributed to malaria exposure.

Results: The overall under-five mortality rate was 80 per 1000 person-years during the study period. Eighty-one per-
cent of the total deaths were assigned causes of death by VA, with malaria assigned as the main cause of death except
in the neonatal period. Although no trend was observed in malaria-specific mortality assessed by VA, ITN use was
associated with reduced all-cause mortality in infants (hazard ratio 0.15, 95% Cl 0.02, 0.63) and the EIR was strongly
associated with both all-cause and malaria-specific mortality. 48.2% of the deaths could be attributed to malaria by
analysing the exposure-response relationship, though only 20.5% of VAs assigned malaria as the cause and the sensi-
tivity of VAs was estimated to be only 26%. Although VAs assigned some deaths to malaria even in areas where there
was estimated to be no exposure, the specificity of the VAs was estimated to be 85%.

Conclusion: Interventions that reduce P, falciparum transmission intensity will not only significantly reduce malaria-
diagnosed mortality, but also mortality assigned to other causes in under-5 year old children in endemic areas. In
this setting, the VA tool based on clinician review substantially underestimates the number of deaths that could be
averted by reducing malaria exposure in childhood, but has a reasonably high specificity. This suggests that malaria
transmission-reducing interventions such as ITNs can potentially reduce overall child mortality by as much as twice
the total direct malaria burden estimated from VAs.
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Background

Under-five mortality still remains a major public health
problem in sub-Saharan Africa (SSA). Of the 8.8 million
global annual under-five deaths, about 50% occur in SSA.
In Kenya, one in twelve children (84 per 1000 live births)
dies before their fifth birthday [1]. On a global scale,
most under-five (childhood) deaths have been attrib-
uted to pneumonia, diarrhoea, malaria, neonatal sepsis,
malnutrition, preterm delivery and asphyxia at birth [2].
Most of these conditions/diseases are either preventable
or treatable with minimum interventions [3]. Scaling up
of malaria interventions, including use of insecticide-
treated nets (ITNs), artemisinin-based combination ther-
apy (ACT) and intermittent preventive treatment (IPT)
both in pregnancy and infancy, probably accounts for
much of the recent dramatic declines in the mortality and
hospital admissions in African children [4—8]. Malaria/or
malaria associated conditions are still thought to be one
of the leading causes of pediatric morbidity and mortality
[9], but there is controversy about the overall size of the
remaining burden [10-12].

Due to poor vital registration systems [13] and the fact
that most children die at home without any contact with
the health system, estimates of cause-specific mortality
rates in SSA are mainly inferred using verbal autopsy data
(VA) [14-18]. However, there is no gold standard to vali-
date malaria deaths in VA. Some studies have compared
hospital-based causes of deaths with the ones assigned
by VA but have shown poor performance [19-22]. In
the coastal region of Kenya a study comparing hospital
deaths-based causes of death in children with the ones
assigned by VA found the sensitivity of VA in identify-
ing malaria deaths to be less than 50% [19]. At the same
time, in malaria endemic areas, over reporting of malaria
deaths is common because it shares symptoms with other
diseases such acute respiratory infection including pneu-
monia or meningitis which are often assigned as malaria
using VA [19]. In particular febrile illness with no other
confirmed aetiology is usually recorded as malaria in VA
[14].

An alternative approach to estimate the malaria- attrib-
utable burden is to base this on the relationship between
all-cause mortality rates and malaria exposure or trans-
mission. Exposure is ideally measured via the ento-
mological inoculation rate (EIR), but because accurate
estimates of both the EIR and mortality rates require
very large amounts of data such analyses are generally
based on between-site ecological analyses of convenience

samples from a small number of sites, mostly Health and
Demographic Surveillance Systems (HDSS) [22-25].
One such analysis found all-cause child mortality rates
across Africa to be significantly associated with EIR in
infants but no clear trend was observed in children (12—
59 months) [24].

The malaria exposure-mortality relationship has also
been analysed using mortality data from Demographic
and Health Surveys (DHS) from Mali [26]. DHS are
national surveys carried out in a standardized way at spe-
cific time periods and provide child mortality data from
much wider areas than HDSS sites and can be adjusted
for climatic and environmental factors. However, the
Mali analysis found no clear relationship between
malaria transmission and mortality with data on malaria
prevalence in humans from the Mapping Malaria Risk in
Africa (MARA) database. This could have been because
the two datasets are spatially and temporally mis-aligned
and contain data from different age groups of hosts.
Similarly, since malaria transmission varies considerably
over small areas, there may be less variation in exposure
between different regions of a country than within one
small area. Where this is the case, spatial averaging either
of the exposure or the response biases estimates of expo-
sure—response relationships towards zero.

An approach that minimizes such averaging effects is to
model household-level entomological exposures across
single HDSS sites, using Bayesian hierarchical modelling
techniques to estimate the exposure-response relation-
ships in a way that allows for the considerable uncertainty
in such exposure estimates. The Malaria Transmission
Intensity and Mortality Burden across Africa (MTIMBA)
project is carrying out such analyses of data from a
number of sites across Africa. One completed analy-
sis within this project, of longitudinal data from Rufiji
HDSS, found no association between all-cause mortal-
ity in under-5 year old children and malaria transmission
intensity once ITN use was taken into account [27]. The
present study, also under the overall MTIMBA umbrella,
is an analysis of all-cause and malaria specific child mor-
tality in relation to estimated EIR from KEMRI/CDC
HDSS site in Western Kenya. The analysis is extended to
provide estimates of malaria-attributable mortality with
those derived from clinician-coded VAs. This represents
a novel approach for validating the diagnosis of malaria
in VAs, and for estimating the overall burden, both of
direct malaria mortality, and of all-cause mortality attrib-
utable to malaria.
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Methods

Study area and population

The KEMRI/CDC health and demographic surveil-
lance system (HDSS) is located in three regions namely
Asembo (Rarieda Division, Bondo District), Gem
(Yala and Wagai Divisions, Siaya District) and Karemo
(Karemo, Division, Siaya District) in Siaya county, rural
Western Kenya. During the study period, the HDSS
operated in Asembo and Gem, an area of approximately
500 km? with a population of 135,000 living in 33,990
households in 21,477 compounds in 217 villages. The
residents of the study area are predominantly from the
Luo ethnic group, and derive their livelihood mainly
from subsistence farming. This area is one of the most
deprived in Kenya with over 66% of the inhabitants liv-
ing below the poverty level [28]. The study area has high
(243 per 1000 live births) under-five mortality [29] and
malaria infection is mainly transmitted by Anopheles
gambiae s.l. [30]. An insecticide-treated mosquito nets
(ITN) trial conducted from 1996 to 2002 in the area
reduced malaria transmission by 90% [31, 32]. However,
despite the continued high prevalence of ITN use and a
relatively low EIR of about seven infectious bites per year
[33], malaria prevalence is still high and is thought to be
the main cause of child mortality [29].

Mortality data

The HDSS routinely conduct household surveillance
through house-to-house interviews by trained staffs
after every four calendar months. During the inter-
views all deaths, births, pregnancies and migrations that
occurred since the previous visit are recorded, processed
and stored in the database. The verbal autopsy (VA)
method is used to assign cause of deaths that occurred
within the study area [29]. VA interviews are conducted
by trained field workers using standardized VA question-
naires. The main caregiver was interviewed about the
signs and symptoms of the child’s terminal illness and
care seeking behavior during the illness. During the study
period, information from these forms was independently
reviewed by a panel of at most three clinical officers to
assign most probable cause of death [33].

Socioeconomic status and insecticide treated net data

The socioeconomic indicators routinely collected in
the HDSS (2002-2004) were used to generate socio-
economic index employing multiple correspondence
analysis (MCA) on household assets. The analysis of
socioeconomic assets has been described elsewhere in
detail [34]. In brief, the household assets and character-
istics included occupation of household head, primary
source of drinking water, use of cooking fuel, ownership
of in-house assets (lantern lamp, sofa, bicycle radio and
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television) and livestock possessions (poultry, pigs, don-
key, cattle, sheep and goats). Household socioeconomic
status (SES) index was calculated as a weighted average of
the above assets and then grouped into five quintiles with
the first quintile representing the poorest households fol-
lowed by very poor, poor, less poor and the last house-
hold being least poor. The ITN data at household level
were obtained from a one-time survey, carried within the
study area in 2002 to access the I'TN coverage.

Entomological inoculation rate

The estimates of EIR used in this study have been
described elsewhere in detail [35, 36]. In brief, Anoph-
eles mosquitoes were collected monthly using Centers
for Disease Control and Prevention light traps from 10
randomly selected houses each month from HDSS data-
base along with four additional houses neighbouring
each index house. In each house, a light trap was placed
next to the sleeping place of an individual who was ran-
domly chosen from the list of household members and
mosquitoes were collected for two sequential nights.
Captured female mosquitoes were then tested for the
presence of circumsporozoite antigens using an enzyme
linked immunosorbent assay method. Monthly high
resolution estimates of EIR together with their predic-
tion errors were obtained using Bayesian geostatistical
zero inflated binomial and negative binomial predictive
models [35, 36]. The models included environmental and
climatic factors extracted from satellite data, harmonic
seasonal trends and parameters describing space—time
correlation.

Analysis of EIR-mortality relationship

The analysis included all under-5 year old children who
were residents between May 2002 and December 2004
as defined by HDSS residency rule [29]. These children
were grouped into three categories namely neonates
(0—28 days old), post neonates (29 days—11 months old)
and child (1-4 years old). Time at risk for each child was
defined as the number of months (days for neonate) that
child was a resident during the study period and aged
below 5 years old. Because period measures based on
time at risk rather than cohort measures were used, the
values of the infant mortality rates do not correspond to
those that would be obtained by using the numbers of
live-births as the denominator.

Exploratory analysis was carried out in STATA 10
(Stata Corporation US) to assess the bivariate relations
of malaria transmission with both all-cause and malaria
specific mortality. All covariates that were significant at
15% significant level were further included into a Bayes-
ian geostatistical spatiotemporal conditional logistic
regression model. Spatial correlation was modelled via
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village-specific random effects, which are considered as
latent observations of a spatial Gaussian process. Cor-
relations between any pairs of village locations were
considered as an exponential function of their distance,
irrespective of direction and modelled by the variance
covariance matrix of the process [37]. Temporal cor-
relation was modelled by introducing monthly random
effects arising from an autoregressive Gaussian (AR) pro-
cesses. Different orders were considered for the AR pro-
cess ranging from between zero and four.

For estimating the relationship of mortality with EIR,
time to death for each child was treated as discrete at
monthly intervals. Cox proportional hazard models
were fitted using binary logistic regression [38, 39] to
estimate, for each month ¢, the probability p;;, that child
i at location j dies. The logistic model included a term
in x;, the estimated EIR for the corresponding location
and time-interval. Different transformations of EIR such
as logarithmic, categorization and fractional polynomial
functions of different orders were assessed to account for
non-linearity. The Akaike’s information criterion (AIC)
[40] was used to select the best transformation of EIR,
which was found to be logarithm of the EIR estimate
for the month previous to the mortality outcome (incre-
mented by 1, to allow inclusion of data for EIR = 0). The
prediction error of the EIR estimate was introduced
into the model as a measurement error in the covariate.
Bayesian models were fitted in OpenBugs version 3.1.2
(Imperial College and Medical Research Council London,
UK). A description of the Bayesian geostatistical formu-
lation of this model is given in Additional file 1: A.

Analysis of operating characteristics of verbal autopsies
The estimated malaria-mortality relations obtained from
the exposure response relationship was used as the gold
standard to calculate the attributable mortality separately
for all-cause and for malaria-specific (by VA) deaths.
For each recorded death, the excess risk attributable to
malaria exposure (conditional on the set of covariates
applicable at the time of death) was computed as:

AR; =pjjs — Pijt
where and p;j; is the corresponding counterfactual value
that p;, would have taken had the EIR been zero. AR, is
thus the difference between the model estimate of the
probability of dying, at EIR x;, and that at EIR 0. The
computation of p;; and AR; is described in Additional
file 1: B.

From the definition of conditional probability, the
probability that the death of child i is malaria attributa-
ble, a,;, was obtained by dividing AR; (the probability that
a malaria death occurred) by p;;, the probability of any
death, i.e.
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Pijt — I~7i‘t
a; = ryt Pyt
Dijt

The total number of excess deaths associated with
exposure to malaria (that is, the malaria attributable
mortality) was calculated as the sum, _a;, over all deaths.
To provide the analysis of sensitivity, specificity and pre-
dictive values of the VA (Table 4), this step in the calcu-
lations was also carried out summing only over specific
categories of deaths, i.e. those recorded as malaria in
VAs, those in specific age groups, or in specific expo-
sure categories. This provides estimates of the numbers
of misclassified deaths in each category of VA outcome,
without the need to diagnose each individual death as
malaria or otherwise. Standard formulae for sensitivity,
specificity and predictive values were then used to evalu-
ate the performance of the VA.

Results
During the study period, 32,709 children under 5 years
of age children were included in the study, contributing
47,170 person-years at risk. There were 3793 deaths among
these children (80.4 deaths per 1000 person years at risk).
Verbal autopsies were available for 3107 of the deaths, with
670, 1234 and 1203 of the latter deaths occurring in 2002
(May—-December only), 2003 and 2004, respectively. The
median age at death was 11 months and 53% of the total
deaths occurred in infants. Most of the time at risk was
in the EIR category of 1-5 infectious bites per person per
year, but there was substantial time at risk and also deaths
at lower and higher EIRs than this (see Table 1 below).
Twenty percent of the deaths were reported in house-
holds in the poorest wealth quintile compared to 18%
in least poor households. Implying that overall, the pro-
portion of deaths did not vary by SES quintiles. Figure 1
shows all-cause mortality rates in each year of the study
period. For instance, under-five mortality decreased from
55 (95% CI 54—56) deaths per 1000 person-years (pyrs) in
2003 to 54 (95% CI 53, 55) deaths per 1000 pyrs in 2004.
Neonate and infant mortality rates also decreased. For
example, infant mortality rate declined from 132 (95% CI
128, 136) to 125 (95% CI 121, 128) per 1000 person-years
in the same period. However, child (1-4 years) mortality
rate increased during the study period from 30 (95% CI
29, 32) deaths per 1000 pyrs in 2002 to 34 (95% CI 32,
35) deaths per 1000 person-years, in 2004. Similar trends
were observed in each study region (Asembo and Gem).
Cause of death was assigned to 81% of the total deaths.
The remainder (19%) is due to lack of respondent due to
loss to follow up. Figures 2 and 3 depict the main causes
of death for infants and child (1-4 years). Malaria was
the main cause of death followed by anemia then pneu-
monia in the two age groups. A tendency for mortality to
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Table 1 Distribution of time at risk and deaths by entomological inoculation rate
Entomological inoculation rate (IBPPY) Total
EIR=0 >0-<1 >1-5 >5-<10 >10
Neonatal
Malaria deaths VA 0 5 1 1 1 8
All_cause deaths 37 132 124 24 7 324
Person years at risk 147.1 429.8 4218 78.8 14.7 1092.2
Post-neonatal
Malaria deaths VA 39 107 131 21 16 314
All_cause deaths 185 493 505 100 54 1337
Person years at risk 649.0 3080.9 5099.3 5619 130.0 9521.1
Child 1-4
Malaria deaths VA 16 109 148 26 15 314
All_cause deaths 136 485 620 146 59 1446
Person years at risk 13934 8850.4 15816.3 1633.1 331.1 28024.3
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decrease over time was observed for all the main causes
of death except for malaria, HIV and diarrhoea.

Table 2 presents the hazard ratio (HR) of predictors
for all-cause and malaria specific mortality obtained
from geostatistical, spatiotemporal models adjusted for
EIR and SES. The EIR was strongly associated with all-
cause mortality in all age groups and the relative risk
of dying with any VA diagnosis was higher in children
(1-4 years) (HR = 4.29, 95% CI 3.89, 4.73) compared to
neonates (HR = 3.91, 95% CI 3.53, 4.32) and post-neo-
nates (HR = 3.64, 95% CI 3.40, 3.89). Older children had

lower all-cause mortality than infants, but there was no
clear age trend after the first birthday.

Results from malaria specific mortality models (Table 2)
showed that malaria exposure is associated with VA diag-
nosed malaria mortality in all age groups, with post-neo-
nates (1-11 months) experiencing the highest relative risk
(HR = 4.35, 95% CI 3.72, 4.95). Similarly age had a nega-
tive effect on VA diagnosed malaria mortality in post-neo-
nates, but no trend was observed in neonates or children
1-4 years old. The estimated spatial correlation for both
all-cause and malaria specific mortality was strong.
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Comparison between the all-cause and malaria specific
models shows that spatial range from the latter model
had lower spatial ranges with narrower confidence inter-
vals. Higher socioeconomic quintiles were associated
with reduction in all-cause mortality in all age groups but

no significant effects were observed in relation to malaria
specific mortality.

The geostatistical spatiotemporal model that included
ITN use data (Table 3) indicated that even after allowing
for this important covariate, EIR was still associated with
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Table 2 Hazard ratio (HR) estimates of predictors of all-cause and malaria specific mortality for under-five age categories
from spatiotemporal models (models without ITN-use)

Covariate All-cause mortality Malaria specific mortality
Neonates Post-neonate Child (1-4 year Neonates Post-neonate Child (1-4 year)
HR (95% ClI) HR (95% Cl) HR (95% Cl) HR (95% ClI) HR (95% Cl) HR (95% Cl)
Constant 0.11(0.07,0.18) 0.02 (0.01,0.04) 0.22 (0.10,0.65) 0.10 (0.01,0.40) 0.03 (0.01,0.10) 0.04 (0.01,0.09)
Age® 0.96 (0.94,0.99) 0.94 (0.93,0.95) 0.99(0.98,1.01) 1.01 (0.92,1.10) 0.94 (0.91,0.96) 0.99(0.97,1.02)
Log10 EIR 3.91(3.53,4.32) 3.64 (3.40,3.89) 4.29(3.89,4.73) 397 (2.94,4.89) 4.35(3.72,4.95) 4.29 (3.61, 5.06)
SES quintile
1st 1.00 1.00 1.00 1.00 1.00 1.00
2nd 1.0 (0.89, 1.24) 0.94 (0.81,1.08) 0.84(0.62,1.11) 00 (0.68, 1.49) 0.88 (0.66, 1.23) 0.75(0.44,1.34)
3rd 0.95(0.82,1.12) 0.88(0.77,1.02) 0.67(0.50,0.91) 01 (0.69,1.51) 0.85(0.62,1.17) 0.55 (030, 1.00)
4th 0.65 (0.55,0.78) 0.65 (0.56, 0. 76) 0.65 (0.47,0.87) 0.90 (0.60, 1.33) 0.74 (0.54,1.02) 0.97 (0.56, 1.72)
Sth 0.73(0.62,0.88) 0.71(0.61,0.83) 0.64 (049, 0.85) 0.98(0.67,1.48) 0.85(0.62,1.19) 0.71 (040, 1 28)
Random error 0.09 (0.06,0.13) 0.10(0.07,0.14) 5(0.09,0.23) 0.23(0.12,041) 0.14 (0.08, 023) 0.22 (0.11,045)
Spatial variation 0.15(0.06, 0.34) 0.61(0.18,4.14) 0.23(0.11,0.53) 0.30(0.13,0.77) 0.22 (0.10,0.57) 0.33(0.14,0.82)
Temporal variation  0.15 (0.08,0.47) 0.13(0.08,0.24) 0.30(0.13,2.78) 0.63(0.21,7.14) 0.21(0.12,0.44) 0.22(0.11,048)

Spatial range (3/p)® 1998 (1.11,41.07) 2664 (9.99,41.07)

29.97 (6.88,41.07)

1554 (3.33,39.96)  21.09(3.33,39.96)  19.98 (4.44,39.96)

@ Age is in month except for neonate group which is in day

b Minimum distance in kilometers at which spatial correlation is significant at 5%, C/ credible intervals

all-cause and malaria specific mortality, though the effect
was not strong except in all-cause child (1-4 years) mor-
tality (HR = 5.35, 95% CI 3.42, 7.86). Age was also associ-
ated with reduction in all-cause and malaria mortality in
the first year of life (HR = 0.95, 95% CI 0.83, 0.99), but
no trend was observed thereafter. ITN use was associated
with reduction in all-cause and malaria-specific mortal-
ity in post-neonates and child (1-4 years) age groups. For
instance, post-neonates who slept under an ITN were less
likely to die due to any illness compared with their coun-
terparts who did not use an ITN (HR = 0.15, 95% CI 0.02,
0.43). However, the protective effect of ITNs on mortality

decreased with age (25 and 4% for all-cause mortality in
post-neonates and children 1-4 years old, respectively).

Figure 4a, b and ¢ depict the excess mortality (using the
model without ITN) as a function of malaria exposure
in relation to all-cause and malaria specific mortality for
neonate, post-neonate and child age groups. Excess mor-
tality is constrained to increase with malaria exposure in
all age groups. The highest rate of excess all-cause and
malaria specific mortality are reported in neonates and
older children (1-4 years), respectively. Excess all-cause
mortality rates are much higher than the overall rates of
VA diagnosed malaria mortality.

Table 3 Posterior estimates of all-cause and malaria specific mortality for under-five age categories spatio-temporal

models (models with ITN use)

Covariate All- cause mortality Malaria specific mortality

Post-neonates Child (1-4 year Post-neonates Child (1-4 year

HR (95% ClI) HR (95% CI) HR (95% CI) HR (95% ClI)
Constant 0.05 (0.01,0.80) 0.04 (0.01,0.5) 0.02 (0.00, 0.03) 0.05(0.01,0.37)
Age® 0.95 (0.83,0.99) 0.96, 1.04) 0.75(0.41,0.99) 0.96 (0.89, 1.03)
Log10 EIR 4.89(242,6.93) 535(3.42,7. 86) 345(1.36,544) 454 (242,7.56)
TN use 0.75(0.52,0.97) 0.96 (0.76, 1.16) 0.80(0.57,1.10) 0.98 (0.64,1.25)
Random error 0.56 (0.17,2.70) 0.37(0.16,1.13) 0.62 (0.18, 1.66) 0.52(0.17,1.29)
Spatial variation 0.86 (0.18 33) 0.52(0.17,1.04) 0.62(0.18,1.66) 0.60(0.18,1.29)
Temporal variation 0.72(0.21,1.48) 048(0.18,1.97) 0.65 (0.19, 1.40) 0.52(0.18,1.61)
Spatial range (3/p)° 11.10 (2.22, 3441) 17.76 (3.33, 39.96) 26.64(9.99,41.07) 27.75(9.99,41.07)

? Age is in month except for neonate group which is in day

b Minimum distance in kilometers at which spatial correlation is significant at 5%, Cl credible intervals
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In each age group, the total malaria attributable mortality
estimated this way is substantially higher than the deaths
assigned to malaria by VA so that while the 0-5 year rate of
VA diagnosed malaria mortality was 16.5 deaths per 1000
pyrs of which most (10.2 deaths per 1000 pyrs) the total
numbers of attributable deaths summed to 41.1 deaths per
1000 person years at risk were computed (Table 4).

Both analyses using VAs and exposure-attribution to
assign cause of death indicate that malaria was much the
most frequent cause of death among these children, but
the analysis based on EIR attributes a far higher propor-
tion of the mortality to malaria, with an overall malaria
mortality rate estimated to be 38.8 deaths per 1000 person
years at risk (Table 4). This is especially the case for neo-
natal deaths, of which only 2.5% were assigned to malaria
by VA. Correspondingly, the sensitivity of the VA as com-
pared with the model is low (averaging only 26%), and the
estimated specificity surprisingly high (especially in the
neonatal age group), with both positive and predictive val-
ues intermediate in value. The VA is thus very insensitive
but with an upward trend in sensitivity with age (Table 4)
while the estimated specificity of the VA is high, indicating
that only a small number of deaths attributed to malaria in
the VA would have occurred had malaria been absent.

Discussion and conclusions

The present study assesses the effects of P falciparum
malaria exposure on both all-cause and evaluates the per-
formance of VA in diagnosis malaria-attributed deaths in
under-5 year old children in the KEMRI/CDC HDSS.

Table 4 Diagnostic performance for malaria VA using the EIR-mortality relationship as gold standard

Neo-natal Post-neonatal Child (1-4) Overall
Estimates of numbers of deaths
a: Malaria by VA, exposure attributable 77 141.1 2431 391.9
b: Malaria by VA, not attributable 0.3 172.9 709 244.1
c: Other causes by VA, exposure attributable 64.3 4363 605.0 1105.6
d: Other causes by VA, not attributable 251.7 586.7 527.0 1365.4
Derived quantities
Overall all-cause mortality rate (deaths/1000 person-years) (from Table 1) 296.6 1404 516 804
% of deaths assigned malaria as cause in VA (a + b)/(@ + b 4+ ¢ + d) (%) 2.5 235 217 20.5
% of deaths attributable to malaria exposure (@ + ¢)/(a + b + c 4+ d) (%) 263 432 63.9 482
Malaria specific mortality rate estimated from VAs (deaths/1000 person-years) 7.3 330 1.2 16.5
Malaria exposure attributable mortality rate (deaths/1000 person-years) 78.0 60.7 330 388
Sensitivity of VA (a/(a + <)) 0.11 0.24 0.29 0.26
Specificity of VA (d/(d + b)) 1.00 0.77 0.88 0.85
Positive predictive value of VA (PPV) (a/(a + b)) 0.96 045 0.77 0.62
Negative predictive value of VA (NPV) (d/(c + d)) 0.80 0.57 047 0.55

For consistency across age groups, rates are expressed as deaths per 1000 person-years, rather than relative to numbers of live births (which is the usual convention

for deaths in the first year of life)
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Both the bivariate and multivariate analyses indi-
cate important positive association between all-cause
and malaria specific mortality (by VA) with the malaria
transmission intensity (EIR) of the previous month in
each neonates, infants and children (aged 1-4 year). This
implies that decreasing transmission intensity will reduce
under-five all-cause and malaria specific mortality in the
study area and particularly in infants, who experienced
highest mortality rate (125 deaths per 1000 person-
years). The positive association between malaria expo-
sure and all-cause mortality is consistent with a large
body of literature [23, 24], including a recent study [27]
in a similar setting, that report the effect of malaria expo-
sure decreases with age.

However, the large differences in the parameter esti-
mates from those estimated from Rufiji [27] suggest that
it would be premature to use the estimates from the pre-
sent study for quantitative prediction of the effects of
reducing transmission. There are several obvious poten-
tial confounders or effect modifiers, including SES, secu-
lar trends in unmeasured covariates such us HIV, and/
or ITN use, that make it uncertain how generalizable are
the estimates. Consistent with other studies in similar set-
tings [41-43] higher SES quintiles were associated with
lower all-cause mortality, and analyses that did not adjust
for SES estimated higher apparent effects of malaria expo-
sure (compare Tables 2 and 3). However SES was not an
important determinant of malaria specific mortality rates
by VA. Other sources of confounding cannot be excluded,
though secular trends in unmeasured covariates also seem
unlikely to have been a major confounder in the present
study where the overall, decline in the under-five mortality
during the study period was modest [14, 44]. There was a
small age shift in the mortality with rates actually increas-
ing over time in the older children (aged 1-4 years).

ITN use modifies the effect of EIR in a different way.
The EIR estimates are calibrated against human landing
collections, and are hence intended to provide unbiased
estimates of the exposure of adults who are not using
ITNs. The parameter for ITN use therefore measures
the personal protection effect of the ITNs (based on only
limited data from a single survey in 2002). In the post-
neonatal age-group 100% ITN coverage was estimated to
reduce all-cause mortality by 25%, with only a 3% reduc-
tion in all-cause mortality in the 1-4 year old age-range.
Both the overall reduction [32, 45, 46] and age-depend-
ence [27, 47] are of comparable magnitude to previously
published estimates, including those from field trials. A
previous study in the same area also reported that ITNs
achieved a 22% reduction of all-cause mortality in post-
neonates (1-11 months).

In agreement with other studies, both all-cause
and malaria specific mortality increase less than
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proportionately with exposure, so that an increase from
an EIR of 1 to 5 inoculations per month has a much
larger effect than an increase from 6 to 10 inocula-
tions. Malaria-specific mortality is expected to be more
strongly associated with transmission intensity than all-
cause mortality except in neonatal group, since the inclu-
sion of deaths unrelated to malaria should bias the effect
towards zero. However in this study the relative hazards
were similar for both outcomes (Table 1). This is likely to
be a consequence of the misclassification in the VA tech-
nique [19, 20].

Although it has been shown that physician-coded
VA has low sensitivity and specificity in identifying
malaria deaths in endemic areas, it remains the standard
approach for ascertaining cause of death at community
level in developing countries, where deaths mostly occur
at home without any contact with the health system [19,
48, 49]. Recent computer-based expert algorithms and
data driven (statistical) methods have been proposed as
improvements in coding VAs but most of these meth-
ods are still under development and the enthusiasm for
these methods currently exceeds that for physician based
methods [50, 51]. The present study agrees with hos-
pital validation exercises [22] in estimating a relatively
high specificity of the VAs, suggesting that even if other
pathogens were involved in the terminal illness, many of
these children would not have died had it not been for a
P, falciparum infection. The very low sensitivity of VAs in
neonates suggests that most of the mortality attributed to
malaria exposure in the youngest children, may well be
secondary to maternal exposure (and hence indirect).

In general, it might be expected that VAs should over-
report malaria deaths since malaria shares symptoms
with other diseases including meningitis, typhoid, and
acute respiratory-tract infections. Febrile illness with
no other confirmed aetiology is generally recorded as
malaria in VA [14, 19]. However the sensitivity estimates
suggest that the VA captures only about one quarter of
the deaths that would be averted by eliminating malaria,
and that this proportion is even smaller in neonates. It
has long been known that eliminating malaria reduces
mortality rates by much more than the malaria diagnos-
able death-rate [52, 53], and these results are consistent
with about half the malaria attributable deaths being
indirect [23]. This would be consistent with the VA hav-
ing a sensitivity of about one half in diagnosing direct
malaria-specific mortality, as found in the hospital-based
validations [22].

The very high estimates of almost 40 malaria attrib-
utable deaths per 1000 child years at risk, raises further
fundamental issues about estimation of the burden of
mortality. It suggests that interventions against malaria
could potentially reduce overall child mortality by as
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much as twice the total direct malaria burden. The con-
tribution of malaria interventions to recent massive
improvements in child survival in East Africa has been
unclear [54], partly because effects on this scale are much
greater than those achieved in randomized controlled
trials of ITNs [46]. If the results of the present study
are generalizable across Africa, then it seems likely that
malaria control could indeed have been responsible for
most of the decline, largely as a result of reductions in
indirect deaths.
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