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This annex gives a fuller account of the two methods for estimating malaria incidence, based on routine case reports (Method 1) and parasite surveys and risk maps (Method 2).
The two methods for estimating malaria incidence are:
Method 1 adjusts the reported malaria cases for reporting completeness, the extent of health service utilization and the likelihood that cases are parasite-positive. Where data permit, this is generally the preferred method and it was used for countries outside Africa and selected African countries.

Method 2 uses an empirical relationship between measures of malaria transmission risk and case incidence; this procedure was used for countries in Africa where data from surveillance systems was not reliably reported.

Method 1: Estimates from routine case reports (surveillance)

Basic Procedure  The principal source of data was outpatients attending health facilities as recorded in the health management information system (HMIS) of a Ministry of Health, or by disease surveillance systems. National malaria control programmes (NMCP) were asked to report on:  (1) the number of slide or rapid diagnostic test (RDT) examinations undertaken; (2) the number of cases confirmed by slide examination or Rapid Diagnostic Test (RDT); and (3) the number of unconfirmed or probable cases recorded – these are cases that were treated as malaria but not tested or confirmed. The diagnostic algorithm for malaria is in Figure S1.
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Figure S1. Diagnostic algorithm for malaria cases. 

The following steps were used to estimate the number of malaria cases in a country:

1. The total number of parasite-positive cases that attended health facilities covered by the HMIS of a ministry of health was estimated; this is given by the confirmed malaria cases plus the unconfirmed cases multiplied by the slide positivity rate.

2. The revised estimate of confirmed cases was adjusted to take account of missing HMIS reports; by dividing by the health-facility reporting completeness fraction.

3. The estimated number of confirmed cases attending health facilities in the HMIS was then adjusted to take into account the propensity of fever cases to use health facilities not covered by the HMIS (e.g. those going to the private sector), or not to seek treatment at all.

Upper and lower limits for the estimated number of cases, M, arising in any given year in a country are given by:
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Where: 
C   =
Reported number of confirmed malaria cases in a year.

U   =     
Reported number of unconfirmed cases in a year – cases suspected of being malaria but not tested or confirmed, sometimes known as probable cases.
s    =       
The proportion of slides examined that are positive for malaria parasites, often known as the slide positivity rate (SPR). In countries that are unable to undertake microscopic examination of all suspected cases, s was derived from a selection of facilities, or treatment outlets, that undertake case confirmation. The proportion of cases found to be positive, s, was applied to cases that were not confirmed. Cases may be diagnosed microscopically or with RDTs. The sensitivity and specificity of RDTs for detecting clinical P. falciparum malaria (symptoms suggestive of malaria plus P. falciparum parasitaemia detectable by microscopy) in persons living in malaria endemic areas who present to ambulatory healthcare facilities with symptoms of malaria is typically >95% [1]. However, the use of RDTs was not widespread up to 2009, the year in which data were collected for this study.  ,
r    =        
Completeness of health-facility reports. Typically this is the number of outpatient health-facility reports received divided by the number of facility reports expected. The expected number of reports is given by the number of health facilities multiplied by the number of reports expected to be submitted by each health facility in a year, which is 12 for a monthly reporting system. The quantity r has been reported by countries as lying within three possible ranges (less than 50%, 50–80% and > 80%). In order to calculate an average reporting rate, it has been assumed that the reporting rate has a triangular distribution in the outer ranges and a uniform distribution in the middle with expected values in these ranges of 33%, 65% and 87% respectively.
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Figure S2. Variation in utilization of health facilities for treatment of fever by age in (A) India and (B) Indonesia. Analyses of household surveys undertaken in 2004 in India [2] and in Indonesia [3] suggest that the percentage of children under 5 using health facilities for treatment of fever provides a good approximation to the percentage of older age groups using health facilities for treatment of fever.

p      =
The proportion of the population with fever (or suspected malaria) that seeks treatment from health facilities covered by the public reporting system. This was derived from household survey information on whether or not children under 5 years, with fever in the previous two weeks, sought treatment and where. The household survey used for most countries was a Demographic and Health Survey (DHS) [4] or Multiple Indicator Cluster Survey (MICS) [5] that only considers fever in children under 5. Fever treatment rates for older age groups are assumed to be the same as those for children under 5. Household surveys undertaken in Indonesia (Susenas) [3] and India (NSSO) [2] suggest that this assumption is reasonable (Figure S2). 

n    =     
The proportion of fever cases (or suspected malaria) that does not seek treatment. This was derived from household survey information on whether or not treatment for fever was sought, as described above. 

If there was only one household survey for a country then values of p and n were used for all years for which estimates were made. In general, there has been little change in the proportion of fever cases seeking treatment over time (Figure S3), hence results from one year can provide a reasonable approximation to the proportion of fever cases seeking treatment in another year, unless there is specific knowledge that treatment-seeking behaviour has changed.

For countries with more than one survey the percentage of fever cases seeking treatment from public or private sector facilities was interpolated by linear regression for years in between surveys and assumed to remain constant after the latest survey and before the earliest survey. 
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Figure S3. Variation over time in the percentage of fever cases seeking treatment at health facilities. Of 58 survey differences that could be compared over time using DHS and MICS data sets, the median annual change in the proportion of febrile children attending health facilities was 0.1% (inter-quartile range: 1.4%–2.0%).
For DHS surveys, the measure of p is the proportion of fever cases seeking treatment from hospitals, health centres and health posts run by the government and missions but excludes cases treated at private for-profit organizations and pharmacies or shops. It also excludes those cases not seeking any treatment. In some cases the proportion attending public health facilities was adjusted to take into account specific information about malaria treatment seeking behavior. For example, in some countries antimalarial medicines are not available through private sector providers so use of private providers was assumed to be zero and patient attendances were assigned to public health facilities. If more than one source of treatment was used, the source of treatment considered to be at the highest level or furthest along the referral chain was selected, with government facilities ranked higher than mission or private facilities as in the following order: government hospital, government health centre, government health post, other government facility, mission hospital, mission health centre, mission health post, private clinic or health centre, private doctor, private other, community health worker, pharmacy, shop, traditional, other. The ranking was intended to reflect the probability that a case attending multiple treatment outlets would be recorded in the HMIS of a ministry of health, but the precise classification used has little effect on the final results since the percentage of children using more than one outlet for treatment is only 5% (Figure S4).

The majority of MICS surveys record the proportion of fever cases seeking treatment at health facilities but the type of health facility attended, and whether it is in the public or private sector or not, is not distinguished. Hence for MICS surveys, information on health-facility utilization for acute respiratory infection (ARI) was combined with fever treatment to estimate the proportion of fever cases attending public-sector facilities (p) as below: 
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Where:

hfever = 
The proportion of children with fever in the past two weeks who attended a health facility.

h ARI = 
The proportion of children with both cough and rapid breathing in the past two weeks who attended any health facility.
gARI = 
The proportion of children with both cough and rapid breathing in the past two weeks who attended a government or mission health facility.

For countries with both a DHS and a MICS survey, the measurements of p were correlated, but DHS tended to be lower than MICS (Figure S5). Nevertheless, we used either where available. For Papua New Guinea and Myanmar the household surveys, a DHS and a MICS respectively, did not record health-facility utilization for fever. Hence information on health-facility utilization for ARI (cough and/or rapid breathing) was used to estimate p since it is observed for other countries that health-facility utilization rates for ARI serves as a reasonable approximation for health-facility utilization rates for fever (Figure S6).

For the Solomon Islands and Guinea-Bissau, confidence intervals of p could not be calculated because of insufficient information on the sampling procedures employed. Confidence intervals were therefore assumed to lie 7.5 percentage points either side of the point estimate of p, since 90% of measured confidence intervals were of this size or smaller in other countries.
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Figure S4. Percentage of fever cases using one or more outlet for treatment. In an analysis of 105 DHS surveys (with each survey weighted equally), the proportion of fever cases using more than one treatment outlet was only 5%.
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Figure S5. Percentage of fever cases taken to health facilities. Comparison of estimates of p (the percentage of fever cases taken to a facility included in a country’s HMIS) derived from MICS and DHS show that they are correlated (r2 = 0.45) but that DHS measurements are somewhat lower than MICS.
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Figure S6. Percentage of fever cases seeking treatment for fever (at all outlets) plotted against the percentage of ARI cases seeking treatment. Analysis of 105 demographic and health surveys indicates that the percentage of children with ARI that seek treatment can provide a good approximation to the percentage of children with fever that seek treatment. The two measures are highly correlated (r2 = 0.94), though the percentage of children seeking care for fever is a little higher than those seeking care for ARI (y = 0.05 + 0.97x).
The difference between upper and lower limits on M reflects the extent to which malaria cases are treated in the health system (both formal and informal). The upper limit produces an estimate of the number of malaria cases if all fever cases were equally likely to be malaria whether they sought treatment or not, i.e. those that do not seek treatment have the same slide positivity rate, s, as those that do. The lower limit estimates the number of malaria cases if only those fever cases that seek treatment were malaria, i.e. the slide positivity rate, s, of fever cases not seeking treatment is zero. In practice the true value will probably lie between these points. It will lie close to the lower limit in areas where accessibility to services is good and all cases that need treatment actually seek it. It will lie closer to the upper limit in areas where accessibility of services is poor, and many malaria cases go untreated. It was only possible for a few countries to assume that all cases seek treatment; these were countries in Europe and some countries nearing malaria elimination (where most infections produce symptomatic cases and where access to services is good). In the absence of detailed information on the structure of health services in a country, it is expedient to derive a single point estimate, M from the arithmetic of average of Mlower and Mupper.
Values of C, U, s, r, p, and n are shown for each country in Table S2.
Missing data  The formulae used to estimate the number of malaria cases require six parameters. Four parameters are obtained from the national malaria control programmes (P, C, r, s) and two from household surveys (n and u). Some countries did not provide values for all parameters or a household survey may not have been available for analysis. In such cases, values for the parameters were imputed according to the scheme below:

U or C
If U or C were missing for a year, or data were considered to be unreliable (e.g. because they were radically different from other years), the value of U or C was sampled from other years for which data were considered reliable with each year weighted equally.  For 2009, 3 countries did not provide data on U or C (Algeria, Argentina and French Guiana) while 3 countries provided data that were inconsistent with previous years (Indonesia, Somalia and Yemen). 
r 
If the reporting completeness, r, was not reported for a single year the most frequent value for the country between the years 2000 and 2009 was chosen or, exceptionally, a rate that was considered more consistent with the reported number of cases. If r was missing for all years, it was assumed to lie between 50% and 80% with a point estimate of 65%.

s
If the slide positivity rate, s, was missing for a year, then it was sampled from years for which data were available with each year weighted equally. If s was missing for all years, s was sampled from other countries in the region with each country weighted equally.

p, n
If p and n were missing, household surveys from other countries in the region were used to derive regional averages of p and n with each country weighted equally.  For some countries approaching elimination or for those where it is known that almost all cases use public sector facilities, n was assumed to be 1% and p to be 98%.
Uncertainty analysis  An attempt was made to quantify the uncertainty in each of the parameters and to use this information to construct a plausible range within which it is reasonably certain that the estimate of the number of fever and malaria cases lies. The underlying distribution assumed for each of the parameters is shown in Table 1 of the main text. Palisade @Risk software (version 5.0) was used to sample from the distributions assumed for each parameter and each country. Latin Hypercube sampling was performed 1000 times to yield a distribution for the estimated number of fever and malaria cases for a country, from which the mean value was taken together with 5% and 95% uncertainty limits for the mean. 
Limitations  Not all aspects of the uncertainty were modeled. Moreover, the assumptions regarding the distribution of some parameters may not always apply. Particular concerns regarding different parameters are summarized in Box 1 of the main text. Recognition of the limitations, along with information on how data are collected in a country, suggests steps that may be taken to improve estimates in particular countries. An index of the quality of data available in each country has been constructed taking into account the completeness of data in the HMIS of a ministry of health and the availability of household survey information. It ranges from zero (no data) to 10 (maximum score). Values are summarized regionally in Figure S6. Where data systems are good and household surveys recent, greater confidence may generally be placed in an estimate. 
Method 2: Estimates derived from surveys and risk maps
Basic Procedure  The procedure follows that of Snow et al [6] and Korenromp et al [7]. The number of malaria cases was estimated in two steps: firstly, populations in each sub-Saharan country were classified as living at either high, low or no risk of malaria; secondly, high, low or zero case-incidence rates were applied to the number of people living in each endemicity class as derived from literature reviews. The case-incidence rates were subsequently adjusted to take into account the level of malaria intervention coverage (use of ITNs and IRS only). Such an approach was attempted only (i) for countries in sub-Saharan Africa where it is assumed that transmission is relatively homogenous and a broad categorization of malaria risk into low-transmission and high transmission is possible; and (ii) for countries with profound deficiencies in malaria reporting.
Defining malaria risk  Malaria risk for countries in sub-Saharan Africa was defined according to climatic suitability, as per the Mapping Malaria Risk in Africa (MARA) project estimate for the year 2002 [8]. Long-term climate data were used to define the probability of malaria transmission, in terms of a “climate suitability index”, ranging from 0 (unsuitable) to 1 (very suitable), at a resolution of 5 × 5 km [6]. Areas with a MARA index greater than 0.75 were considered to be at high transmission risk, and areas with a MARA index below 0.75 at low transmission risk 
 ADDIN EN.CITE 
[8,9]
. These two categories correspond broadly with parasite prevalence in childhood populations greater than or equal to 25%, and less than 25% respectively [10]. The proportion of a country’s 2002 population reported to be living at high, low and no risk, as shown in Table S1, was applied to the 2006 country populations as projected by the United Nations Population Division [11,12].

Deriving case-incidence rates  "Basic malaria incidence rates" were derived for populations at high and low transmission risk from a review of longitudinal studies of populations not benefiting from malaria prevention [6]. More than 20 studies were from high-intensity transmission areas (defined as parasite prevalence ≥ 25% or MARA climate suitability index ≥ 0.75), and four from low-intensity transmission areas (parasite prevalence < 25% and MARA climate suitability index between 0 and 0.75). The rates for southern African countries were derived from national surveillance data from Botswana, Namibia, South Africa, Swaziland and Zimbabwe, assumed to be independent of age. The number of studies and median incidence rates with inter-quartile ranges (IQR) for each category of transmission risk are shown in Table 2 of the main text. 
Adjusting for urban–rural differences  Adjustments to basic incidence rates were made for urban settings following Korenromp [7]. Urban incidence rates for children under 5 were assumed to be half those of rural areas, as determined (approximately) from other community-based studies of urban–rural differences [13]. Incidence rates for other age groups in high-transmission areas were considered to be the same as for rural areas. Incidence rates for urban low-transmission areas were considered to be the same as rural low-transmission areas, although Carneiro et al [13] note one study in Kenya which estimated urban incidence rates to be 40% of those in rural areas for children under 5. Similarly, Korenromp [7] notes that, outside Africa, urban incidence rates were approximately one third of those in rural areas. Hence the assumption that urban incidence rates in low-transmission areas are the same as rural incidence rates may lead to an overestimate of malaria incidence in urban low-transmission areas. However, the influence on individual country estimates is relatively minor as less than 25% of any country is considered to be urban and low-transmission, while for sub-Saharan Africa as a whole it is about 6.5%.

Adjusting for malaria preventive activities  Since the basic incidence estimates were for populations not subject to malaria preventive measures, they were adjusted downward for each country according to the expected impact of ITNs (they were not adjusted for indoor residual spraying or drug use). The approach used was similar to that adopted for malaria mortality [14]  Malaria incidence rates were reduced linearly by 0.5% for each 1% increase in the percentage of households owning at least one ITN in accordance with observations in randomized controlled trials [15] and similar to the 0.55% reduction per 1% increase used in the LiST model of child survival 
 ADDIN EN.CITE 
[16]
. The percentage of households owning at least one ITN was derived from a model that takes into account available household survey data and, for years in which a survey was not conducted, estimates coverage based on the number of ITNs delivered by manufacturers and distributed by NMCPs [17]. The rates used for the percentage of households owning at least one ITN are those presented in the World Malaria Report 2010 [18]. The potential effect of IRS was not incorporated owing to less certainty about the magnitude of the effective of the intervention on malaria morbidity and because of the unknown extent of overlap in populations protected by indoor residual spraying and ITNs.  Similarly the potential effect of the increased availability of artemisinin combination therapies for the treatment of P. falciparum is not taken into account because of uncertainty over the effect it has on malaria morbidity rates in populations.  This is likely to lead to an underestimate of the impact of malaria interventions. 
The last two steps, adjusting for urban–rural differences and impact of preventive activities, were not undertaken by Snow et al [6] but were followed by Korenromp [7]. The procedure for estimating the effect of ITNs differs slightly from that used by Korenromp who reduced incidence by 0.5% for each 0.6% increase in ITN use by children <5.  However, the correction factors applied are of approximately the same magnitude since rates of ITN use in children <5 are approximately half those of the percentage of households owning at least one ITNs [19].  The adjustments for the impact of preventive activities result in a reduction in the number of cases estimated for the continent of 21%.  
Uncertainty analysis  An attempt was made to quantify the uncertainty in the malaria incidence rate that could be applied to each category of malaria transmission. A truncated triangular distribution of basic incidence rates was assumed for each age group and category of transmission risk. The median and inter-quartile ranges of the triangular distributions were the same as those of the basic incidence rates shown in Table 1 of the main text. The triangular distributions were truncated so that their lower limit did not fall below 0. In repeated simulations the truncated triangular distribution was found to provide a good approximation for the distribution of basic incidence rates inferred from individual studies. Its use was preferred to deriving a distribution of basic incidence rates from a separate literature review in order to make the results more consistent with those of Snow et al [6]. 
Palisade @Risk software (version 5.0) was used to sample from the distributions assumed for each parameter. Latin Hypercube sampling was performed 1000 times for each country to yield a distribution for the estimated number of fever and malaria cases for a country, and for the African continent, from which the mean value was taken together with 5% and 95% uncertainty limits for the mean. 
Limitations  Method 2 gives only a rough guide to the number of malaria cases in any country. Some specific limitations of Method 2 are summarized in Box 2 of the main text.

Table S1. Estimates of populations at risk and intervention (ITN) coverage, used in estimating the number of cases by Method 2.
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Angola 18,498         58% 17% 28% 55% 46% 41% 22%

Benin 8,935           42% 17% 26% 57% 100% 0% 61%

Botswana 1,950           60% 11% 22% 67% 13% 23% 26%

Burkina Faso 15,757         20% 20% 27% 54% 100% 0% 55%

Burundi 8,303           11% 14% 24% 62% 21% 42% 27%

Cameroon 19,522         58% 16% 25% 59% 74% 19% 19%

Cape Verde 506              60% 12% 25% 64% 0% 26% 0%

Central African Republic 4,422           39% 15% 26% 59% 100% 0% 26%

Chad 11,206         27% 18% 28% 54% 86% 9% 9%

Comoros 676              28% 15% 23% 62% 50% 50% 14%

Congo 3,683           62% 15% 25% 60% 100% 0% 8%

Côte d'Ivoire 21,075         49% 15% 26% 59% 100% 0% 9%

Democratic Republic of the Congo 66,020         35% 18% 29% 53% 85% 6% 53%

Equatorial Guinea 676              39% 16% 25% 59% 97% 1% 47%

Eritrea 5,073           21% 16% 25% 58% 16% 72% 59%

Ethiopia 82,825         17% 16% 27% 56% 14% 22% 91%

Gabon 1,475           86% 12% 24% 64% 96% 0% 66%

Gambia 1,705           57% 16% 26% 58% 100% 0% 49%

Ghana 23,837         51% 14% 24% 62% 98% 2% 47%

Guinea 10,069         35% 17% 26% 57% 99% 1% 10%

Guinea-Bissau 1,611           30% 17% 26% 57% 100% 0% 41%

Kenya 39,802         22% 17% 26% 57% 21% 26% 70%

Liberia 3,955           61% 16% 27% 57% 100% 0% 44%

Madagascar 19,625         30% 16% 27% 57% 60% 27% 57%

Malawi 15,263         19% 17% 29% 54% 77% 19% 38%

Mali 13,010         33% 17% 27% 56% 90% 8% 87%

Mauritania 3,291           41% 15% 25% 61% 41% 23% 8%

Mozambique 22,894         38% 17% 27% 56% 96% 4% 36%

Namibia 2,171           37% 13% 24% 63% 8% 59% 29%

Niger 15,290         17% 21% 28% 50% 89% 8% 63%

Nigeria 154,729       49% 16% 26% 57% 99% 1% 14%

Rwanda 9,998           19% 17% 25% 58% 7% 41% 58%

Sao Tome and Principe 163              61% 14% 26% 59% 15% 85% 64%

Senegal 12,534         43% 17% 27% 56% 97% 3% 50%

Sierra Leone 5,696           38% 17% 26% 57% 100% 0% 38%

South Africa 50,110         61% 10% 20% 69% 15% 11% 10%

Swaziland 1,185           25% 14% 26% 61% 69% 14% 21%

Togo 6,619           43% 14% 25% 60% 100% 0% 71%

Uganda 32,710         13% 19% 29% 51% 73% 16% 49%

United Republic of Tanzania 43,739         26% 18% 27% 55% 75% 17% 45%

Zambia 12,935         36% 18% 28% 54% 83% 12% 77%

Zimbabwe 12,523         38% 14% 26% 60% 54% 42% 54%

1 UN Population 2008 revision

of population

Age break-down

risk of malaria

Percentage


Table S2. Methods used to estimate malaria incidence for each of 99 countries, with parameter values for Method 1. 
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Table S2 (cont.)
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