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Abstract 

Background:  The RTS,S/AS01 malaria vaccine is currently being evaluated in a cluster-randomized pilot implementa-
tion programme in three African countries. This study seeks to identify whether vaccination could reach additional 
children who are at risk from malaria but do not currently have access to, or use, core malaria interventions.

Methods:  Using data from household surveys, the overlap between malaria intervention coverage and childhood 
vaccination (diphtheria-tetanus-pertussis dose 3, DTP3) uptake in 20 African countries with at least one first adminis-
trative level unit with Plasmodium falciparum parasite prevalence greater than 10% was calculated. Multilevel logistic 
regression was used to explore patterns of overlap by demographic and socioeconomic variables. The public health 
impact of delivering RTS,S/AS01 to those children who do not use an insecticide-treated net (ITN), but who received 
the DTP3 vaccine, was also estimated.

Results:  Uptake of DTP3 was higher than malaria intervention coverage in most countries. Overall, 34% of children 
did not use ITNs and received DTP3, while 35% of children used ITNs and received DTP3, although this breakdown 
varied by country. It was estimated that there are 33 million children in these 20 countries who do not use an ITN. Of 
these, 23 million (70%) received the DTP3 vaccine. Vaccinating those 23 million children who receive DTP3 but do not 
use an ITN could avert up to an estimated 9.7 million (range 8.5–10.8 million) clinical malaria cases each year, assum-
ing all children who receive DTP3 are administered all four RTS,S doses. An additional 10.8 million (9.5–12.0 million) 
cases could be averted by vaccinating those 24 million children who receive the DTP3 vaccine and use an ITN. Chil-
dren who had access to or used an ITN were 9–13% more likely to reside in rural areas compared to those who had 
neither intervention regardless of vaccination status. Mothers’ education status was a strong predictor of intervention 
uptake and was positively associated with use of ITNs and vaccination uptake and negatively associated with having 
access to an ITN but not using it. Wealth was also a strong predictor of intervention coverage.

Conclusions:  Childhood vaccination to prevent malaria has the potential to reduce inequity in access to existing 
malaria interventions and could substantially reduce the childhood malaria burden in sub-Saharan Africa, even in 
regions with lower existing DTP3 coverage.

Keywords:  Malaria vaccine, RTS,S/AS01, Expanded Programme on Immunization, Demographic and Health Surveys, 
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Background
The introduction of the Millennium Development 
Goals in 2000 helped to catalyse widespread scale-up 
of core contemporary malaria control interventions in 
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sub-Saharan Africa: insecticide-treated nets (ITNs), 
indoor residual spraying (IRS), chemoprevention for 
pregnant women, and more recently, chemoprevention 
of children in areas of seasonal transmission [1]. Access 
to treatment of clinical malaria with artemisinin-based 
combination therapy also increased [1]. Although malaria 
burden has declined significantly over the previous two 
decades, progress has recently stalled, with the 10 high-
est-burden African countries reporting an increase in 
cases in 2017. Malaria now remains a leading cause of 
childhood morbidity and mortality. Worldwide in 2019 
there were an estimated 229 million cases of malaria and 
409,000 deaths, with over 90% of the deaths occurring in 
sub-Saharan Africa [2]. Funding for malaria has remained 
relatively stable since 2010, but the level of investment 
remains far short of what is required under the World 
Health Organization (WHO) Global Technical Strategy 
for Malaria (GTS) [3]. The WHO, alongside other part-
ners, is now prioritizing the country-led “high burden to 
high impact” initiative, which aims to strategically reduce 
malaria cases and deaths in the highest burden settings 
through optimally delivered packages of malaria inter-
ventions, coordinated across health and other sectors [4].

Between 2016 and 2018, 578 million ITNs were deliv-
ered globally, compared to a total of 582 million between 
2014 and 2016 [5, 6]. However, reported usage of ITNs 
has improved only marginally since 2015 [6]. In addi-
tion, fewer people at risk of malaria are being protected 
by IRS; globally, IRS protection declined from a peak of 
5% in 2010 to 2% in 2018 [6]. Furthermore, a high pro-
portion of febrile children do not receive medical care 
(median: 36%, IQR: 28–45% based on a separate analy-
sis of 20 household surveys conducted in sub-Saharan 
Africa between 2015 and 2018) [6]. Uptake of these 
interventions varies within and between countries and 
is not evenly distributed across demographic and socio-
economic strata [7–9]. While vector control has generally 
been identified as being more equitable—with ITN dis-
tribution in particular identified as “pro-poor”—wealth 
inequities persist [7, 10] and Webster et al. [9] found that 
ever-treated net coverage was strongly biased towards 
richer households in almost all countries included in 
their study.

Vaccination is one of the most successful and cost-
effective public health measures, and has the potential to 
greatly reduce inequity, particularly in low- and middle-
income countries [11, 12]. The Expanded Programme on 
Immunization (EPI) has been a key catalyst in expand-
ing access to childhood vaccines, with an estimated 86% 
coverage of DTP3 globally and 78% coverage in Africa 
in 2018 [13]. However, gaps in coverage do remain, with 
higher levels of inequality in countries with lower vac-
cine uptake and evidence of “pro-rich” coverage in some 

countries [14, 15]. Identifying those who are not receiv-
ing basic vaccines is therefore a priority [16, 17]. The 
majority of children who remain unvaccinated are geo-
graphically concentrated, with 60% of these children 
residing in ten countries (including four malaria endemic 
countries in Africa: Angola, the Democratic Republic of 
Congo (DRC), Ethiopia, and Nigeria) [16].

The RTS,S/AS01 vaccine for Plasmodium falciparum 
malaria is the first vaccine to show partial protection 
against clinical and severe malaria in children. The multi-
site phase 3 trial of the RTS,S vaccine demonstrated 
39.0% (95% CI 34.3–43.3%) protective efficacy against 
clinical malaria in young children who received all four 
doses, over 4  years of follow-up according to the per-
protocol population [18]. Pilot implementation of the 
vaccine is now underway in three African countries—
Ghana, Kenya and Malawi [19]—and the findings from 
this cluster-randomized pilot study will inform public 
health policy decisions about wider roll-out of the vac-
cine, including the potential for RTS,S to be incorporated 
in the EPI [20].

This study sought to assess the potential of RTS,S to 
avert malaria cases, in malaria-endemic African coun-
tries, in light of the coverage of EPI vaccines compared to 
other malaria interventions. Using data from household-
based Demographic and Health Surveys (DHS), indi-
vidual children were stratified into groups on the basis 
of reported ITN coverage (ownership and usage) and 
DTP3 vaccination status [21]. These groupings were used 
to explore socio-economic factors driving intervention 
uptake and to quantify the potential that introduction of 
the RTS,S vaccine could have in reducing malaria burden 
in those who are not currently accessing or using ITNs.

Methods
Data sources
Data were obtained from DHS and Malaria Indicator 
Surveys (MIS) in Africa [21]. Both are large, nationally 
representative, household surveys typically conducted 
every three to 4 years. The initial scope included all Afri-
can countries with at least one administrative 1 (admin-
1) unit with P. falciparum prevalence in 2–10-year-old 
individuals (PfPR2-10) greater than 10% based on Malaria 
Atlas Project (MAP) estimates for 2016 [22]. This thresh-
old was chosen as the level above which the RTS,S 
malaria vaccine has been estimated to be highly cost-
effective [23]. Twenty-six countries met the inclusion 
criteria. For each, the most recent DHS and MIS, where 
geolocation data and parasite prevalence data were also 
available, were identified. Geolocation data were not 
available for South Sudan, Equatorial Guinea or Niger, 
and prevalence data were not available for Chad, Gabon 
or the Central African Republic. These countries were, 
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therefore, excluded from the analysis. This resulted in 20 
countries eligible for analysis with a median country-level 
parasite prevalence of PfPR2-10 = 23% (range 5–43%). The 
DHS and/or MIS dataset used for each country is listed 
in Additional file 1: Table S1.

To quantify vaccination uptake, individual-level data 
on the childhood vaccination status of DTP3 (adminis-
tered at 14  weeks of age) and measles (administered at 
9  months of age) for children aged 12–35  months were 
extracted from the DHS. A child was defined as having 
received DTP3 if they had received three doses, and hav-
ing received the measles vaccine if they had received the 
first dose. This could be recorded by a mark on a vaccine 
card or a mother’s response. DTP3 and measles vaccine 
coverage were found to be highly correlated at the coun-
try level (Additional file 1: Fig. S2) and, therefore, DTP3 
vaccination status was used as an indicator of access to 
vaccination.

All DHS and MIS collect information on ITNs, there-
fore data on ITN access and usage could be linked to data 
on vaccination uptake at the individual level. A child was 
defined as using an ITN if they slept in the house on the 
previous night and used either an ITN, or both an ITN 
and untreated net, that previous night (these are both 
options in the DHS survey). A child was defined as hav-
ing access to a net if they slept in the house on the previ-
ous night and had a mosquito bed net for sleeping. IRS 
was not considered in this analysis due to the low global 
percentage of households protected by this method.

Data on P. falciparum malaria prevalence and the pro-
portion of children seeking treatment for fever were 
not consistently available in all DHS surveys and, there-
fore, could only be matched at the country or admin-1 
level, using MIS data where possible (Additional file  1: 
Table  S1). Treatment coverage was defined as the pro-
portion of children aged between 12 and 59 months for 
whom fever was reported within the previous 2  weeks 
and who sought medical treatment. P. falciparum malaria 
prevalence was based on rapid diagnostic test (RDT) 
results in children aged between 12 and 59 months. The 
prevalence data were not included in the survey data 
sets for two countries at the individual level (Cameroon 
and Zambia), therefore, these values were obtained 
directly from the corresponding reports aggregated at the 
admin-1 level (Additional file  1: Table  S1). All country 
and admin-1 coverage estimates were adjusted using the 
reported sample weights according to the DHS guidance 
[21].

Data on gender, age, rural/urban status, the highest 
level of the mother’s education, and the wealth index 
were extracted to explore additional determinants under-
lying variation in access to vaccines and malaria inter-
ventions. These variables are included in the DHS and 

were available for the same children who had information 
recorded about vaccination status, ITN access and ITN 
usage. All data were extracted using the rdhs package in 
R software [24].

Analysis
Six groups were defined, based on the vaccination status, 
ITN access and ITN usage for each child:

1.	 Did not receive the DTP3 vaccine and did not have 
access to or sleep under an ITN;

2.	 Did not receive the DTP3 vaccine and had access to, 
but did not sleep under, an ITN;

3.	 Did not receive the DTP3 vaccine but did sleep under 
an ITN;

4.	 Received the DTP3 vaccine but did not have access to 
or sleep under an ITN;

5.	 Received the DTP3 vaccine had access to, but did not 
sleep under, an ITN; and

6.	 Received the DTP3 vaccine and slept under an ITN.

The first group was termed “missed children” since 
these children do not have access to an ITN and are 
also unlikely to benefit from the introduction of the 
malaria vaccine introduced via the EPI. The fourth and 
fifth groups were termed “prospective children” since 
these children are not currently using ITNs but could 
be accessed via EPI to receive the malaria vaccine. The 
variation in associations between ITN usage and vaccine 
uptake were tested using the Breslow Day test (to assess 
conditional independence) and the Woolf test (to assess 
homogeneous associations) whilst accounting for corre-
lation at country level by use of stratification.

A multinomial mixed effect model for nominal (unor-
dered) outcomes was fitted to explore the determinants 
of overlap in vaccine coverage and ITN access and usage. 
This allowed groups 2–6 to be contrasted against the 
reference group (the “missed children”), while account-
ing for variation at the country level using a random 
intercept [25, 26]. The following variables were consid-
ered during the model building process: age of the child; 
malaria prevalence of the region in which the child lived; 
sex of the child; mother’s education level; and whether 
the region in which a child lived was classified as rural or 
urban. Within each country, for each outcome level, there 
were an average of 2.24 observations associated with each 
survey cluster. Therefore, it was not feasible to consider 
clustering at the survey cluster level due to of the very 
few observations available. Prevalence of malaria parasi-
taemia was not found to be a significant variable and was 
subsequently removed from the model. These analyses 
were undertaken using SAS version 9.4 [27].
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The number of children aged 12–59 months at risk of 
malaria for each country were estimated by multiplying 
the proportion of children in each group at the at the 
admin-1 level by the at-risk population for each admin-1 
unit and aggregating it to the country level. Demographic 
and population data were obtained from the United 
Nations World Population Prospects 2015 and 2016 pro-
jections, respectively [28], and population spatial distri-
butions from the GPW dataset [29]. Populations-at-risk 
were estimated as those living within the spatial limits 
of P. falciparum [30]. The number of cases that could be 
averted by the vaccine in prospective children were then 
estimated using only the at-risk populations of the pro-
spective group who received the DTP3 vaccine but did 
not use an ITN (groups 4 and 5). The number of cases 
averted for those who already have a vaccine and use an 
ITN (group 6) were also calculated. For groups 4–6, it 
was assumed that all children who received DTP3 would 
also receive the RTS,S malaria vaccine (thereby estimat-
ing impact for a country-specific upper bound of cover-
age), and that the vaccine reduces the clinical incidence 
of malaria across this age group by 39% irrespective of 
whether they used an ITN [31]. The number of cases 
averted was calculated at the admin-1 level and aggre-
gated at the country level. To calculate uncertainty ranges 
for cases averted, we applied the upper and lower bounds 
of the 95% confidence interval for vaccine efficacy 
reported in the clinical trial (43.3% and 34.3% respec-
tively [18]). To obtain the clinical incidence prior to vac-
cine introduction, a model-based relationship between 
parasite prevalence and clinical incidence (Additional 
file 1: Fig. S2) was used to translate the estimates of para-
site prevalence by RDT in children younger than 5 years 
from the corresponding DHS or MIS [32].

Results
Figure  1 shows the country-level relationship between 
DTP3 vaccine coverage and three malaria interven-
tion coverage indicators (ITN usage, ITN access and 
the proportion of fever cases seeking treatment). 
Across the majority of countries, vaccination coverage 
was higher than any of the selected malaria interven-
tion coverage indicators. The highest levels of malaria 
intervention coverage had access to ITNs; with eight 
of the 20 countries analysed having higher ITN access 
compared to vaccination coverage (Angola, Benin, Côte 
d’Ivoire, DRC, Guinea, Mali, Nigeria and Uganda). 
However, this difference was only substantial (> 10%) 
in three of these countries (Benin, Malawi and Nige-
ria). Furthermore, there was a consistent gap between 
ITN access and ITN usage in all countries. ITN usage 
was lower than vaccination coverage in all but three 
countries (Benin, DRC and Mali). Only one country 

(Angola) had lower vaccine coverage than proportion 
of children seeking treatment for fever.

Overall, 34% of children did not use ITNs (groups 4 
and 5: either no access or access but did not use) but 
received the DTP3 vaccine, and 35% of children both 
used ITNs and received the DTP3 vaccine (Table  1). 
There was significant variation in the association 
between ITN use and DTP3 vaccine uptake between 
countries (Breslow Day and Woolf tests both had val-
ues < 0.001). The highest proportion of children who 
received no DTP3 vaccine and did not use an ITN were 
in south-western Africa, whereas the lowest proportion 
were in the south-east of Africa (Fig. 2A). In contrast, 
the highest proportion of children who received the 
DTP3 vaccine and did not use an ITN were in south-
eastern Africa and the lowest were south-western 
Africa (Fig. 2B). Examining unvaccinated children, 16% 
of children used ITNs but were not vaccinated, and 15% 
of children did not receive either intervention.

In the 20 countries analysed it was estimated that 
there are 33 million children at risk of malaria who 
currently do not use an ITN (Table  1). Of these, 23 
million (70%) are in the “prospective” group that did 
receive the DTP3 vaccine and hence could potentially 
receive protection from the malaria vaccine under 
existing distribution channels. Cameroon, DRC, Kenya, 
Mozambique, Nigeria, Tanzania and Uganda each have 
more than one million children in this group. How-
ever, Angola,   DRC, and Nigeria each have more than 
one million children in the “missed children” category 
who did not receive the DTP3 vaccine and do not have 
access to a net. Across the 20 countries, approximately 
the same number of children in the “prospective” group 
(children who receive DTP3 but are not protected by an 
ITN), who do not currently use an ITN, had access to 
an ITN than did not despite individual countries having 
very different levels of overall access to ITNs. This pat-
tern was repeated in the “missed children” group.

By vaccinating all children in the “prospective” group 
up to an estimated 9.7 million (uncertainty range 8.5–
10.8 million) malaria cases could be averted each year 
across these 20 countries, assuming that all children 
who receive the DTP3 vaccine would receive all four 
doses of the RTS,S malaria vaccine (Table 2). An addi-
tional 10.8 million (9.5–12.0 million) cases could be 
averted by vaccinating those 23 million children who 
both use an ITN and have the DTP3 vaccine. Despite 
the relatively low vaccination coverage levels in Nige-
ria, 30% of total cases averted would be averted by vac-
cinating children in this country with a further 22% in 
two additional countries—Cameroon and the DRC.

The associations between demographic and socio-
economic variables and the different intervention 
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coverage groups are shown in Fig.  3. Older children 
(aged 24–35  months) were less likely to have received 
the DTP3 vaccine and use an ITN compared to younger 
children (aged 12–23 months). There were notable dif-
ferences in intervention coverage between rural and 
urban populations; those that had access to or used a 

net were more likely to reside in rural areas compared 
to the missed children regardless of vaccination sta-
tus (p = 0.034) whereas those that received the DTP3 
vaccine, but did not have access to a net, were more 
likely to reside in urban areas compared to the missed 
children (p = 0.006). The mother’s education status 

Fig. 1  Comparison of ITN usage, ITN access, proportion of children seeking treatment and DTP3 coverage. The colour gradient represents P. 
falciparum prevalence in children aged 12–59 months. The countries shown are: AO—Angola, BF—Burkina Faso, BJ—Benin, BU—Burundi, CD—
Democratic Republic of Congo, CI—Cote d’Ivoire, CM—Cameroon, GH—Ghana, GN—Guinea, KE—Kenya, LB—Liberia, ML—Mali, MW—Malawi, 
MZ—Mozambique, NG—Nigeria, SL—Sierra Leone, TG—Togo, TZ—Tanzania, UG—Uganda and ZM—Zambia. A–C show ITN usage, ITN access and 
the proportion of children seeking treatment versus DTP3 coverage, respectively. D Difference in DTP3 coverage and ITN usage ranked in order of 
increasing difference with the bars coloured by P. falciparum prevalence. E Difference in DTP3 coverage and ITN access ranked in order of increasing 
difference with the bars coloured by P. falciparum prevalence. F Difference in DTP3 coverage and proportion of children seeking treatment with 
the bars coloured by P. falciparum prevalence. In Figs D–F, positive bars indicate where DTP3 coverage is higher than the intervention it is being 
compared against
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was strongly associated with intervention uptake with 
membership of all intervention groups that either used 
an ITN and/or received the DTP3 vaccine (groups 3, 
4, 5 and 6) being significantly associated with higher 
levels of education (p < 0.001). Furthermore, member-
ship of the group that did not receive the vaccine and 
had access to a net but did not use it (group 2) was sig-
nificantly less likely in those that had received higher 
education compared to those that received little or no 
education. The wealth index was also a strong predictor 
of intervention coverage. Membership of all interven-
tion groups that had either received the DTP3 vaccine, 
or owned and/or used a net, was significantly associ-
ated with higher wealth levels after controlling for the 
urban/rural divide. Those receiving higher incomes 
were approximately twice as likely to access both nets 
and vaccines (groups 5 and 6) compared to those in the 
lower wealth quintile (p < 0.001). The numbers of chil-
dren in each group are provided in Additional file  1: 
Table S2.

Discussion
The substantial declines in the burden of malaria in sub-
Saharan Africa since 2010 have been attributed primarily 
to the rapid increase in access and usage of ITNs along-
side slower but significant improvements in access to 
first-line treatment [33]. However, in more recent years 
the coverage of both interventions has plateaued, with 
the most recent household surveys analysed here demon-
strating sub-optimal levels of ITN usage in many coun-
tries (at or below 50%) and even lower rates of treatment 
seeking for fever. In contrast, supported by the estab-
lishment of Gavi, The Vaccine Alliance in 2000 and the 
WHO’s EPI, uptake of childhood vaccination has stead-
ily increased, although the past decade has seen some 
stagnation [16, 34]. As demonstrated in this analysis, 
vaccine coverage is high in most of the 20 countries stud-
ied here, with only two countries (Angola and Guinea) 
reporting under 50% uptake in their most recent DHS. 
Furthermore, these results demonstrate that coverage of 
vaccines administered via the EPI is substantially higher 

Table 1  Numbers of children aged 12–59  months at risk of malaria and receiving different intervention combinations (DTP3 
vaccination and/or an ITN)

The percentage is relative to the total for that country. The analysis was performed at the admin-1 unit level and the total numbers of children were then aggregated 
at the country level. A child without an ITN either had no access to an ITN or had access but did not use it

Country Total number of 
children, thousands

Children without ITN 
or vaccine, thousands

Children without ITN but 
vaccinated, thousands

Children with ITN but 
no vaccine, thousands

Children with ITN and 
vaccine, thousands

Angola 2672 1243 (47%) 715 (27%) 402 (15%) 312 (12%)

Benin 1043 104 (10%) 153 (15%) 272 (26%) 513 (49%)

Burkina Faso 1901 116 (6%) 797 (42%) 76 (4%) 912 (48%)

Burundi 1097 20 (2%) 602 (55%) 12 (1%) 463 (42%)

Cameroon 4361 904 (21%) 2753 (63%) 129 (3%) 575 (13%)

Democratic 
Republic of 
Congo

8252 1522 (18%) 1842 (22%) 1829 (22%) 3060 (37%)

Côte d’Ivoire 2132 399 (19%) 776 (36%) 279 (13%) 677 (32%)

Ghana 2242 167 (7%) 967 (43%) 103 (5%) 1006 (45%)

Guinea 1453 643 (44%) 373 (26%) 220 (15%) 217 (15%)

Kenya 3365 167 (5%) 1122 (33%) 148 (4%) 1928 (57%)

Liberia 406 71 (18%) 165 (41%) 49 (12%) 121 (30%)

Malawi 1752 82 (5%) 893 (51%) 46 (3%) 730 (42%)

Mali 1967 220 (11%) 243 (12%) 580 (29%) 923 (47%)

Mozambique 2813 288 (10%) 1041 (37%) 202 (7%) 1281 (46%)

Nigeria 18,589 3281 (18%) 5758 (31%) 5005 (27%) 4545 (24%)

Sierra Leone 573 61 (11%) 201 (35%) 58 (10%) 253 (44%)

Tanzania 5348 218 (4%) 2143 (40%) 313 (6%) 2674 (50%)

Togo 964 122 (13%) 426 (44%) 58 (6%) 358 (37%)

Uganda 4189 351 (8%) 1027 (25%) 497 (12%) 2314 (55%)

Zambia 1701 114 (7%) 803 (47%) 83 (5%) 702 (41%)

Total 66,821 10,094 (15%) 22,801 (34%) 10,363 (16%) 23,564 (35%)
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than usage of ITNs or fever treatment-seeking rates in 
the majority of countries, which is consistent with other 
research [9]. This creates an opportunity to consider 
roll-out strategies for the introduction of a malaria vac-
cine that are distinct to implementation programmes 
for other malaria interventions, to maximize impact by 
building on the wider reach of the Expanded Programme 
on Immunization.

As noted elsewhere, the utilization of malaria interven-
tions and uptake of vaccination were found to be strongly 
associated with demographic and socioeconomic indi-
cators [7–10, 14, 15]. Perhaps not surprisingly given 
higher malaria prevalence, those accessing and using 
ITNs were more likely to reside in rural areas, whereas as 
higher uptake of the DTP3 vaccine was associated with 
urban areas, possibly because of better access to health-
care facilities. Uptake of vaccination was also strongly 
associated with both the mother’s educational level and 
the wealth quintile, although as noted elsewhere, even 
at lower levels of education and wealth, the coverage 
of vaccination remained high [15]. Access to ITNs and 
ITN usage were also both strongly associated with the 
mother’s education status and wealth; however, having 
access to a net but not using it whilst also not being vac-
cinated with DTP3 was more strongly associated with 
lower educational status of mothers than with wealth. In 

addition, vaccine and ITN usage were found to be asso-
ciated with age. Vaccine coverage may have improved 
over time so older children were less likely to be vacci-
nated than younger children and some net campaigns 
such as through antenatal care may better target younger 
children.

It was estimated that there are currently 33 million 
children in these 20 countries who are not using an ITN. 
Of these, 23 million (70% of the total children without 
an ITN) are estimated to have received the DTP3 vac-
cine and hence could be reached by the EPI. If the RTS,S 
malaria vaccine were made available to just these 23 mil-
lion children, up to an estimated 9.7 million cases (or 
0.44 cases per vaccinated child) could be averted each 
year (assuming all children who receive the DTP3 vaccine 
also receive the RTS,S). If the vaccine was also adminis-
tered to those children with an ITN and who were vacci-
nated (24 million additional children), up to an estimated 
additional 10.8 million cases (or 0.47 cases per vaccinated 
child) could also be averted. Around 40% of the total 
cases would be averted in the Democratic Republic of 
Congo and Nigeria, countries which are currently con-
tributing large proportions of malaria cases worldwide. 
This alone could represent a substantial reduction in the 
global malaria burden, reducing P. falciparum malaria 
cases by approximately 4%. However, there are still 9.8 

Fig. 2  Proportion of the population aged 12–59 months in each country who do not use an ITN (includes both access and does not use, and 
no access) and by vaccination status. A Proportion of children who have not been vaccinated with the DTP3 vaccine and did not use an ITN. B 
Proportion of children who have been vaccinated with the DTP3 vaccine and did not use an ITN. The countries shown are Angola, Burkina Faso, 
Benin, Burundi, Democratic Republic of Congo, Cote d’Ivoire, Cameroon, Ghana, Guinea, Kenya, Liberia, Mali, Malawi, Mozambique, Nigeria, Sierra 
Leone, Togo, Tanzania, Uganda and Zambia
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million children across the countries considered who 
would remain unprotected by either intervention; these 
“missed children” should remain the focus of initiatives 
to improve equity in access to both malaria interventions 
and vaccination.

There are several limitations to this analysis. First, the 
analysis was only undertaken for 20 of the 27 malaria-
endemic countries of interest within sub-Saharan Africa. 
Those countries for which data were not available con-
tributed around 10% of the Africa malaria burden in 2018 
and, therefore, also remain an important target for both 
malaria interventions and vaccination [6]. Second, due to 
the different survey designs, vaccination status and access 
to treatment were not able to be linked at the individual 
level. Given that both rely on access to health services, it 
is likely that these may be correlated, although levels of 
access to treatment remain well below vaccination rates. 
An alternative equity dimension that may be relevant 
to consider when targeting malaria interventions could 
be the potential for access to rapid treatment since both 

severe disease incidence and malaria mortality have been 
associated with the time taken to reach care [35, 36]. 
The definition of treatment used for this analysis is also 
limited because, depending on the policy within each 
country, in addition to presenting with a fever, a child 
would generally need to test positive for malaria using 
a rapid diagnostic test before being administered treat-
ment. In addition, some health centres may occasion-
ally experience treatment shortages. Third, to estimate 
the impact of the RTS,S vaccine on malaria burden the 
mean estimate of vaccine efficacy across the phase 3 trial 
sites over a 4-year period (39%) was applied. As usage 
of ITNs during the trial was very high, this likely repre-
sents an under-estimate of the true impact of the vac-
cine in this group of prospective children. A study using 
RTS,S trial and bed net usage in Malawi estimated that 
vaccinating a child in urban Lilongwe without a bed net 
could prevent 1.09 malaria cases, versus 0.67 for a child 
with a bed net. In rural Lilongwe, 2.59 and 1.59 malaria 
cases could be averted, respectively [37]. Furthermore, in 

Table 2  Estimated malaria cases averted

The numbers of cases, and percentage relative to the total across all countries, that could be averted annually in 12–59-month-old children if universal coverage of the 
RTS,S/AS01 vaccine was achieved, for those who received the DTP3 vaccine in each country, assuming that all children who received the DTP3 vaccine also received 
all four doses of the RTS,S malaria vaccine. These estimates are calculated for individual admin-1 units and aggregated at the country level. Uncertainty ranges in 
parentheses represent the calculated impact based on the 95% vaccine efficacy confidence interval reported in the clinical trial [18]

Country Total cases averted in 
thousands

Children using an ITN Children not using an ITN

Cases averted in 
thousands (uncertainty 
range)

Percentage of total 
averted across all 
countries

Cases averted in 
thousands (uncertainty 
range)

Percentage of total 
averted across all 
countries

Angola 162 (143–180) 54 (47–60) 0 109 (96–121) 1

Benin 282 (248–313) 220 (193–244) 1 63 (55–69) 0

Burkina Faso 1326 (1167–1473) 729 (641–809) 4 597 (525–663) 3

Burundi 583 (513–647) 237 (208–263) 1 346 (305–385) 2

Cameroon 1359 (1195–1508) 219 (193–243) 1 1140 (1002–1265) 6

Democratic 
Republic of 
Congo

2307 (2029–2562) 1420 (1249–1576) 7 888 (781–985) 4

Côte d’Ivoire 834 (733–926) 433 (381–481) 2 400 (352–445) 2

Ghana 836 (736–929) 465 (409–516) 2 371 (327–412) 2

Guinea 396 (348–439) 160 (140–177) 1 236 (208–262) 1

Kenya 536 (471–595) 399 (351–443) 2 137 (120–152) 1

Liberia 222 (195–246) 94 (82–104) 0 128 (113–142) 1

Malawi 930 (818–1033) 416 (366–462) 2 514 (452–571) 3

Mali 575 (506–638) 465 (409–516) 2 110 (97–123) 1

Mozambique 1251 (1100–1389) 692 (608–768) 3 559 (492–621) 3

Nigeria 5684 (4999–6311) 2887 (2539–3205) 14 2797 (2460–3106) 14

Sierra Leone 351 (309–390) 204 (180–227) 1 147 (129–163) 1

Tanzania 522 (459–580) 338 (297–376) 2 184 (162–204) 1

Togo 578 (508–641) 264 (232–293) 1 314 (276–348) 2

Uganda 1317 (1158–1462) 889 (782–987) 4 428 (377–476) 2

Zambia 491 (432–545) 245 (215–272) 1 246 (217–273) 1

Total 20,542 (18,066–22,807) 10,827 (9522–12,021) 53 9715 (8544–10,786) 47
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taking this simple approach to estimating vaccine impact, 
the differences in vaccine efficacy by endemicity that 
were observed in the trial, and the potential age-shifting 
of cases that would likely occur as a result of reduced 
exposure to infection, were not considered [23]. Fourth, 
universal malaria vaccine coverage for children who 
receive the DTP3 vaccine was assumed, which results in 
the estimate of cases averted being an upper bound. The 
RTS,S vaccine is delivered as a four-dose schedule, with 
the first and third doses aligning with existing EPI con-
tact points. Therefore, particularly in the early phase of 
vaccine introduction, it is possible that vaccine coverage 

could be lower than that of DTP3. In addition, cover-
age of the fourth dose is expected to be lower given the 
reduced health system contact as children become older. 
Some protection is still conferred from the first three 
doses (as demonstrated in the phase 3 trial), however the 
present analysis was not designed to estimate the impact 
of multiple levels of efficacies. Projected vaccine coverage 
will be informed by data from the pilot implementation 
studies as they progress. Fifth, this analysis was based 
on self-reported vaccination status and ITN use from 
household surveys across different years, which may not 
reflect the current situation; as such they are not directly 

Fig. 3  The relationship between demographic and socioeconomic variables and intervention coverage. Odds ratio estimates, 95% confidence 
levels and p values are shown for each of the predictors. All ratios are comparative to group 1 where children did not receive the DTP3 vaccine and 
have no access to an ITN (the “missed children”). Children in group 2 did not receive the DTP3 vaccine and had access to, but did not sleep under, 
an ITN; children in group 3 did not receive the DTP3 vaccine but did sleep under an ITN; children in group 4 received the DTP3 vaccine but did not 
have access to or sleep under an ITN; children in group 5 received the DTP3 vaccine and had access to, but did not sleep under, an ITN; and children 
in group 6 received the DTP3 vaccine and slept under an ITN
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comparable with estimates produced by the WHO (for 
malaria interventions and vaccination) and UNICEF (for 
vaccination), which are obtained by triangulating data 
from a number of sources. Several studies show that self-
reporting vaccination often leads to a slight overestimate 
of true coverage [38, 39]. Finally, this analysis scaled up 
restricted surveys on intervention coverage in order to 
obtain regional/national estimates of malaria cases that 
would be prevented if RTS,S was widely deployed. While 
this extrapolation of survey data introduces considerable 
uncertainty, these estimates still provide an indication of 
wider future RTS,S impact.

Conclusions
In summary, broadly high levels of childhood vaccina-
tion across malaria-endemic countries in sub-Saharan 
Africa, including in high P. falciparum prevalence regions 
where take-up of current interventions remains sub-opti-
mal, provide an opportunity to maximize the impact of 
childhood malaria vaccination. Older children were less 
likely to have received the DTP3 vaccine and use an ITN 
compared to younger children and the higher the levels 
of mother’s education and wealth indexes, the greater 
the intervention coverage. This study also highlights the 
considerable number of children who are not currently 
accessing routine childhood immunizations or core 
malaria interventions and who should be the focus of 
health equity initiatives in order to improve access. These 
combined findings allow for the identification of popula-
tions that could benefit most from the introduction of a 
childhood malaria vaccine and could be used to devise 
strategies for future malaria vaccine implementation.
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