
(Originally reviewed as annex 8 of the “Full evidence report on the RTS,S/AS01 malaria vaccine” 
prepared by the RTS,S/AS01 SAGE/MPAG Working Group in September 2021). 

WHO Guidelines for malaria 
 

Systematic reviews, background 
papers and other unpublished 

evidence considered in the 
development of recommendations 

 

Prevention/Vaccine 

 

 

Section 

4.3 Vaccine. In WHO Guidelines for malaria, originally published on 18 February 2022. 

Title 

Modelled public health impact and cost effectiveness estimates of RTS,S/AS01 malaria 
vaccine in perennial and seasonal settings (August 2021) 

a. An update to transmission modelling predictions of the RTS,S/AS01 malaria vaccine’s 
public health impact and cost-effectiveness to include preliminary evidence on the 
cost of delivery from the Malaria Vaccine Implementation Programme 

b. Mathematical modelling to inform policy decisions about a seasonal use-case for the 
RTS,S/AS01 malaria vaccine 

Authors 

a. Melissa A Penny, Sherrie L Kelly, Andrew J Shattock, Amanda Ross, Josephine 
Malinga (Swiss TPH); Peter Winskill, Alexandra Hogan, Pancho Mulongeni, Hayley 
Thompson, Bob Verity, Azra Ghani (Imperial College); Farzana Muhib, Ranju Baral, 
Saira Nawaz (PATH) 

b. Hayley A Thompson (Imperial College), Matt Cairns (LSHTM), Peter Winskill (Imperial 
College), Alexandra B Hogan (Imperial College), Azra C Ghani (Imperial College) 

Contact 

mvipinfo@who.int  

mailto:mvipinfo@who.int
mailto:mvipinfo@who.int


These reports were reviewed by the Strategic Advisory Group of Experts on Immunization 

(SAGE) and the Malaria Policy Advisory Group (MPAG) in October 2021 and were used to 

support the development of the recommendation included in the WHO Guidelines for 

malaria. It is being made publicly available for transparency purposes and information, in 

accordance with the WHO handbook for guideline development, 2nd edition (2014). 

The designations employed and the presentation of the material in this publication do not 

imply the expression of any opinion whatsoever on the part of WHO concerning the legal 

status of any country, territory, city or area or of its authorities, or concerning the 

delimitation of its frontiers or boundaries. Dotted and dashed lines on maps represent 

approximate border lines for which there may not yet be full agreement. 

The mention of specific companies or of certain manufacturers’ products does not imply 

that they are endorsed or recommended by WHO in preference to others of a similar nature 

that are not mentioned. Errors and omissions excepted, the names of proprietary products 

are distinguished by initial capital letters. 

All reasonable precautions have been taken by WHO to verify the information contained in 

this publication. However, the published material is being distributed without warranty of 

any kind, either expressed or implied. The responsibility for the interpretation and use of 

the material lies with the reader. In no event shall WHO be liable for damages arising from 

its use. 

The named authors alone are responsible for the views expressed in these documents. 

 



Annex 8: Modelled public health impact and cost effectiveness estimates of 

RTS,S/AS01 malaria vaccine in perennial and seasonal settings (August 2021) 

Annex 8a: An update to transmission modelling predictions of the RTS,S/AS01 malaria vaccine’s 

public health impact and cost-effectiveness to include preliminary evidence on the cost of delivery 

from the Malaria Vaccine Implementation Programme ................................................................. 1 

Annex .................................................................................................................................................. 7 

Annex 8b: Mathematical modelling to inform policy decisions about a seasonal use-case for the 

RTS,S/AS01 malaria vaccine ....................................................................................................... 15 

Annex 1 – Model validation results .................................................................................................. 20 

Annex 2 – Impact estimates .............................................................................................................. 24 

Annex 3 – Cost effectiveness ............................................................................................................ 36 

Annex 8a: An update to transmission modelling predictions of the 

RTS,S/AS01 malaria vaccine’s public health impact and cost-effectiveness to 

include preliminary evidence on the cost of delivery from the Malaria Vaccine 

Implementation Programme 

Authors: Swiss TPH, Melissa A Penny, Sherrie L Kelly, Andrew J Shattock, Amanda Ross, Josephine 

Malinga, Imperial College, Peter Winskill, Alexandra Hogan, Pancho Mulongeni, Hayley Thompson, 

Bob Verity, Azra Ghani, PATH, Farzana Muhib, Ranju Baral, and Saira Nawaz  

Objective(s) 

To generate impact and cost-effectiveness estimates across a range of generic transmission settings 

using a combination of existing RTS,S evidence and MVIP data, including the following: previously-

validated, modelled disease and vaccine parameters, and assumptions and cost of delivery estimates 

from the MVIP.   

Background 

From 2015 onwards, modelled predictions of RTS,S malaria vaccine public health impact and cost-

effectiveness were produced to compliment empirical observations from trial data and, more 

recently, the MVIP. Modelled predictions were produced by multiple groups using harmonized 

inputs that draw on data from the RTS,S Phase 3 clinical trials and malaria disease burden studies. 

Results from the 2015 analysis predicted a substantial public health impact and high cost-

effectiveness of the RTS,S vaccine across the wide range of settings modelled. At $5 per dose and a 

PfPR2-10 of 10–65%, the estimated median incremental cost-effectiveness ratio was $25 (16–222) per 

clinical case averted and $87 (48–244) per DALY averted respectively, for the four-dose schedule (1). 

All currency is in US dollars. 

Methods 

Two previously harmonized and validated models produced by Imperial College and Swiss TPH were 

used to predict the public health impact and cost-effectiveness of the RTS,S malaria vaccine. Model 
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descriptions are reproduced below from Penny et al 2015. Models used harmonized inputs and 

baseline scenarios to assess vaccine impact and cost-effectiveness. 

Imperial College. The model is a stochastic, individual-based simulation of a single population of 

humans linked to a stochastic compartmental model for mosquitoes. The model captures the 

combined effect of multiple interventions, including first-line treatment, LLINs and the RTS,S vaccine. 

The human infection process tracks individuals through stages of infection, with pre-erythrocytic and 

blood-stage immunity incorporated to capture the changing patterns of severe disease, clinical 

diseases and asymptomatic infection with age and exposure. The vector model includes larval stages 

as well as adult female mosquitoes to capture the feedback of vector control that kills adults on the 

population dynamics. Human infectiousness is related to asexual parasite dynamics and lagged to 

allow for development of gametocytes. Multiple vector species and heterogeneity in exposure is 

included. The model has been extensively fitted to data on the relationship between the 

entomological inoculation rate (EIR) and parasite prevalence, clinical disease, severe disease and 

deaths using Bayesian methods.  

Swiss TPH – OpenMalaria.  The model is a stochastic, individual-based, simulation model of malaria 

in humans linked to a deterministic model of malaria in mosquitoes. The simulation model includes 

sub-models of infection of humans, blood-stage parasite densities, infectiousness to mosquitoes as a 

lagged function of asexual parasite density, and incidence of morbidity, hospitalisation, and 

mortality. Pre-erythrocytic and blood-stage immunity comprise separate sub-models, with blood-

stage immunity predominating as infection-blocking immunity occurs only in those with very high 

cumulative exposure. The model considers heterogeneity in transmission for within-host variability, 

with transmission modelled through periodically varying vectorial capacity. The model is capable of 

capturing the synergistic effects of a range of user-defined preventative and therapeutic 

interventions, including vaccines. A range of model parameters are fitted to clinical data based on 

key relationships between the entomological inoculation rate (EIR), parasite prevalence, morbidity, 

and mortality. The methodology used to generate these estimates has been previously described (2). 

Model inputs and data sources 

Model inputs and assumptions are summarized in Table 1. For both the OpenMalaria and Imperial 

College models, the underlying model structure and vaccine parameterization has remained stable 

since the previous round of modelling. Although data availability and timing precluded the 

evaluation and validation of the model estimates against the sub-national estimates of impact from 

the MVIP, model predictions are expected to fall within the estimated confidence levels from the 

national MVIP data.  This preliminary suggests that the model estimates, including the current 

parameters, are broadly consistent with the current pooled estimates of impact from the MVIP. Key 

differences in model inputs include more comprehensive coverage and cost of delivery data that 

have been informed by MVIP. Where applicable, ranges shown in parentheses in Table 1 (vaccine 

coverage, cost of delivery) are explored in a sensitivity analysis. 

Table 1: Data sources and model assumptions. 

 Assumption Data Source Changed 
since 
2015 
report 

Demographics Constant population size and demography with an 
average life expectancy at birth of 46.6 years. 

Penny et al 
(1) 

No 
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Transmission 
intensity 

Parasite prevalence among 2–10-year-olds between 
3% and 65%, representing current transmission levels 
in Africa. 

MAP No 

Case management Effective coverage (i.e., treatment with parasitological 
cure) for clinical malaria is 45%. Access to care for 
severe malaria varied by model. 

Penny et al 
(1) 

No 

Other interventions 
(ITN, IRS, ACT, SMC, 
health care access) 

Predictions assume that current interventions in place 
at the start of vaccination remain at static levels. 

Penny et al 
(1) 

No 

Vaccine efficacy and 
waning 

Model predictions of RTS,S efficacy against infection 
profiles based on fitting to Phase 3 trial efficacy.1 

Penny et al 
(1) 

No 

Vaccine schedule Three doses of vaccine given at 6, 7.5, and 9 months 
old (6–9-month implementation) with a 
scheduled fourth dose at month 272 (6–9 months old 
with fourth dose). The first two doses of the primary 
series are assumed to have 0% efficacy. 

Penny et al 
(1) 

No 

Vaccine coverage 80% (range 50%–90%) coverage assumed for the first 
three-doses; we assumed a 20% drop-off in coverage 
for the fourth dose (64% coverage, range 40%–72%). 

MVIP Yes 

Seasonality Perennial transmission (no seasonality). Seasonal 
trends in rainfall, and therefore mosquito density, 
were assumed to be constant throughout the year.3 

Penny et al 
(1) 

No 

Vaccine price $5 (range $2–$10) per dose. 
$6.52 (range $2.69–$12.91) when including injection 
and reconstitution syringes, safety boxes, freight, 
insurance, and wastage (see Annex table 1). 

Penny et al 
(1) 

No 

Cost of delivery 
estimate 

We assumed an (economic, recurring) cost of delivery 
per dose of $1.62 (range $0.96–$2.67). 

Interim cost 
of delivery 
estimates 
from MVIP 

Yes  

Cost of malaria case 
management 

Costs are estimated by severity of illness and cover 
first-line antimalarial drugs, diagnostics, and related 
supplies including freight and wastage. We assumed 
full compliance and adherence with the age dosage. 
The same costs were applied to all settings, ranging 
from $1.07 to $2.27 per uncomplicated case, and from 
$21.78 to $55.58 per severe case. 

Penny et al 
(1) 

No 

 

Cost of Delivery. In previous analyses, RTS,S costs were estimated based on vaccine and 

immunization supplies including freight and wastage only, and were a likely underestimate of the 

cost of delivery. Here, the recurrent cost of delivery as observed during the MVIP was added to the 

vaccine costs. The recurrent cost of delivery, which excludes the introduction/initial set-up costs, 

may be more representative of the program delivery cost in the long run as the set-up costs for the 

MVIP countries were a substantial component of overall costs. Furthermore, modelers relied on 

recurrent costs because the sub-national introduction of RTS,S in pilot countries means that 

1 The phase 3 trial included data from 11 trial sites with different transmission intensities, and observations of efficacy 

against clinical and severe disease at 3-month intervals in each trial site for a median of 48 months follow-up. In 2015, both 
modelling groups calibrated the efficacy properties, including decay, of RTS,S, by replicating the trials in-silico and matching 
to uncomplicated malaria impact in the trials site. 
2 Not the schedule of 6, 7, 9 and 24 months, but the previous model uses the 27 month and that was assumed for the 
updated analysis as well.  
3 Results of the seasonal use case for RTS,S are included different part of the PAG report.  
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introduction costs were spread across a smaller number of doses delivered during the MVIP, 

particularly when compared to a full national roll out.   

The cost per dose delivered was calculated from the provider perspective and consisted of the cost 

of vaccines (at an assumed cost per dose), injection and reconstitution syringes, safety boxes, 

freight, insurance and wastage as per Penny et al 2015, plus delivery cost (Table 2). 

Table 2: Cost of delivery from the MVIP analysis included in Swiss TPH and Imperial college models All data 

presented US$.  

Cost per vaccine 
dose 

Cost per vaccination 
including vaccine cost 

Cost of delivery per dose 
(economic, recurring) 

Total cost per dose delivered 

Mean Min Max Mean Min Max 

2 2.69 1.62 0.96 2.67 4.31 3.65 5.36 

5 6.52 1.62 0.96 2.67 8.14 7.48 9.19 

10 12.91 1.62 0.96 2.67 14.53 13.87 15.58 

Vaccine Coverage. In addition to using updated cost of delivery estimates, revised assumptions for 

vaccine coverage were used to produce updated modelled predictions. Previously in 2015, vaccine 

coverage for the first 3 doses was assumed to be 90%, and the fourth dose had a drop of 20% from 

the third, resulting in 72% coverage of the fourth dose. After a review of the MVIP and based on 

feedback from the 2015 model, we assumed vaccine coverage of 80% for the first three doses and a 

20% drop off from the third dose, resulting in 64% coverage for the fourth dose for the purpose of 

this analysis and noting that the MVIP is currently not powered to analyze the fourth dose of RTS,S. 

To remain consistent with the original vaccine schedule of 3 doses, for all scenarios we define fully 

vaccinated children as those who have received the first 3 doses of the schedule. 

Findings 

We present vaccine impact and cost-effectiveness predictions summarized across a range of parasite 

prevalence levels among 2–10-year-olds of 10%–50%, to reflect 2020 prevalence levels in perennial 

settings (Table 2, Figure 1). A separate analysis has been conducted to look at the public health 

impact and cost-effectiveness of RTS,S in seasonal settings. Predictions of the potential public health 

impact of the RTS,S vaccine remain largely unchanged as both modelling groups have used the same 

malaria transmission and vaccine impact models that were used for the analyses performed in 2015, 

with minor adjustments to some parameters. The cost per DALY averted and cost per clinical case 

averted predictions (Table 3, Figure 1: D, E and F) have increased based on the updated additional 

cost of delivery predictions. Central estimates of cost-effectiveness from individual models still fall 

within the range of those presented in 2015 and RTS,S is still predicted to be cost-effective 

compared with standard norms and thresholds. The relative impact of the added cost of delivery 

predictions is larger at the lower ($2) assumed cost per dose level.  
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Table 3: Public health impact and incremental cost-effectiveness ratios (ICER) for 4-dose schedule at 15 years 

of follow-up in regions with a parasite prevalence among 2–10-year-olds of 10–50%.   

 Median estimate (range) 

 Swiss TPH model Imperial College Model 

Percentage of malaria deaths averted in 
children younger than 5 years 

9.2% (8.7% to 10.1%) 18.6% (13.6% to 20.8%) 

Percentage of clinical cases averted in children 
younger than 5 years 

13.2% (11.2% to 14.6%) 20.9% (20.1% to 23.6%) 

Malaria deaths averted per 100,000 fully 
vaccinated children (receives at least 3 doses) 
4 

417 (205 to 540) 448 (315 to 534) 

Malaria clinical cases averted per 100,000 fully 
vaccinated children 

108,824 (46978 to 
121182) 

101,413 (57839 to 145301) 

ICER ($) per DALY averted   

   $2 per dose $50 (42 to 120) $52 (43 to 78) 

   $5 per dose $97 (81 to 230) $103 (86 to 151) 

   $10 per dose $175 (146 to 412) $187 (157 to 274) 

ICER ($) per clinical case averted   

   $2 per dose $31 (25 to 46) $14 (10 to 26) 

   $5 per dose $59 (48 to 89) $28 (19 to 50) 

   $10 per dose $105 (87 to 160) $52 (35 to 91) 

Estimates show the median and range of model predictions across transmission settings. Please note 

that summary statistics are not directly comparable between the current analysis and Penny et al 

(2015), due to the way the estimates are presented. Updated predictions show the median and 

range of model predictions (at 80% coverage), whilst predictions from Penny et al (2015) (1) show 

the median (range) across four models’ medians (at 90% coverage). Additionally, the estimates in 

the table above show the summary statistics over a PfPr range of 10-50% (current prevalence in 

2021), whilst predictions from Penny et al show summary statistics across a PfPr range of 10-65%.   

Figure 1. Summary of impact and cost-effectiveness predictions for RTS,S across transmission settings of 3-

65%.  

4 The SwissTPH model deaths include those directly attributable to the disease and those caused by co-morbidities. The 

absolute number of deaths (and how RTS,S impacts them) can differ between models which can result in similar deaths 

averted per 100,000, despite there being a different percent of deaths averted.  
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Figures above reflect the full range of possible PfPr from 3% to 65%. Panels in the top row show 

predictions of impact of A) clinical cases, B) hospitalizations, and C) malaria deaths averted per 

100,000 fully vaccinated children, as a function of baseline parasite prevalence among 2–10-

year-olds (PfPr2-10) from Imperial (blue bars) and Swiss TPH (mauve bars) models. Bars represent 

the median estimate and the error bars represent the 95% credible intervals. Panels in the 

bottom row show the cost per DALY averted as a function of PfPr2-10 for an assumed cost per 

dose of D) $2, E) $5 and F) $10 for Imperial (blue lines) and Swiss TPH (mauve lines) models. 

Lines represent the median estimate and shaded areas represent the 95% credible intervals. 
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Annex  
Comparison of predictions to Penny et al 2015 for PfPr of 10-65% 

Outputs from individual models, when summarized for regions with a  PfPr among 2–10 year olds of 

10%–65%, as in Penny et al 2015, were consistent with the range presented for the four models 

included in in Penny et al 2015 (Table 4). 

Table 4: Comparison of current and Penny et al 2015 predictions of the public health impact and cost-

effectiveness predictions for 4-dose schedule at 15 years of follow-up in regions with a  PfPr among 2–10 

year olds of 10%–65%.  

 Median estimate (range) Median estimate 
(range) across four 
models’ medians 

 Swiss TPH model Imperial College 
Model 

Penny et al 2015 

Percentage of malaria deaths 
averted in children younger 
than 5 years 

8.95% (5.3 to 10.1) 
17.5% (3.9 to 

20.8) 
18.0% (6.0 to 29.1)  

Percentage of clinical cases 
averted in children younger 
than 5 years 

12.2% (7 to 14.6) 
20.3% (18.1 to 

23.6) 
21.1% (7.9 to 30.6) 

Malaria deaths averted per 
100,000 fully vaccinated 
children 

396.5 (205 to 540) 474 (315 to 534) 484 (189 to 859) 

Malaria clinical cases averted 
per 100,000 fully vaccinated 
children 

82336.5 (46978 to 121182) 
119198 (57839 to 

163206) 
116480 (31450 to 

160410) 

ICER per DALY averted    

   $2 per dose $55.5 (42 to 120) $49 (43 to 78) $38 (18 to 97) 

   $5 per dose $105.5 (81 to 230) $97 (86 to 151) $87 (48 to 244) 

   $10 per dose $189.5 (146 to 412) $177 (157 to 274) $154 (99 to 487) 

ICER per clinical case averted    

   $2 per dose $38.5 (25 to 183) $12 (9 to 26) $10 (6 to 93) 

   $5 per dose $74 (48 to 345) $24 (17 to 50) $25 (16 to 222) 

   $10 per dose $132.5 (87 to 616) $44 (32 to 91) $51 (28 to 437) 

Table 4 shows the updated predictions show the median and range of model predictions (at 80% 

coverage) whilst predictions from Penny et al (2015) show the median (range) across four models’ 

medians (at 90% coverage) using the same PfPr as the Penny et al analysis. Although we cannot 

make a direct comparison of the estimates, we note that the Swiss TPH model predicted lower 

proportion of events averted in higher versus low transmission settings is partly explained by age-

shifting of disease in higher transmission areas.     

Sensitivity of cost-effectiveness predictions to cost of delivery and vaccine coverage 

We conducted a sensitivity analysis with the updated cost of delivery estimates and vaccine 

coverage. Overall, estimates varied when using minimum and maximum cost of delivery estimates 

(Tables 5-6, Figures 2-3) and remain fairly constant across range of coverages (Tables 7-8, Figures 4-

5). 

Cost of Delivery 

Tables and figures below include sensitivity analysis for minimum ($0.96) and maximum ($2.67) cost 

of delivery estimates. The predicted public health impact of the RTS,S vaccine is not affected by 
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variations in the estimated cost of delivery. Variations in the cost of delivery do have an impact on 

the total cost of the vaccination programme and therefore the estimate of the cost per DALY averted 

and cost per clinical case averted. At the minimum estimate for cost of delivery ($0.96), this 

additional cost contributes a relatively smaller proportion of the total costs that at the maximum 

estimate for cost of delivery ($2.67). The impact of changes to cost of delivery also interact with the 

assumed cost per dose. As the assumed cost per dose falls, the relative contribution of cost of 

delivery to the total costs becomes larger and therefore sensitivity in changes to the cost of delivery 

increase. For example, when varying the cost of delivery between the minimum and maximum, the 

cost per DALY averted at $2 per dose increases by approximately 50%, at $5 a dose by approximately 

24%, whilst at $10 per dose the increase falls to approximately 12% (Table 5-6). 

Table 5: Public health impact and cost-effectiveness predictions (medians and range) for 4-dose schedule at 

15 years of follow-up in regions with a parasite prevalence among 2–10 year olds of 10%–50% for minimum 

($0.96) cost of delivery estimate.  

 Median estimate (range) 

 Swiss TPH model Imperial College Model 

Percentage of malaria deaths averted in 
children younger than 5 years 

9.2% (8.7 to 10.1) 11.5% (8.3 to 13.5) 

Percentage of clinical cases averted in children 
younger than 5 years 

13.2% (11.2 to 14.6) 13.3% (12.6 to 15.1) 

Malaria deaths averted per 100,000 fully 
vaccinated children 

417 (205 to 540) 449 (313 to 536) 

Malaria clinical cases averted per 100,000 fully 
vaccinated children 

108824 (46978 to 
121182) 

98174 (57938 to 145881) 

ICER per DALY averted   

   $2 per dose $42 (36 to 101) $44 (36 to 67) 

   $5 per dose $89 (74 to 211) $94 (79 to 140) 

   $10 per dose $167 (139 to 393) $179 (150 to 263) 

ICER per clinical case averted   

   $2 per dose $26 (21 to 39) $12 (8 to 22) 

   $5 per dose $54 (44 to 82) $27 (18 to 46) 

   $10 per dose $100 (83 to 152) $51 (34 to 86) 

 

Figure 2. Summary of impact and cost-effectiveness predictions for RTS,S across transmission settings for 

minimum ($0.96) cost of delivery estimate. 
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Panels in the top row show predictions of impact of A) clinical cases, B) hospitalizations and C) 

malaria deaths avert per 100,000 fully vaccinated children as a function of baseline parasite 

prevalence among 2–10 year olds (PfPr2-10) from Imperial (blue bars) and SwissTPH (mauve bars) 

models. Bars represent the median estimate and error bars the 95% credible intervals. Panels in the 

bottom row show the cost per DALY averted as a function of PfPr2-10 for an assumed cost per dose of 

D) $2, E) $5 and F) $10 for Imperial (blue lines) and SwissTPH (mauve lines) models. Lines represent 

the median estimate and shaded areas the 95% credible intervals. 

Table 6: Public health impact and cost-effectiveness predictions (medians and range) for 4-dose schedule at 

15 years of follow-up in regions with a parasite prevalence among 2–10 year olds of 10%–50% for maximum 

($2.67) cost of delivery estimate.  

 Median estimate (range) 

 Swiss TPH model Imperial College Model 

Percentage of malaria deaths averted in 
children younger than 5 years 

9.2% (8.7 to 10.1) 11.5% (8.3 to 13.5) 

Percentage of clinical cases averted in children 
younger than 5 years 

13.2% (11.2 to 14.6) 13.3% (12.6 to 15.1) 

Malaria deaths averted per 100,000 fully 
vaccinated children 

417 (205 to 540) 449 (313 to 536) 

Malaria clinical cases averted per 100,000 fully 
vaccinated children 

108824 (46978 to 
121182) 

98174 (57938 to 145881) 

ICER per DALY averted   

   $2 per dose $63 (53 to 150) $66 (55 to 99) 

   $5 per dose $110 (92 to 260) $117 (98 to 173) 

   $10 per dose $188 (156 to 442) $201 (169 to 296) 

ICER per clinical case averted   

   $2 per dose $38 (32 to 58) $19 (12 to 32) 

   $5 per dose $66 (55 to 101) $33 (22 to 57) 

   $10 per dose $113 (94 to 171) $57 (38 to 97) 
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Figure 3. Summary of impact and cost-effectiveness predictions for RTS,S across transmission settings for 

maximum ($2.67) cost of delivery estimate. 

 

Panels in the top row show predictions of impact of A) clinical cases, B) hospitalizations and C) 

malaria deaths avert per 100,000 fully vaccinated children as a function of baseline parasite 

prevalence among 2–10 year olds (PfPr2-10) from Imperial (blue bars) and SwissTPH (mauve bars) 

models. Bars represent the median estimate and error bars the 95% credible intervals. Panels in the 

bottom row show the cost per DALY averted as a function of PfPr2-10 for an assumed cost per dose of 

D) $2, E) $5 and F) $10 for Imperial (blue lines) and SwissTPH (mauve lines) models. Lines represent 

the median estimate and shaded areas the 95% credible intervals. 

Vaccine Coverage 

Predicted vaccine impact has been previously shown to scale linearly with vaccine coverage (Figure 

4). As a result, outputs per 100,000 fully vaccinated children and ICER predictions remain fairly 

constant across the range of coverages (50%–90%). 

Figure 4: Illustration of linear scaling of modelled vaccine impact with respect to vaccine coverage for two 

representative transmission levels (PfPr: 20% and 50%). 
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Each bar shows cumulative number of clinical events averted over 5 years per 1000 children under 5 

for a given coverage. Similar trends are seen for deaths averted. This figure reproduced from 

previous MVIP modelling. 

The tables and figures below include a sensitivity analysis at lower (50%) and higher (90%) 

vaccination coverage. Whilst the absolute predictions of public health impact vary with coverage, 

estimates per 100,000 fully vaccinated children and ICER estimates are insensitive to changes in 

coverage. When varying coverage both the impact and costs also vary linearly, leading to similar 

proportional changes in the numerators and denominators of these estimates (Table 7-8). Small 

differences in the Imperial college model predictions are a result of stochastic variation between 

simulation runs. 

Table 7: Public health impact and cost-effectiveness predictions (medians and range) for 4-dose schedule at 

15 years of follow-up in regions with a parasite prevalence among 2–10 year olds of 10–50% for lower (50%) 

vaccine coverage.  
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 Median estimate (range) 

 Swiss TPH model Imperial College Model 

Percentage of malaria deaths averted in 
children younger than 5 years 

5.7% (5.4 to 6.3) 11.5% (8.3 to 13.5) 

Percentage of clinical cases averted in children 
younger than 5 years 

8.3% (7 to 9.1) 13.3% (12.6 to 15.1) 

Malaria deaths averted per 100,000 fully 
vaccinated children 

417 (205 to 540) 449 (313 to 536) 

Malaria clinical cases averted per 100,000 fully 
vaccinated children 

108824 (46978 to 
121182) 

98174 (57938 to 145881) 

ICER per DALY averted   

   $2 per dose $50 (42 to 120) $52 (43 to 79) 

   $5 per dose $97 (81 to 230) $103 (86 to 153) 

   $10 per dose $175 (146 to 412) $187 (157 to 276) 

ICER per clinical case averted   

   $2 per dose $31 (25 to 46) $15 (10 to 26) 

   $5 per dose $59 (48 to 89) $29 (19 to 50) 

   $10 per dose $105 (87 to 160) $54 (35 to 91) 

 

Figure 5. Summary of impact and cost-effectiveness predictions for RTS,S across transmission settings for 

lower (50%) vaccine coverage for PfPr 3-65%. 

 

Panels in the top row show predictions of impact of A) clinical cases, B) hospitalizations and C) 

malaria deaths avert per 100,000 fully vaccinated children as a function of baseline parasite 

prevalence among 2–10 year olds (PfPr2-10) from Imperial (blue bars) and SwissTPH (mauve bars) 

models. Bars represent the median estimate and error bars the 95% credible intervals. Panels in the 

bottom row show the cost per DALY averted as a function of PfPr2-10 for an assumed cost per dose of 

D) $2, E) $5 and F) $10 for Imperial (blue lines) and SwissTPH (mauve lines) models. Lines represent 

the median estimate and shaded areas the 95% credible intervals. 
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Table 8: Public health impact and cost-effectiveness predictions (medians and range) for 4-dose schedule at 

15 years of follow-up in regions with a parasite prevalence among 2–10 year olds of 10%–50% for higher 

(90%) vaccine coverage.  

 Median estimate (range) 

 Swiss TPH model Imperial College Model 

Percentage of malaria deaths averted in children 
younger than 5 years 

10.3% (9.7 to 11.4) 21% (15 to 23) 

Percentage of clinical cases averted in children 
younger than 5 years 

14.9% (12.6 to 16.4) 23.2% (22.5 to 26.1) 

Malaria deaths averted per 100,000 fully 
vaccinated children 

417 (205 to 540) 446 (308 to 535) 

Malaria clinical cases averted per 100,000 fully 
vaccinated children 

108824 (46978 to 
121182) 

102537 (58622 to 
145484) 

ICER per DALY averted   

   $2 per dose $50 (42 to 120) $53 (42 to 80) 

   $5 per dose $97 (81 to 230) $104 (85 to 155) 

   $10 per dose $175 (146 to 412) $188 (156 to 279) 

ICER per clinical case averted   

   $2 per dose $31 (25 to 46) $14 (10 to 26) 

   $5 per dose $59 (48 to 89) $28 (20 to 50) 

   $10 per dose $105 (87 to 160) $51 (36 to 90) 

 

Figure 5: Summary of impact and cost-effectiveness predictions for RTS,S across transmission settings for 

higher (90%) vaccine coverage. 

 

Panels in the top row show predictions of impact of A) clinical cases, B) hospitalizations and C) 

malaria deaths avert per 100,000 fully vaccinated children as a function of baseline parasite 

prevalence among 2–10 year olds (PfPr2-10) from Imperial (blue bars) and SwissTPH (mauve bars) 

models. Bars represent the median estimate and error bars the 95% credible intervals. Panels in the 

bottom row show the cost per DALY averted as a function of PfPr2-10 for an assumed cost per dose of 
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D) $2, E) $5 and F) $10 for Imperial (blue lines) and SwissTPH (mauve lines) models. Lines represent 

the median estimate and shaded areas the 95% credible intervals. 

Incremental Cost-Effectiveness Ratio 

Figure 1. One-way sensitivity of ICER predictions to cost per dose, cost of delivery and coverage estimates. 

 

Colored bars indicate the minimum (coral) and maximum (teal) cost per event averted when varying 
the cost per dose, cost of delivery or coverage between their minimum and maximum value. Solid 
black lines show model uncertainty for the minimum and maximum estimate. All values are 
summarized over settings with parasite prevalence among 2–10 year olds of 10%–50% and 
presented in comparison with a baseline scenario of $5 per dose, mean cost of delivery estimate and 
80% coverage (vertical black dashed line). It shows that the ICER estimates are most sensitive to 
dose cost, somewhat sensitive to delivery cost and not sensitive to coverage estimates. 

Conclusion 

Both the Swiss TPH and Imperial College models predict a positive public health impact of the 

introduction of RTS,S in settings with PfPr2-10 between 10% and 50% over a 15-year time horizon, as 

well as in the 50-65% range which is consistent with previously published estimates. Although the 

cost per averted cases and cost per DALY have slightly increased respectively, due to the inclusion of 

more comprehensive cost of delivery, RTS,S is still considered cost-effective by general thresholds 

and standards. The predicted cost per DALY averted for RTS,S is higher than estimates for some 

other malaria interventions such as LLINs and IRS (2) but care should be taken when making direct 

comparisons as measures are sensitive to methodology and context. Furthermore, RTS,S has the 

potential to reach/protect those that are not reached by other malaria interventions. It is also 

important to note that RTS,S continues to be evaluated in the context of the consistent use of other 

malaria interventions. 
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Annex 8b: Mathematical modelling to inform policy decisions about a 

seasonal use-case for the RTS,S/AS01 malaria vaccine  

Hayley A Thompson1, Matt Cairns2, Peter Winskill1, Alexandra B Hogan1, Azra C Ghani 

1MRC Centre for Global Infectious Disease Analysis, Imperial College London 
2Faculty of Epidemiology and Population Health, LSHTM 

Summary  

• Population-level modelling indicates that in settings with seasonal malaria transmission  

seasonally targeted RTS,S vaccination (SV)  results in greater absolute reductions in malaria cases 

and deaths over 15 years compared to RTS,S delivery though an age-based Expanded Programme 

on Immunization (EPI) schedule.  

• While SV may avert more cases than EPI, further exploration of SV clinical trial data and model 

results highlights that SV will result in delayed age at first vaccination depending on birth month, 

with the potential for this to leave some children at risk of malaria in their first transmission 

season.   

• Reductions in malaria morbidity and mortality are greatest when vaccines are delivered in 

combination with Seasonal Malaria Chemoprevention (SMC), with SV + SMC predicted to result in 

the largest burden reductions when compared with either intervention implemented 

independently.   

• In seasonal settings with medium to high transmission intensity and the absence of SMC, cost-

effectiveness analysis, while illustrative, suggests that RTS,S vaccination is cost-effective at a cost 

per dose of $5. In the same seasonal transmission settings when SMC is already in use, RTS,S is 

not as cost-effective because benefits and costs are incremental to SMC. When RTS,S is used as a 

complement to SMC, ICERs are higher but of a similar magnitude as those reported elsewhere for 

EPI RTS,S delivery in perennial settings.   

• When considering RTS,S vaccination in seasonal settings the potential achievable coverage will 

likely determine the most beneficial delivery approach locally. In addition, a Hybrid vaccination 

strategy (EPI priming with seasonal fourth and fifth doses) could potentially combine the 

advantages of EPI (maintaining young age at first vaccination) and SV (fourth and fifth dose 

efficacy maximised to peak risk) along with distributional benefits. However further modelling is 

needed to understand the implications of such a schedule.   

Background  

The RTS,S/AS01 vaccine for P. falciparum malaria is being considered for future introduction into the 

EPI childhood vaccination schedule in malaria-endemic regions with perennial transmission. In 

addition, there is potential for this vaccine to be used, either in combination with or separately to 

Seasonal Malaria Chemoprevention (SMC), in regions where malaria transmission fluctuates 

seasonally. The seasonal malaria vaccination Phase 3b clinical trial assessed the relative impact of 

these interventions in two locations in Mali and Burkina Faso. In this report, we use data from the trial 

and an individual-based transmission model of P. falciparum malaria transmission, to estimate the 

impact of a seasonal use-case of the RTS,S vaccine. We consider the population level reductions in 

clinical malaria cases and deaths over 15 years and the cost-effectiveness of several RTS,S strategies 

in the absence of SMC and incremental to SMC. 

Methods  

Model estimates of seasonal intervention impact were validated against the results of the seasonal 

malaria vaccination Phase 3b clinical trial by capturing the site-specific epidemiology at the 
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administrative-1 level, and implementing the intervention delivery schedules, coverage, and age 

cohorts as reported in the trial.  With several biologically-motivated assumptions about the levels and 

decay of RTS,S and SMC efficacy over time, model outputs aligned closely with trial results (Annex 1.1). 

Without the present capacity for re-fitting, multiple intervention models are presented here to 

represent our uncertainty in intervention effects (Annex 1).  

 

The transmission model was parameterised as set out in Annex 2. Model comparisons were made 

across two seasonality archetypes, characteristic of the seasonality patterns across the Sahel (highly 

seasonal) and Sub-Sahel (seasonal) regions (Figure A5) with a baseline PfPR2-10 between 3-65%. Vector 

control interventions are assumed to remain static over follow up and are therefore reflected in the 

baseline PfPR2-10. Moderate levels of access to care were assumed (Effective coverage (i.e., treatment 

with parasitological cure) for clinical malaria of 45%).Three potential vaccination strategies were 

considered: EPI (age-based primary series and age-based fourth dose), SV (seasonally targeted 

primary series and seasonal fourth and fifth doses), and a Hybrid strategy (age-based primary series 

and seasonal fourth and fifth doses) (Table A2). The model structure cannot currently capture Hybrid 

vaccination strategies, therefore a simplified model of these schedules is presented in Annex 2.1, with 

the main results showing only EPI and SV deployment. Further population-level modelling of a Hybrid 

strategy is underway. Note that EPI is used as a shorthand descriptor of an age-based strategy (i.e. 

delivery of the first three doses between 5 and 9 months of age) and is not meant to imply a different 

role for immunization programs in delivering RTS,S vaccine seasonally.    

RTS,S impact – SV compared to EPI  
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The model simulations showed that SV resulted in greater reductions in cases and deaths than EPI 

vaccination across all endemicity settings in both seasonal and highly seasonal settings over 15 years. 

An additional fifth dose and/or higher fourth and fifth dose efficacy against infection increased this 

impact (Figure 1). 

Considering the effect of seasonality in the absence of SMC, the incremental benefit of SV over EPI 

(defined as the proportion of additional events averted with an SV versus EPI schedule) was larger in 

highly seasonal settings compared to seasonal settings (average 75% additional cases and 64% 

additional deaths averted vs 60% additional cases and 55% additional deaths averted). This is likely a 

result of the burden of malaria being concentrated in a shorter time period in highly seasonal settings 

compared to in seasonal settings where burden is more uniformly spread over 5–6 months. The 

benefit of seasonally targeting vaccines was reduced when considering the impact per 100,000 fully 

vaccinated children due to the increased number of doses delivered in the SV schedule (Figure 1B, 

1D).  

Despite SV resulting in the largest reductions in malaria cases and deaths over the 15-year period, 

modelling results showed EPI be more beneficial than SV during 10–20 months of age (when children 

are at higher risk of severe malaria outcomes), due to the disparity in ages of the first vaccine dose 

between strategies (Annex 2.1). A Hybrid strategy that uses EPI delivery for the primary series could 

potentially be more impactful than SV by preserving a young age at first vaccination and retaining the 

Figure 1 Cumulative clinical cases averted over 15 years as a function of baseline PfPR2-10  (four settings representative of medium 
to high transmission intensity are shown) and seasonality A&C) per population and B&D) per 100,000 fully vaccinated children. 
Coverage is fixed at 80% for the first three doses with a 20% drop off (from the 3rd dose) for the fourth and fifth doses (coverage 
is the same for the 4th and 5th dose). Fully vaccinated children are defined as those receiving the primary series (first three doses). 
EPI- is the four-dose age-based strategy, SV 4&5-dose is the seasonal strategy assuming the original vaccine efficacy profile from 
the Phase 3 RTS,S trials, SV 4&5-dose – updated booster is the seasonal strategy assuming the updated higher efficacy against 
infection for the 4th and 5th dose based on our validation to the seasonal malaria vaccination Phase 3b clinical trial (Annex 1).   
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population level benefits of seasonally targeted fourth and fifth doses that result in greater aggregate 

reductions in morbidity and mortality at older ages (Annex 2.1).  

RTS,S impact with SMC delivery 

The model simulations indicated the combination of RTS,S and SMC to be substantially more impactful 

than either intervention alone in seasonal settings. The combination of SV + SMC resulted in a greater 

number of cases and deaths averted compared to EPI + SMC (Figure 2). The inclusion of SMC alongside 

a vaccination schedule also reduces the effect of disparity in age at first vaccination between SV and 

EPI (Figure A11).  

On average across both seasonality profiles and endemicity levels, SV + SMC averted an additional 
61% more cases than SMC alone, with EPI + SMC averting an additional 31% more cases than SMC 
alone. When interventions were combined, the additional impact of vaccination over SMC was higher 
in seasonal settings , where the burden is spread over more of the year, than in highly seasonal 
settings. This may reflect the greater importance of protection from RTS,S outside the peak 
transmission season, in areas where transmission is less seasonal, when SMC is in place to address the 
burden during the peak months. 
 

 

Cost-effectiveness  

As no seasonal delivery cost data or introduction data is yet available for RTS,S, costs were assumed 

to be equivalent to EPI vaccination costs informed by MVIP data (Annex 3).  

When compared with no-vaccination, no SMC and standard levels of access to treatment and existing 

vector control at an assumed cost per dose of $5, ICERs for RTS,S vaccination alone in seasonal settings 

Figure 2 Cumulative clinical cases and deaths averted over 15 years per population as a function of baseline PfPR2-10 (four 
representative of medium to high transmission intensity are shown) and seasonality. Coverage is fixed at 80% for the first 
three doses with a 20% drop off for the fourth and fifth doses. SMC coverage at 75%. EPI- is the four-dose age-based strategy, 
SV 4&5-dose is the seasonal strategy assuming the original vaccine efficacy profile for the Phase 3 RTS,S trials. SV 4&5-dose 
– updated booster is the seasonal strategy assuming the updated higher efficacy against infection for the 4th and 5th dose and 
synergy the increase in the modelled total RTS,S and SMC efficacy against infection above that of each intervention when 
they are considered alone based on the seasonal malaria vaccination Phase 3b clinical trial.   

5.9_Malaria

SAGE meeting October 2021 18



were generally around $100 per DALY averted and less than $35 per case averted for a PfPR2-10 

between 10%-50% for all vaccination schedules (Table 1, Figure A14).  Incremental cost-per-case and 

cost-per-DALY averted for each vaccination schedule were lowest at intermediate to high levels of 

baseline PfPR2-10. Overall, the model estimated that ICERs were marginally lower for all SV schedules 

(i.e. more cost-effective) than for EPI schedules, despite  SV’s higher number of overall doses delivered 

(Table 1, Table A5).  

We also consider whether the addition of RTS,S to SMC is cost-effective relative to 4 monthly cycles 

of SMC alone. The cost-per-additional-case and -DALY averted were lowest at intermediate to high 

levels of baseline PfPR2-10. For an assumed cost per dose of $5, ICERs were generally lower than $160 

per DALY averted and less than $50 per case averted for a PfPR2-10 between 10%-50% (Table 1, Figure 

A15). Again, ICERs were lower for all SV schedules relative to EPI when combined with SMC (Table 1, 

Table A6). ICERs for SV and EPI schedules are higher but of a similar magnitude to those reported 

elsewhere for EPI RTS,S delivery in perennial settings 

 

Table 1. Comparison of cost-effectiveness estimates after 15 years of intervention delivery in regions with a 

PfPR2-10 between 10-50%. Results are averaged across both seasonality profiles. Results presented for a mean 

vaccine delivery cost of $1.62 per dose and unit cost of SMC of $1.07 per monthly cycle.  

 Interventions 

 EPI1 SV1,3 EPI + SMC2 SV + SMC2,3 

ICER per DALY averted 

$2 per dose $58.04 $47.63 $81.58 $60.09 

$5 per dose $112.84 $93.25 $157.63 $117.39 

$10 per dose $204.28 $169.36 $284.59 $212.98 

ICER per clinical case averted 

$2 per dose $17.66 $14.04 $26.30 $18.18 

$5 per dose $34.29 $27.44 $50.80 $35.31 

$10 per dose $62.03 $49.80 $91.67 $64.01 
1Incremental to no SMC and standard levels of access to treatment and existing vector control 
2Incremental to SMC delivery at 75% coverage and standard levels of access to treatment and existing vector 

control 
3Averaged across all SV intervention efficacy and dose models 
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Annex 1 – Model validation results 

Annex 1.1 Seasonal intervention model changes  

The seasonal malaria vaccination Phase 3b clinical trial occurred in two locations in southern Burkina 

Faso and Mali over the years 2017–2020. There were three trial arms: SV alone; SMC alone; and SV 

and SMC combined. We used the Imperial College London malaria transmission model to simulate the 

trial, by capturing the site-specific epidemiology at the administrative-1 level, and implementing the 

intervention delivery schedules, coverage, and age cohorts as reported in the trial.  

  

Figure A1 Model validation results. The datapoints in black are the trial reported pairwise Hazard Ratios for the intervention 
comparisons (Intention-to-treat) listed on the x-axis and the coloured triangles the model predictions. Dashed horizontal line 
represents the trial specified non-inferiority margin at 1.2 for RTS,S compared to SMC alone and the solid line the equivalence limit 
at IRR = 1. Colours represent the validation steps and the intervention efficacy model changes implemented in Annex results and 
Figure A2. Initial model estimate refers to the baseline intervention efficacy models of RTS,S and SMC from previous fittings. Original 
booster represents the RTS,S fourth dose efficacy profile fitted from the Phase III trial data. Updated booster represents increasing 
the efficacy of the fourth and fifth dose to the same level as after the primary series. Combined arm update represents an increase 
in the modelled RTS,S and SMC efficacy above that of each intervention when they are considered alone.  
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Preliminary model validation revealed several inconsistencies between the trial and model results. 

Figure A1 row 1 compares model estimated Incidence Rate Ratios (IRRs) aggregated over both 

countries at four different time points to those reported in the trial. While the model estimated IRR 

between SV and SMC fell within the 95% Confidence Interval of the trial results for Year 1, the model 

underestimated the remaining IRRs across all comparison arms and time points. We explored several 

variations to model parameterisation to investigate these differences.  

Firstly, the RTS,S efficacy profile implemented in these simulations assumes that efficacy following the 

fourth dose does not reach the same levels as after the primary series [1] (Figure A2). However yearly 

trial results suggest that efficacy of additional doses is comparable with that of the primary series 

(Figure A1). This increased efficacy could potentially result from the reduction in time between doses 

from 18 to 12 months having an impact on immune responses or reduced parasite exposure between 

doses over the dry season. Therefore, a modified fourth and fifth dose efficacy model was considered 

in which fourth and fifth dose efficacy reaches the same level as after the primary series (Figure A2). 

The results from this updated efficacy profile fell within or on the edge of the 95% CI of the IRR 

between SV and SMC across all time points (Figure A1 row 2). 

However, the model still underestimated the impact of the combined intervention arms when 

compared to each single intervention alone (Figure A1 row 2). This could be a result of synergies that 

occur when interventions are combined that are not currently captured in the model. For example, 

such synergies could potentially result from the vaccine induced reduction in the liver-to-blood 

inoculum of parasites resulting in more efficient clearance of parasites by SP+AQ.  To test this, a third 

comparison was conducted where we employ the efficacy models shown in red in Figure A2 for the 

combined arm only. With these changes the model results for the combined arm comparisons were 

more closely aligned to the trial results falling within the 95% CI for the majority of time-points (Figure 

A1 row 3).  

Figure A2 Intervention efficacy models. A) Efficacy profile for the seasonal vaccination schedule based on the parameters from 
fitting to Phase III trial data. B) Updated Efficacy profile for the seasonal vaccination schedule whereby the efficacy following the 
fourth and fifth doses returns to the same level as following the primary series but wanes at the rate described by the Phase III 
fitted model of the fourth dose. C) SP+AQ efficacy profile. The red line corresponds to the efficacy profiles selected for the 
combined arm synergy updates. Models were selected through sampling over the parameters draws that describe the uncertainty 
in our efficacy profile and selecting the parameters that brought validation results closest to those reported in the trial. Black lines 
in all three plots correspond to the median parameters that describe efficacy with the shaded areas the 50% and 90% Credible 
Intervals.  
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The trial finding of SV non-inferiority to SMC depends not only on the performance of the vaccine 

under seasonal conditions but also the performance of SMC. SMC programmes with four monthly 

cycles have been shown to be too short for the seasonality patterns in trial locations and five-

monthly cycles are now the standard of care in Hounde, Burkina Faso. If five cycles of SMC had been 

delivered the modelling suggests that the results comparing RTS,S alone to SMC alone would have 

been less favourable for RTS,S, and more favourable for SMC (Figure A3).  

 

1.2 Caveats for interpretation of the trial results, and extension of SV-SMC trial results to 

programme settings 

A potential difference between SMC and seasonal vaccination in a programmatic context, but which 

is not captured by the seasonal malaria vaccination Phase 3b clinical trial, is the incidence prior to the 

first vaccination contact as a result of the age of eligibility for RTS,S vaccination.  Children aged ≥5 and 

<17 months at enrolment in April 2017 were <5 months of age in April 2016, and thus would not have 

been eligible for vaccination prior to the 2016 rainy season.  However, children in the SMC groups 

would have been eligible for SMC once at least 3 months of age (Figure A4). 

 

 

  

Figure A3 Sensitivity analysis of trial comparisons when a fifth round of SMC is included. The datapoints in black are the trial 

reported pairwise Hazard ratios for the intervention comparisons (Intention-to-treat) listed on the x-axis and the coloured triangles 

the model predictions. The dashed horizontal line represents the trial specified non-inferiority margin at 1.2 for RTS,S compared to 

SMC alone and the solid line the equivalence limit at IRR = 1.  

5.9_Malaria

SAGE meeting October 2021 22



  

Figure A4 Timing of episodes of clinical malaria in the RTS,S alone group from the  seasonal malaria vaccination Phase 
3b clinical trial. Clinical malaria defined temperature ≥ 37.5°C, or a history of fever within the past 48 hours, and P. 
falciparum parasitemia ≥ 5,000/mm3. The green line shows the start date of vaccination for children aged between 5-17 
months (April 2017). Grey lines the maximum and minimum ages of these children over time. The blue line indicates April 
2016 the year before vaccination commenced. Red vertical lines show the approximate timing of the 2016 transmission 
season. Given the high incidence among vaccinated children in 2017, 2018 and 2019, there would likely have been a high 
incidence of malaria in 2016 among unvaccinated children, particularly during the peak transmission period which was 
not captured in this trial.  
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Annex 2 – Impact estimates 

The model parameterisation and description is consistent with that in the accompanying perennial 

report: “An update to transmission modelling predictions of the RTS,S/AS01 malaria vaccine’s public 

health impact and cost-effectiveness to include preliminary evidence  on the cost of delivery from the 

Malaria Vaccine Implementation Programme”. 

Table A1 Parameterisation and set-up of the malaria transmission model.  

 

Outcomes and outcome measures 

The outputs considered in this analysis were clinical malaria cases and deaths from malaria. Events or 

events averted are presented per 100,000 population or per 100,000 fully vaccinated children. Fully 

vaccinated children are defined as those receiving the initial primary series. Events averted are 

presented as the cumulative number of events averted over a 15-year period following the 

Transmission 

intensity 

Baseline PfPR2-10 3%, 5%, 10%, 15%, 20%, 25%, 35%, 45%, 55%, 65% 

Seasonality  “Highly Seasonal” archetype based on seasonality patterns in Fatik, Senegal and “Seasonal” 

archetype based on seasonality patterns in Upper East, Ghana.  

Demographics  Constant population size and demography based on the life table for Butajira, Ethiopia, with 

an average life expectancy at birth of 46.6 years.   

Case management  Effective coverage for clinical malaria 45%.  

Vaccine scenarios  2 main vaccination scenarios are considered, routine age-based immunisation with RTS,S 

through the EPI, with primary doses given at 6, 7.5 and 9 months of age with a fourth dose 

at 27 months of age.  

 

Seasonal RTS,S vaccination (SV) primary doses are delivered to all children aged between 5-

17 months old in the three months preceding the transmission season with a fourth dose 

delivered 12 months after the third dose and a fifth dose 24 months after the third dose. A 

4-dose SV and 5-dose SV are considered.  
Vaccine efficacy and 

waning  

Model estimates of RTS,S efficacy are based on fitting to Phase III trial data [1]. All 

vaccination scenarios are run assuming this fitted profile. 

 

In addition, given the results of the model validation several additional changes to the RTS,S 

efficacy profile are considered for seasonal vaccination to represent uncertainty in the 

potential vaccine efficacy under this schedule:  

1. Improved fourth and fifth dose efficacy to replicate the trial results 
2. Improved fourth and fifth dose efficacy and improved efficacy of RTS,S when 

combined with SMC to replicated potential synergies in the trial results.  

Vaccine coverage 80% coverage of the first three doses is assumed with a 20% drop off in coverage of the 
fourth and fifth doses. Total vaccine coverage of 64% presented in the main results. 
Sensitivity analysis in the range 40–72%.   

Other interventions  Predictions assume that ITN, IRS and access to treatment remain at static levels following 
vaccine introduction in all scenarios.  Seasonal Malaria Chemoprevention with SP+AQ is 
explicitly modelled when assessing the impact of vaccination and SMC combined. This was 
modelled as 4 monthly cycles of SMC delivered to children aged 3months-5years old during 
the peak in transmission season. With a coverage of 75% [2]. For vaccination comparisons 
alone we assume no SMC delivery in these settings.  

Time horizon 15 years 
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introduction of vaccine dose 3. Unless otherwise stated events averted are calculated relative to a 

baseline no-vaccination scenario. We report health outcomes for the entire population and 

disaggregated by 1-year age groupings. Outcome measures are presented as the median values of the 

model outputs.  

 

 

  

Figure A5 Rainfall seasonality profiles considered in this modelling analysis. The top panel depicts the annual 

average rainfall of the generalised seasonality archetypes chosen for the analysis in Part 2. The Highly seasonal 

profile is based on rainfall patterns across Fatick, Senegal and the Seasonal profile across Upper East, Ghana. 

The bottom panel compares these archetypes to the rainfall time-series used for the two trial locations 

considered for the analysis in Part 1 Haut-Bassins, Burkina Faso and Sikasso, Mali.  
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2.1 Simplified modelling of potential vaccination strategies in seasonal settings  

The primary modelling analysis looked at two potential vaccination strategies:  EPI (age-based primary 

series and age-based fourth dose) and  SV (seasonally targeted primary series and seasonal fourth and 

fifth doses). However,  a hybrid vaccination strategy (age-based primary series and seasonal fourth 

and fifth doses)may have the advantage over seasonal vaccination of i) preserving a young age at first 

vaccination, and thus ii) avoiding the situation where children have substantial exposure to malaria 

before their first dose of vaccine. A hybrid strategy may also have the advantages over EPI of i) 

maximising the efficacy of the fourth and fifth doses (by timing them according to the time of peak 

risk) and ii) providing scope to give additional doses (which may be easier to do through annual mass 

campaigns than through the EPI). The safety and efficacy of up to seven RTS,S doses (3-dose primary 

series, plus four additional annual doses) will be available from the Seasonal malaria vaccination Phase 

3b clinical trial in mid-2022.  

Table A2 Key features of EPI, Seasonal and Hybrid vaccination strategies 

Vaccine Strategy Potential Advantage(s) Potential Disadvantage(s) 

EPI vaccination: age-
based priming series, 
age-based additional 
doses. 

• Age at first vaccination fixed at 5 or 6 
months of age. 

• Uses existing EPI vaccine infrastructure and 
current contacts to deliver RTS,S.  

• Calendar time of first vaccination varies. In 
seasonal settings, vaccination may occur 
several months before period of peak risk, 
vaccine efficacy may wane in the meantime.  

• In some areas, EPI coverage is very low.  

• No obvious EPI contact for doses beyond 
dose 4. 

 

Seasonal 
vaccination: 
seasonal priming 
series, seasonal 
fourth and fifth 
doses 

• Calendar month of first vaccination fixed.  

• Peak vaccine efficacy of primary series and 
additional doses are aligned with time of 
peak risk.  

• Once the infrastructure for seasonal doses is 
established, it may be possible to provide 
more vaccine doses in childhood. 

• Dose schedule changes could result in 
heightened efficacy of additional doses 
compared to EPI scheduling.  

 

• Age at first vaccination varies from 5-17 
months. 

• Some children will be exposed to the peak 
malaria transmission season prior to their 
first vaccination. 

• Effectiveness / cost-effectiveness of 
additional doses needs further evaluation. 

Hybrid vaccination: 
age-based priming 
series, seasonal 
fourth and fifth 
doses 

• Age at first vaccination fixed at 5 or 6 
months of age.  

• Uses EPI vaccine infrastructure.  

• Peak efficacy of additional doses are aligned 
with time of peak risk.  

• Once the infrastructure for seasonal doses is 
established, it may be possible to provide 
more vaccine doses in childhood.  

 

• Calendar time of first vaccination varies, so 
vaccine efficacy may wane before exposure.  

• In some areas, EPI coverage is very low.  

• Effectiveness / cost-effectiveness of 
additional doses needs further evaluation 

• A decision will be needed about the 
minimum spacing between 3rd and 4th dose. 

 

To investigate the importance of the potential differences between these approaches, a simple model 

of the effectiveness of different vaccine schedules over the first five years of life was set up. The 

intention of these models was not to make quantitative predictions of impact, but rather to 

understand the advantages and disadvantages of the three different potential vaccination approaches 

in a simple framework. 
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Figure A6 below shows a schematic representation of vaccination schedules for children born since 

the initiation of different vaccine programmes. Small black squares show the months at risk for a birth 

cohort of children born between months 1 and 12, over calendar time, as children age. Yellow, orange 

and red shading of these boxes indicates the timing of the first, second and third priming dose of RTS,S, 

respectively. Blue shading indicates the timing of the fourth dose. The months of peak malaria risk 

(which would dictate the scheduling of seasonal vaccination, and SMC) are shown with dashed red 

lines.  

Vaccination schedules shown are:  

• EPI, with age-based timing as in Malawi, with the primary series given at 5, 6 and 7 months 

of age, and fourth dose at 22 months. 

• Seasonal vaccination, with the first dose of the 3-dose primary series given to children at 

least 5 months of age, 3 months prior to the transmission peak, with the fourth dose given 1 

month before the transmission peak, in the subsequent year. 

• Hybrid vaccination, with the primary series given at 5, 6 and 7 months of age, and seasonal 

doses given 1 month before the transmission peak. For illustration here, it is assumed that 

the minimum time between dose 3 and dose 4 would be at least 6 months, but this 

condition could be varied and will need further research to determine optimal timing.  

Figure A6 Schematic showing timing of vaccine doses and SMC by calendar time, and child age, under different 

strategies. The cohort of children born in the first year after implementation of the different strategies is shown 

in bold. Yellow, orange and red shading of these boxes indicates the timing of the first, second and third priming 

dose of RTS,S, respectively.  Blue shading indicates the timing of the fourth dose or SMC delivery.  Green cells 

indicate children who would be aged <3 months at the beginning of the transmission season, but who would 

become old enough to receive SMC later in the SMC period. The months of peak malaria risk (which would 

dictate the scheduling of seasonal vaccination, and SMC) are shown with dashed red lines.   
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An example SMC schedule, targeting the peak 4 months is also shown. Blue cells indicate the months 

in which SMC would be administered.  

Incidence was estimated for each month of age from 0-59 months, for children in the birth cohort 

born between January and December of the first year of implementation. The incidence can be varied 

by calendar month, to capture the impact of different seasonality patterns on the performance of the 

different intervention schedules. The efficacy of RTS,S was assumed to decay as a simple step function, 

as reported in the WHO position paper based on the Phase III data [3]. The efficacy of SMC was 

assumed to be 80% in the month of administration, and 0 otherwise.  

Figure A7 shows the range of seasonality patterns included in the schedule models, based on routine 

HMIS data from different sub-prefectures of Guinea in 2018. Data on confirmed cases of malaria in 

individuals above the age of five years were used,  to avoid any influence of SMC (which is deployed 

in some sub-prefectures of Guinea) on the seasonality patterns.   

 

Figure A8 shows the cumulative incidence by month for the cohort of children born between month 

1 and month 12 after different vaccination programmes are introduced. Scenario 6 (Conakry/Matam) 

is used for illustration. The top three panels show results for vaccination strategies without SMC, and 

the bottom three panels for vaccination strategies in combination with SMC. The cumulative incidence 

in scenarios with no intervention and with SMC alone are shown in all panels, for reference.  

Figure A7 Seasonality patterns used in the schedule modelling, based on data collected by the Guinea PNLP. Percentage 

of the annual burden in 2018 is shown, by calendar month. 
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When single intervention strategies were considered, with a maximum of four doses of vaccine, the 

cumulative incidence was lowest in the SMC alone (reflecting the sustained high efficacy of SMC up to 

five years of age).  The difference in cumulative incidence between the three vaccination strategies at 

five years of age was not large, but slightly favoured SV.  The advantage of Seasonal Vaccination 

increases in more seasonal scenarios and decreases in less seasonal scenarios (results not shown).   

However, an important point is the relative performance of Seasonal Vaccination compared to EPI or 

Hybrid vaccination in the first 24 months (Figure A8B). Due to the delay in first vaccination for SV 

(explained in more detail in Figure A9), there is no benefit of SV until month 19: the SV alone line (blue 

dash) is the same as the no intervention line (solid grey) until this point.  Conversely, the benefit of EPI 

vaccination and Hybrid vaccination is apparent from month 9 onwards, as children who have received 

vaccines at the age of 5, 6 and 7 months begin to benefit from vaccine protection.  The potential for 

EPI or Hybrid strategies to have superior efficacy at young ages, due to younger age at first vaccination, 

could translate into differences in severe malaria cases and deaths and should be considered carefully 

as a potential advantage of these strategies over SV strategies. 
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Figure A8 Cumulative incidence over the first five years of life under different vaccination schedules. Top Panels show cumulative incidence for single intervention 

strategies, expressed as a percentage of the cumulative incidence at 5 years in a scenario with no intervention. Panel A shows cumulative incidence up to 60 months for the 

birth cohort between month 1 and 12, for scenarios with no intervention, SMC alone, and vaccination strategies with up to 4 doses of RTS,S. Panel B shows an enlarged 

version of the hatched area in Panel A.  Panel C shows the same as Panel A, but allowing up to 7 doses of RTS,S in vaccination strategies.  Panel D shows cumulative incidence 

for no intervention, SMC alone, and vaccination strategies with up to 4 doses of RTS,S in combination with SMC. Panel E shows an enlarged version of the hatched area in 

panel D.  Panel F shows the same as Panel D, i.e. vaccination in combination with SMC, but with up to 7 doses of RTS,S. 
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Disaggregating impacts by age in the population model of EPI and SV to investigate this further we 

observed some disparities between EPI and SV. EPI had a greater impact in terms of reducing clinical 

cases and deaths in the first two years of life (children aged <24 months) compared to SV where impact 

was greater and sustained from age 2 onwards (Figure A10). This disparity resulted in a slightly higher 

number of deaths between approximately 10-20 months of age (reflecting the age range when all 

children would have received three doses under EPI, but not all children would have received three 

doses under SV). This is most marked when SV was compared to EPI in seasonal settings. In highly 

seasonal settings, the disadvantage of SV (due to higher age at vaccination) was offset somewhat by 

the higher effectiveness of SV (due to the shorter transmission season) (Figure A11).  

We predict a shift in cases to older ages due to reduced malaria exposure leading to delays in the 

development of natural immunity (Figure A10, Figure A12). This effect is delayed with the introduction 

of a fifth dose in the SV schedule and is of similar magnitude across all vaccination scenarios and 

seasonality profiles. Despite this the overall cumulative impact of all schedules and intervention 

models remains positive over this 15-year horizon in all settings.   

Figure A9 Dosing patterns in the first 24 months, among the birth cohort and differences between SV and EPI/Hybrid 

vaccination. The EPI and Hybrid strategies use EPI vaccination contacts for the primary series, so ensures the first dose of 

vaccine is given at five months of age (with the schedule used in the MVIP study in Malawi) or at 6 months of age (using 

the schedule used in Ghana and Kenya, not shown here). With SV, in month 4 (blue arrow, marked 1), when the three-

monthly doses of the primary series would begin prior to the first rainy season, no children born since the programme 

began would have reached the age of five months, so no children from the birth cohort would be eligible for vaccination 

at that time.  At the corresponding time the following year, month 16, (blue arrow, marked 2), most children from the 

birth cohort would have reached the age of 5 months and be eligible for vaccination.  Children from the birth cohort born 

in December (month 12) would have reached only 4 months of age by the time of the pre-season vaccination (in month 

16), so would not be eligible for first vaccination until the subsequent season (this would occur in month 28, not shown 

here).   
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Figure A10 Cumulative number of clinical cases (top row) and deaths (bottom row) averted over 15 years for individuals up to 20 years old in 1-year age bands.The total cases 

averted are shown per 100,000 population for both seasonality settings. Results are presented for 4 transmission intensity levels.  
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Figure A11 Deaths averted in a single one-year cohort of children. Columns represent four of of representative 

baseline PfPR2-10  levels. All SV scenarios are represented by the blue line as impact is consistent following the 

primary series. Results are presented for a Seasonal setting (top row) and a Highly Seasonal setting (bottom 

row).  
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Figure A12 Cumulative number of clinical cases (top row) and deaths (bottom row) averted over 15 years for individuals up to 20 years old in 1-year age bands.The total cases 

averted are shown per 100,000 population for both seasonality settings. Results are presented for 4 transmission intensity levels.  
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Sensitivity analysis to vaccine coverage 

Outputs per 100,000 fully vaccinated children remain consistent across the range of coverages (50%–90%) 

(Figure A13) as vaccine impact scales approximately linearly with vaccine coverage (Figure A13). 

 

Figure A13 Impact of primary dose vaccine coverage on health outcomes. Outcomes are cumulative over 15 years 

and averaged over all baseline PfPR2-10 (3%-65%). Coverage of the additional fourth and fifth doses was set to 80% 

of the primary series.   
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Annex 3 – Cost effectiveness  
When considering vaccine introduction alone in seasonal settings, estimates of the incremental cost per 

clinical case or DALY averted were made in comparison to baseline no vaccination scenarios with standard 

levels of access to treatment and existing vector control. The vaccine alone scenario assumes no access 

to SMC. When considered in combination with SMC, cost-effectiveness estimates were made in 

comparison to baseline SMC delivery at 75% coverage and standard levels of access to treatment and 

existing vector control, so results are incremental to SMC. SMC cost estimates were informed by Gilmartin 

et al [4](Table A3). Data used for the cost-effectiveness analysis are presented in the tables below. Costs 

were aligned with the perennial estimates report (“An update to transmission modelling predictions of 

the RTS,S/AS01 malaria vaccine’s public health impact and cost-effectiveness to include preliminary 

evidence  on the cost of delivery from the Malaria Vaccine Implementation Programme”).  

Table A3 Costing data considered in this analysis. All data presented US$.  

Cost per vaccine dose Cost per vaccination 
including vaccine cost* 

Cost of delivery per dose 
(economic, recurring)± 

Total cost per dose 

Mean Min Max Mean Min Max 

$2 $2.69 $1.62 $0.96 $2.67 $4.31 $3.65 $5.36 

$5 $6.52 $1.62 $0.96 $2.67 $8.14 $7.48 $9.19 

$10 $12.91 $1.62 $0.96 $2.67 $14.53 $13.87 $15.58 

* Includes vaccines, injection and reconstitution syringes, safety boxes, freight, insurance and wastage as per Penny 

et al [5].  

± The recurring cost of delivery excludes the initial set-up costs related to RTS,S introduction and delivery and may 

be more representative of the program costs in the long run. Reflect interim data from three MVIP countries 

averaged. The mean, min and max delivery cost values represent average, minimum and maximum values, 

respectively, across the three MVIP countries. 

 

Table A4 Non-vaccine related costs 

Intervention Unit cost  Description 

SMC with SP+AQ  
$1.07 per child per monthly 
course [4] 

Weighted average recurrent economic cost of 
administering four monthly SMC cycles during 
the ACCESS SMC program. Averaged over 
different delivery approaches, inflated to $US 
2021. 

Clinical malaria case 
management 

$1.47 [5] 
Costs are estimated by severity of illness and 
cover first-line antimalarial drugs, diagnostics, 
and related supplies including freight and 
wastage. We assumed full compliance and 
adherence with the age dosage. 

Severe malaria case 
management 

$22.41 [5] 

 

Figure A14A presents the incremental cost-per-case and cost-per-DALY averted for each vaccination 

schedule compared with no vaccination and standard levels of access to treatment for an assumed cost 

per dose of $5 over a range of baseline PfPR2-10. Figure 14A assumes no access to SMC. Figure A14B 

presents the incremental cost-per-case and cost per-DALY averted for each vaccination schedule in 
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combination with SMC compared to SMC and standard levels of access to treatment. Figure 15 presents 

these same estimates for an assumed cost per dose of $2, $5 and $10.   
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Figure A14 Summary of cost-effectiveness estimates for different RTS,S vaccination schedules A) when 
delivered alone ICERs relative to no-vaccination and B) when delivered with SMC ICERs relative to SMC. 
Cost-per-case and cost-per-DALY averted as a function of baseline PfPR2-10 for a vaccine cost of $5. Lines 
represent model median estimates assuming a mean delivery cost of $1.62. SMC cost per child per monthly 
course of $1.01.  
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Figure A15 Summary of cost-effectiveness estimates for different RTS,S vaccination schedules A) when 
delivered alone ICERs relative to no-vaccination and B) when delivered with SMC (bottom two rows) ICERs 
relative to SMC. as a function of baseline PfPR2-10 for different vaccine costs of $2, $5, and $10. Lines represent 
model median estimates assuming a mean delivery cost of $1.62. SMC cost per child per monthly course of 
$1.01 

Figure A15 Summary of cost-effectiveness estimates for different RTS,S vaccination schedules A) when 
delivered alone, ICERs relative to no-vaccination and B) when delivered with SMC (bottom two rows), ICERs 
relative to SMC. as a function of baseline PfPR2-10 for different vaccine costs of $2, $5, and $10. Lines represent 
model median estimates assuming a mean delivery cost of $1.62. SMC cost per child per monthly course of 
$1.01 
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Sensitivity of cost-effectiveness estimates to cost of delivery inputs 

Table A5 Comparison of cost-effectiveness estimates across cost-of-delivery ranges for different 

vaccination schedules without SMC delivery after 15 years in regions with a PfPR2-10 between 10-50%. 

Results are averaged across both seasonality profiles. ICERs are calculated relative to no-vaccination and 

standard levels of access to treatment and existing vector control. 

 Interventions 

 EPI SV (averaged over all models)  

 
Min cost 
of delivery 
$0.96 

Mean cost 
of delivery 
$1.62 

Max cost 
of delivery 
$2.67 

Min cost 
of delivery 
$0.96 

Mean cost 
of delivery 
$1.62 

Max cost 
of delivery 
$2.67 

ICER per DALY averted 

$2 per dose $48.59 $58.04 $73.06 $39.77 $47.63 $60.14 

$5 per dose $103.39 $112.84 $127.87 $85.39 $93.25 $105.76 

$10 per dose $194.83 $204.28 $219.31 $161.50 $169.36 $181.87 

ICER per clinical case averted  

$2 $14.80 $17.66 $22.22 $11.73 $14.04 $17.71 

$5 $31.43 $34.29 $38.85 $25.14 $27.44 $31.11 

$10 $59.17 $62.03 $66.59 $47.50 $49.80 $53.48 

 

Table A6 Comparison of cost-effectiveness estimates across cost-of-delivery ranges for different 

vaccination schedules combined with SMC delivery after 15 years in regions with a PfPR2-10 between 10-

50%. Results are averaged across both seasonality profiles. ICERs are calculated relative to SMC with 

standard levels of access to treatment and existing vector control.  

 Interventions 

 EPI + SMC SV (averaged over all models) + SMC  

 
Min cost of 
delivery 
$0.96 

Mean cost 
of delivery 
$1.62 

Max cost of 
delivery 
$2.67 

Min cost of 
delivery 
$0.96 

Mean cost 
of delivery 
$1.62 

Max cost of 
delivery 
$2.67 

ICER per DALY averted 

$2 per dose $68.43 $81.58 $102.40 $50.23 $60.09 $75.80 

$5 per dose $144.52 $157.63 $178.50 $107.52 $117.39 $133.10 

$10 per dose $271.48 $284.59 $305.46 $203.11 $212.98 $228.69 

ICER per clinical case averted  

$2 $22.06 $26.30 $33.02 $15.14 $18.18 $22.82 
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$5 $46.58 $50.80 $57.51 $32.34 $35.31 $40.03 

$10 $87.45 $91.67 $98.39 $61.05 $64.01 $68.73 
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