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Abstract

Background: A recent trial of 5920 children in Burkina Faso and Mali showed that the combination of seasonal
vaccination with the RTS,S/AS01, malaria vaccine (primary series and two seasonal boosters) and seasonal malaria
chemoprevention (four monthly cycles per year) was markedly more effective than either intervention given alone in
preventing clinical malaria, severe malaria, and deaths from malaria.

Methods: In order to help optimise the timing of these two interventions, trial data were reanalysed to estimate the
duration of protection against clinical malaria provided by RTS,S/ASO1. when deployed seasonally, by comparing the
group who received the combination of SMC and RTS,S/AS01; with the group who received SMC alone. The dura-
tion of protection from SMC was also estimated comparing the combined intervention group with the group who
received RTS,S/ASO1 alone. Three methods were used: Piecewise Cox regression, Flexible parametric survival models
and Smoothed Schoenfeld residuals from Cox models, stratifying on the study area and using robust standard errors
to control for within-child clustering of multiple episodes.

Results: The overall protective efficacy from RTS,S/ASO1 over 6 months was at least 60% following the primary series
and the two seasonal booster doses and remained at a high level over the full malaria transmission season. Beyond 6
months, protective efficacy appeared to wane more rapidly, but the uncertainty around the estimates increases due
to the lower number of cases during this period (coinciding with the onset of the dry season). Protection from SMC
exceeded 90% in the first 2—-3 weeks post-administration after several cycles, but was not 100%, even immediately
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post-administration. Efficacy begins to decline from approximately day 21 and then declines more sharply after day
28, indicating the importance of preserving the delivery interval for SMC cycles at a maximum of four weeks.

Conclusions: The efficacy of both interventions was highest immediately post-administration. Understanding differ-
ences between these interventions in their peak efficacy and how rapidly efficacy declines over time will help to opti-
mise the scheduling of SMC, malaria vaccination and the combination in areas of seasonal transmission with differing

epidemiology, and using different vaccine delivery systems.

Trial registration: The RTS,S-SMC trial in which these data were collected was registered at clinicaltrials.gov:

NCT03143218
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Background

Seasonal malaria chemoprevention (SMC) is now
deployed at scale in West Africa, with approximately 33.5
million children receiving treatments in 2020 [1]. Sulf-
adoxine-pyrimethamine plus amodiaquine (SP-AQ), the
drug combination used for SMC, remains highly effec-
tive at preventing malaria morbidity and mortality in the
Sahel and sub-Sahel [2]. When SMC was introduced in
Burkina Faso and the Gambia, the burden of uncompli-
cated malaria cases and malaria deaths in the context of
SMC was estimated to be approximately 45-55% lower
than the burden without SMC [3]. However, the bur-
den of malaria in young children remains high in several
countries where high SMC coverage has been achieved
(1, 3].

A recent trial conducted in Burkina Faso and Mali
showed that the combination of SMC and seasonal vacci-
nation with the RTS,S/AS01; malaria vaccine was mark-
edly more effective than either intervention given alone
in preventing clinical malaria, severe malaria requiring
admission to hospital, and deaths from malaria [4]. Rela-
tive to SMC, the current standard of care, the protec-
tive efficacy of the Combined intervention against these
outcomes was 62.8% (95% CI: 58.4, 66.8), 70.5% (95%
CI: 41.9, 85.0) and 72.9% (95% CI: 2.9, 92.4), respec-
tively. It is thought that the RTS,S/ASO1; vaccine may
add to protection in children receiving SMC because its
longer mode of action provides protection outside the
months covered by SMC, when children are still highly
exposed to malaria transmission, and because it adds to
the incomplete protection from SMC during the months
when SMC is administered. It was hypothesised that sea-
sonal administration of the vaccine, with the third dose
of the primary series (and single-dose annual booster(s))
administered one month before SMC starts, might opti-
mise this impact by aligning the period of peak protec-
tion from the vaccine with the period of highest malaria
risk [5].

On 6 October 2021, the World Health Organisation
(WHO) recommended the deployment of the RTS,S/
ASO1; malaria vaccine in areas with persisting high

malaria transmission, including the possibility of sea-
sonal administration in areas with seasonal transmission
[6, 7]. With the potential for the combination of SMC and
vaccination with RTS,S/AS01; to be deployed at scale
to protect children under 5 years of age, it is important
to understand in more detail the extent and duration of
additional protection provided when the interventions
are given in combination, compared to either interven-
tion given alone. This has implications for how these
two interventions might best be timed in relation to the
period of peak risk, and in relation to each other. In turn,
this might have implications for which delivery systems
might be most appropriate in different locations, balanc-
ing the potentially competing priorities of ideal timing,
achieving high coverage, and cost-effectiveness and sus-
tainability of delivery.

To help inform decisions that might be taken by pol-
icy makers and programme managers on how to com-
bine SMC and seasonal malaria vaccination for optimal
impact in areas with differing patterns of seasonal trans-
mission, and to help inform mathematical modelling
analyses that might support these decisions, we under-
took a secondary analysis of data from the seasonal
malaria vaccination trial. The purpose of these analyses
was to estimate (1) how the efficacy of the RTS,S/AS01,
malaria vaccine changes over time, when administered
seasonally, and (2) the duration of protection following
SMC treatments.

Methods

Trial design

The data analysed in the present study were collected
during the RTS,S-SMC individually-randomised, con-
trolled trial conducted in Bougouni and Ouélessébou-
gou districts, Mali and in Houndé district, Burkina Faso.
Malaria transmission in these districts is intense and
highly seasonal, with a peak in incidence lasting from July
to November [8]. The dominant malaria parasite is P. fal-
ciparum (>90%) and the predominant malaria vector is
Anopheles gambiae in each of the two study areas. A high
proportion (>75%) of children sleep under a long-lasting
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insecticidal net (LLIN); all study children received a new
LLIN upon enrolment. The trial protocol and findings
have been described in detail elsewhere [4, 9].

Briefly, children were enrolled if the child would be
aged 5-17 months on 1 April 2017 and randomised to
one of three groups, referred to as (1) ‘SMC alone’ (Con-
trol vaccines and SMC), (2) ‘RTS,S alone’ (RTS,S/AS01
vaccine and placebo SMC), and (3) ‘Combined’ interven-
tion group (RTS,S/AS01; and SMC). All SMC doses (sulf-
adoxine-pyrimethamine plus amodiaquine or a matching
placebo, both from Guilin Pharmaceutical, China) were
given as four monthly treatment courses every year,
beginning in July. SMC or placebo SMC was given over
3 days, dosed according to age, as directly observed ther-
apy, documented using a tablet PC, with QR codes on the
photo ID card and drug packs to ensure each treatment
was given to the correct child, and that all doses admin-
istered were recorded. All vaccine doses (RTS,S/AS01; or
control vaccines) were administered in April, May, and
June of 2017 prior to the rainy season (July to October)
and in the month of June in 2018 and 2019. RTS,S/AS01;
was provided by GSK, Belgium. Control vaccines with-
out antimalarial activity consisted of three doses of rabies
vaccine (RabipurR, Bavarian Nordic A/S, Denmark) in
2017, followed by annual hepatitis A vaccine (HAVRIXR,
GSK, Belgium). Children were not screened for malaria
infection at the time of vaccination or SMC, unless they
were febrile or had other features suggestive of malaria.
Children who were found to have malaria were treated
according to national guidelines, offered vaccination
when they had recovered and were eligible to receive the
next round of SMC or placebo SMC.

Surveillance for malaria

Project staff based in study health facilities identified and
tested all suspected cases of malaria using HRP2-based
Rapid Diagnostic Tests (RDTs). RDT-confirmed cases
were managed with artemether-lumefantrine, following
national guidelines. A case of malaria was suspected if a
child presented at a health facility in the study area with
fever or a history of fever within the past 48 h (or another
symptom or sign suggestive of malaria) and without
other symptoms that could explain the fever. A blood film
was obtained from all suspected malaria cases for subse-
quent microscopy, read by two independent microsco-
pists. Parasite density was estimated and discrepancies
were resolved by a third reader, when necessary, using
a standardised algorithm [10]. The primary outcome
was microscopically-confirmed clinical malaria, defined
as either measured axillary temperature > 37.5°C or a
history of fever within the past 48 h, and P. falciparum
parasitemia > 5000/ul, in children presenting at a study
health facility. Children admitted to hospital with malaria
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symptoms were included in the primary outcome, if they
met the above definition.

Statistical analysis

Protective efficacy of RTS,S/AS01¢ vaccine in relation to time
since vaccination, among SMC recipients

All analyses of the protective efficacy of RTS,S/AS01;
over time were based on a comparison of the Combined
and SMC alone groups. Both groups received active
SMC; the only difference between these groups was that
one was randomly assigned to receive the RTS,S/AS01
vaccine (the Combined group) and the other to receive
control vaccines (the SMC alone group) (Fig. 1).

Protective efficacy was assessed separately for each
‘study year, following the scheduled date for receipt of
the third dose of the primary series (given in 2017), the
scheduled date of the first booster (fourth dose) given in
June 2018, and the scheduled date of the second booster
(fifth dose) given in June 2019, including all children
remaining in the SMC alone and Combined interven-
tion groups at the time that these vaccination doses were
scheduled. The analysis period in each study year began
14 days after the administration of the third dose of the
primary series or 14 days after the administration of the
annual booster (in order to allow for the delayed response
to vaccination) until the end of the corresponding study
year, including the period of low malaria transmission
(31 March 2018, 2019 and 2020, for study years one, two
and three, respectively). Although the underlying risk in
both the SMC alone and Combined groups was reduced
by SMC during the period when SMC was administered
between approximately 1 and 5 months post-vaccination
(Additional file 1: Fig. S1), the difference between the
groups remains the receipt of RTS,S/AS01 in the Com-
bined group and the receipt of control vaccines in the
SMC alone group. Consequently, assuming no interac-
tion (this assumption is discussed later) their comparison
can be interpreted as vaccine efficacy.

All passively-detected clinical malaria episodes during
each analysis period were included in the analyses. To
avoid double counting of events resulting from more than
one health care contact, malaria episodes within 7 days of
a prior episode were considered as the same event, with-
out adjustment to person-time at risk [11].

Efficacy in 6-month periods Initially, to facilitate com-
parisons with other malaria vaccine studies, the protec-
tive efficacy of RTS,S/ASO1; was estimated in 6-month
periods after each dose, starting from 14 days after the
third, fourth or fifth dose, using Cox regression mod-
els with a robust standard error (i.e. the Andersen-Gill
extension of the Cox model), stratified by study country.
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Comparisons to investigate
protection from RTS,S

Combined Intervention Group

*  Active SMC with SP-AQ
*  RTS,S/AS01; malaria vaccine

Comparisons to investigate
protection from SMC

The difference between these
groups is the vaccine to which
children were randomised
(RTS,S/AS01; or control vaccines)

SMC alone Group

e Active SMC with SP-AQ
*  Control vaccines

alone group

Fig. 1 Schematic of the comparisons made in the analyses. Schematic of the comparisons made in the analyses. The analyses to estimate
protection from the RTS,S/ASO1: malaria vaccine (presented first in the paper) compare the combined intervention group with the SMC alone
group. The analyses to estimate protection from SMC (presented second in the paper) compare the combined intervention group with the RTS,S

The difference between these
groups is whether children were
randomised to active or placebo
SMC

RTS,S alone group

*  PlaceboSMC
*  RTS,S/AS01, malaria vaccine

The profile of protective efficacy over time since the
final dose in each study year was then investigated in
more detail by comparing malaria incidence in the Com-
bined group to that in the SMC-alone group, using three
regression approaches, referred to as ‘Piecewise Cox
Regression, ‘Flexible Parametric Models’ and ‘Smoothed
Schoenfeld Residuals; as described in more detail below.
Three methods were used in order to avoid the estimated
profile of protection being dependent on a single set of
assumptions from a particular model. In each case, coun-
try was a stratification factor, and robust standard errors
were used to account for recurrent events in the same
child when calculating confidence intervals. The first two
methods used Stata (version 16, College Station, Texas),
and the third used R (version 3.6.3).

Piecewise Cox regression Person-time at risk time was
stratified more finely into 90-day periods, starting from
14- days after the third, fourth or fifth doses of RTS,S/
ASO1; (for the first, second and third year of the study,
respectively). The hazard ratio (HR) comparing the
Combined group to the SMC group was estimated for
each 90-day period by including a term for the interac-
tion between time period and intervention group in the
Cox model. The hazard ratio was assumed to be con-
stant within each 90-day period (this was a compromise
between assuming efficacy would remain constant over
each stratum and having sufficient events within each
stratum that there was reasonable precision around the
estimated HR). The average protective efficacy of RTS,S/
ASO01; during each period was estimated as (1-HR),
expressed as a percentage.

Flexible parametric models The second approach fit-
ted flexible parametric survival models (Royston-Par-
mar models) to the data using the ‘stpm2’ commands
in Stata [12], which model the baseline hazard using
restricted cubic splines, and allow a time-varying effect
of the RTS,S/AS01; vaccine (relative to control vaccines)
to be estimated. Models were fitted with 1 to 10 degrees
of freedom for the cubic spline, and 1 to 10 degrees of
freedom for the effect of intervention group (i.e. com-
bined group versus SMC-alone group (receipt of RTS,S/
ASO1; vs. a control vaccine)) as a time-varying covariate.
All combinations of the degrees of freedom for the cubic
spline and intervention effect were fitted, i.e. 100 candi-
date models for each study year. The Bayesian informa-
tion criterion (BIC) was used to compare models. The
hazard ratio comparing the Combined group to the SMC
alone group, as a function of time since vaccination, and
its 95% confidence interval, were estimated from the best
fitting model for each year. Time-specific efficacy, as a
percentage, was calculated as (1-HR).

Smoothed Schoenfeld residuals The third approach esti-
mated the changing log hazard ratio over time since vac-
cination in each study year, by smoothing the scaled Sch-
oenfeld residuals after fitting a Cox regression model, as
described previously [13, 14]. The Cox models included
a term for the intervention group and a robust standard
error to account for between-child variability. The ‘cox.
zph’ package in R was used to obtain a smooth estimate
of the log hazard ratio and its 95% confidence interval,
over time, and the exponentiated estimates were then
used to calculate a smoothed estimate of protective
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efficacy over time since vaccination as (1-HR), expressed
as a percentage.

Average protective efficacy of SMC treatments, during 30
days post-treatment, among recipients of the RTS,S/AS01¢
vaccine

All analyses of the protective efficacy of SMC were based
on comparisons of the Combined intervention group
with the RTS,S/AS01; alone group. Both groups received
the RTS,S/ASO1; vaccine, but differed with respect to
whether they were randomly assigned to receive active
SMC or placebo SMC (Fig. 1).

The protective efficacy of SMC in the first 30 days after
each SMC administration (i.e. according to the WHO
recommended schedule [15]) was assessed separately for
each of the 12 cycles of SP-AQ provided during the study
period. The analysis was restricted to the 30-day period
after each administration because children were sched-
uled to receive a subsequent SMC treatment after 30
days (apart from the last cycle each year). Consequently,
person-time that accrued beyond 30 days after each SMC
cycle was largely contributed by children who were not
adherent to the schedule (which may be associated with
malaria risk, i.e. subject to confounding).

For each 30-day period, all clinical malaria episodes
were included starting from the date of the first daily
dose of SMC (with the same rule applied as described
above to avoid double counting). Hazard ratios (assumed
constant within each 30-day period) were estimated from
piecewise Cox regression models, stratified on study
country, with a robust standard error to account for mul-
tiple episodes per child. Average protective efficacy dur-
ing each period was estimated as (1-HR), expressed as a
percentage.

To understand the effectiveness of SMC with different
levels of adherence (including the upper limit of effec-
tiveness with full adherence to all three daily doses),
this analysis was repeated with three analysis popula-
tions, using the information on daily doses recorded
by study staff who administered SMC on each day. The
first analysis population, referred to as ‘Scheduled SMC;
included all children remaining in follow-up at the time
of the SMC cycle, irrespective of whether any SMC was
received in practice (i.e. analysis according to the ran-
domised intervention group, provided that the child
remained in the study). For children who did not receive
SMC in a particular month, the median date of admin-
istration for that cycle in the same country and month,
was used to define the start of the 30-day period. The sec-
ond analysis population, referred to as ‘Received SMC,
included children who received at least the first daily
dose of the SMC cycle, (whether or not they received the
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subsequent daily doses). Thirdly, the ‘Full SMC’ analysis
population was restricted to children for whom all three
daily doses of SMC or placebo SMC were recorded as
having been successfully administered as DOT.

A pooled estimate of the average protective efficacy of
SMC over 30 days post-treatment, combining the data
for all 12 cycles of SMC, was also calculated for each of
these three analysis populations, using a Cox model strat-
ified by country and SMC cycle. Finally, to give an esti-
mate of the protection provided by incomplete SMC, a
pooled estimate of protective efficacy over all 12 cycles
was calculated for children who received the first dose of
SMC or SMC placebo in a particular month but who did
not receive doses 2 and 3 (i.e. it was documented on the
tablet PC that AQ was not administered on days 2 and 3).

To investigate the level of protection in the first 3 weeks
post SMC (prior to the period when efficacy is thought
to wane), estimates of protection in the first 21 days after
each SMC cycle were also calculated for the ‘Received
SMC’ population and compared to the results over the
first 30 days.

Protective efficacy of SMC treatments in relation to time
since treatment, among recipients of RTS,S/AS01 vaccine
The profile of SMC protection over time is important
when considering the suitability of the current monthly
scheduling of SMC, and interpreting the frequent obser-
vation that, in the context of SMC programmes, a large
number of malaria episodes occur shortly before the next
monthly administration is due. The profile of protection
was estimated over two periods: the first 30 days after
SMC administration, including data from all 12 SMC
cycles, and the first 60 days post-administration, includ-
ing data from SMC cycles 4, 8 and 12 (the final SMC cycle
each year). Figure 5 (described in more detail below)
shows the number of events in this period. Since SMC
was administered every 30 days during the transmission
season, follow-up after the first three cycles each year is
truncated by the subsequent cycle. The profile of protec-
tion was estimated up to 30 days, pooling data from all
12 SMC cycles, and adjusting for cycle. To estimate in
more detail how protective efficacy varies over time since
administration, avoiding the issue of censoring due to
administration of the next SMC cycle, person-time and
episodes after the final cycle of SMC in each year were
also analysed separately, with follow-up truncated at 60
days. This was first done by pooling across all three final
cycles (i.e. SMC 4, SMC 8 and SMC 12); the final cycle
each year was also then analysed individually.

In the regression models described below, the specific
SMC cycle was included as a 12-level categorical variable
in the analysis of malaria incidence up to 30 days after all
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SMC cycles, and as a 3-level categorical variable in the
analysis of incidence up to 60 days after SMC 4, 8 and 12.

As for the analysis of vaccine protection over time,
both flexible parametric models and smoothed Schoen-
feld residuals from Cox regression were used to obtain
smooth estimates of the additional protective efficacy
offered by SMC over time over these periods. The first of
these, flexible parametric survival models, adjusted for
study country and SMC cycle, with a robust variance esti-
mator to account for multiple episodes in the same child,
and models were fitted with up to 10 degrees of freedom
for the baseline hazard and 10 degrees of freedom for the
effect of SMC as a time-varying covariate. The Bayesian
Information Criterion (BIC) was used to compare mod-
els. The hazard ratio and its 95% CI was predicted over
time, with protective efficacy (1-HR, expressed as a per-
centage) estimated for the period of interest (30 days or
60 days).

The second method smoothed the scaled Schoenfeld
residuals from a Cox model to estimate the log hazard
ratio for SMC, and its confidence interval, over time. Pro-
tective efficacy was calculated from the exponentiated
hazard ratio. Analyses were conducted pooling all events
and person-time for the first 30 days after all SMC cycles,
and for the first 60 days after the final SMC cycle each
year. The Cox models included the intervention group
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(Combined vs. RTS,S/ASO1; alone), adjusted for SMC
cycle as described above, included a robust standard
error, and stratified on study country.

Results

Protective efficacy of RTS,S/AS01, vaccine in relation

to time since vaccination, among SMC recipients

As described above, the protective efficacy of RTS,S/
AS01; was estimated through comparisons of the Com-
bined intervention group with the SMC alone group. The
characteristics of study children at the time of the third
priming dose, and the fourth and fifth doses (first and
second boosters) are shown in Table 1. The mean age of
study children was 14.4 months, 25.4 months, and 37.5
months at the time of the third, fourth, and fifth doses of
vaccine, respectively.

Efficacy in 6-month periods: Starting 14 days after
the third priming dose, the overall estimated efficacy
of RTS,S/AS01, among SMC recipients, in the first 6
months was 75.9% (95% CI: 67.0, 82.4). Between months
6-12, this was 31.1% (95% CI: -64.2, 71.1), the wide CI
reflecting the small number of events in this period.
Starting 14 days after the fourth dose, the efficacy was
63.6% (95% CI: 57.2, 69.1) in the first 6 months and 61.4%
(95% CI: 42.3, 74.2) between 6 and 12 months post-dose
four. Starting 14 days after the fifth dose, efficacy was

Table 1 Age and sex of study children at the time of the third, fourth (first booster) and fifth (second booster) doses of RTS,S/ASO1¢

during the study period, by intervention group

SMC alone RTS,S alone Combined
No. % No. % No. %
Study year 1 N=1965 N=1988 N=1967
Received dose 1 1965 100 1988 100 1967 100
Received dose 2 1894 96.4 1911 96.1 1907 96.9
Received dose 3 1827 930 1860 936 1845 938
Mean age at dose 3 in months (SD) 14.4(4.27) 14.5(4.17) 14.4 (4.16)
Sex
Male 944/1827 51.7 965/1860 519 948/1845 514
Study year 2 N=1904 N=1927 N=1919
Received fourth dose 1798 944 1834 95.2 1835 95.6
Mean age at fourth dose in months (SD) 254 (4.28) 255 (4.16) 254 (4.19)
Sex
Male 931/1798 518 953/1834 520 948/1835 51.7
Study year 3 N=1847 N=1882 N=1873
Received fifth dose 1748 94.6 1776 944 1780 95.0
Mean age at fifth dose in months (SD) 37.5(4.27) 376 (4.15) 375(4.18)
Sex
Male 903/1748 51.7 922/1882 519 919/1873 516

For estimation of vaccine efficacy over time, the comparisons focus on the SMC alone and combined intervention groups (since the difference between these groups

is that one received control vaccines and the other received RTS,5/AS01¢)

Abbreviation: RTS,S RTS,S/AS01¢
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Days since Vaccination

Fig. 2 Timing of microscopically confirmed clinical malaria episodes after the final vaccination each year, among children in the SMC alone group
and the combined group. Points show the timing of episodes of the primary outcome in the SMC alone group (who received SMC and control
vaccines) and the Combined group (who received SMC and the RTS,S/AS01; malaria vaccine), in relation to the final dose of vaccination each year
(dose 3 for year 1, dose 4 for year 2, and dose 5 for year 3). These groups were compared to estimate the protective efficacy of RTS,S/ASO1; over
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60.1% (95% CI: 52.9, 66.2) in the first 6 months and 35.9%
(95% CI: 0.8, 58.6) between 6 and 12 months post-dose
five.

Figure 2 shows the timing of episodes of the primary
outcome by time since vaccination in the SMC alone
group and Combined group, against child age. There
were no marked differences by child age in any year. In
all 3 years, in both groups, there were few events beyond
approximately 210 days post-vaccination, reflecting
the end of the malaria transmission season in the study
areas (Additional file 1: Tables S1 and S2). This was par-
ticularly marked in year 1, when there were very few
events after 210 days. In years two and three, both the
SMC alone group and—to a lesser extent—the combined

group, experienced a substantial increase in malaria cases
approximately 150 days post-vaccination, reflecting the
time when protection from the fourth SMC cycle waned,
and there remained considerable malaria transmission in
the study areas.

Figure 3 shows the results of the regression modelling
to explore vaccine efficacy over time since vaccination.
The left-hand panels show the results of the piecewise
Cox regression models, stratified into 90-day periods
since vaccination. In all 3 years, the confidence inter-
val widened in the third time stratum, after 180 days,
reflecting the lower number of events in the subsequent
dry season. The point estimate of protective efficacy
remained above 60% over each stratum of the first study
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year (after the priming series) and remained above 50%
over all strata in the second study year (after the fourth
dose/first booster). In the third year (after the fifth dose/
second booster) the point estimate of protective efficacy
fell below 40% from 180 days onwards, but confidence
intervals around the point estimate were relatively wide.
The central panels of Fig. 3 show estimates of protec-
tion over time from flexible parametric survival mod-
els. The smoothed hazard functions, cumulative hazard
functions and the predicted hazard functions from the
best fitting models are shown in Additional file 1: Fig.
S1. In the second and third years, the flexible paramet-
ric model was able to replicate closely the cumulative
baseline hazard; in the first year of the study, the fit

was reasonable, but not as good. In all 3 years, the pro-
file of protection remained relatively flat over the first
6—7 months (180-210 days) since vaccination (i.e. sug-
gested neither very high initial efficacy, nor strong wan-
ing before the end of the transmission season). There
was then a suggestion of waning efficacy from approxi-
mately 200 days onwards, in each year, but by design
(due to the seasonal vaccination schedule) the period
of apparent waning is also the period when malaria
incidence is very low, so the width of the CI increases
markedly. There was some suggestion that efficacy over
the first 200 days was slightly lower after the booster
doses than after the priming series, with the flat por-
tion of the efficacy profile centred at about 75% in year
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1, 65% in year 2, and 60% in year 3, although the confi-
dence intervals overlap.

Finally, the right-hand panels of Fig. 3 show the results
from smoothing the scaled Schoenfeld residuals from Cox
regression models. This approach avoids having to model
the baseline hazard parametrically, which is an advantage
in situations—such as this one—in which the baseline haz-
ard is complex (Additional file 1: Fig. S1) and thus does not
have the same issues with model fit (in study year 1) as the
flexible parametric models. The results from this analysis
were consistent with the two other approaches—suggest-
ing relatively stable efficacy over the first 6 months post-
vaccination. The main difference was that the estimated
efficacy fell more gradually in the period 100-200 days in
study years 2 and 3 (rather than remaining stable and then
falling sharply, as was suggested by the flexible parametric
models). However, as for the other models, uncertainty
around the estimates of additional protective efficacy
increased substantially in the period beyond 200 days.

Average protective efficacy of SMC treatments, during 30
days post-treatment, among recipients of RTS,S/AS01
vaccine

As described above, the protective efficacy of SMC
was estimated through comparisons of the Combined

intervention group with the RTS,S alone group. The
number of children who were scheduled to receive SMC,
received at least one dose of SMC, and received all three
daily doses (Scheduled SMC, Received SMC and Full
SMC, respectively) is shown in Additional file 1: Table S3.
The average protective efficacy in the first 30 days after
each SMC cycle, estimated by Cox regression, is shown
for these three analysis populations in Fig. 4. The num-
ber of children experiencing malaria in the 30 days
after SMC 1 was low (24 in total from the RTS,S/AS01;
alone group, and 13 in total from the combined group),
and thus estimates of protective efficacy are imprecise.
From SMC 2 onwards, the additional protective efficacy
of SMC remained high over the remaining 11 cycles,
with the lowest point estimates of protective efficacy of
74.9% in children scheduled to receive SMC (irrespec-
tive of whether they received SMC), 81.5% in children
who received at least one dose of SMC, and 80.9% in chil-
dren who received all 3 daily SMC doses. Pooling across
all 12 SMC cycles, the point estimate of the additional
protective efficacy offered by SMC, over RTS,S/AS01
alone, was 82.5%, 87.4% and 87.7% in children who were
scheduled to receive SMC, received at least one dose, and
received all three doses, respectively. Over the 12 cycles,
pooling children who received only SP-AQ on the first



Cairns et al. BMC Medicine (2022) 20:352 Page 10 of 15
RTS,S alone, SMC 4 Combined, SMC 4
o | o |
® ®
(&) (6]
= =
2 ol 2 ol
© @ N
[ o
=) =)
< <
o | o
- T T T T T T T - T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
RTS,S alone, SMC 8 Combined, SMC 8
o | o |
< <
®) 4 " o " 5
= > 8 R = X
2 ol 2 i T g 2 ol
© ™ 28 ° ° © ™ C
o 4 ° o : 0 8
o ° 8 ()] g8°8 o
< i ° 8 <
o | o |
3 I
T T T T T T T T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
RTS,S alone, SMC 12 Combined, SMC 12
o | (==
© " °g 0 © 8
o : : H o o g
= = 2 8 H =
2 alf g g 2 o % g °°
T < T <
() 5 o)) () H 9
=) s 008 =)
< <
o | =
® ®
T T T T T T T T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Days since SMC
Fig.5 Timing of microscopically confirmed clinical malaria episodes after the final SMC cycle in each year of the study, among recipients of RTS,S/
ASO1g, randomised to receive either placebo SMC (RTS,S alone group) or active SMC (Combined group). Points show the timing of episodes of the
primary outcome in the RTS,S/ASO1¢ alone group (who received placebo SMC and the RTS,S vaccine) and the Combined group (who received
active SMC and the RTS,S vaccine), in relation to the final SMC cycle administered each year (SMC 4 in year 1, SMC 8 in year 2, and SMC 12 in year 3).
The position relative to the y-axis indicates the age in months of the child at the time of the episode

day, the protective efficacy was 79.8%, although the 95%
CI ranged from 33.7 to 93.8%, as relatively few children
were not adherent in the trial.

Exploratory analysis of protection, stratifying follow-
up to include only episodes occurring in the first 21 days
after receipt of SMC indicated a higher level of protec-
tion than over the first 30 days. However, even in this
shorter period, closer to the time of SMC administra-
tion, protection was not complete after most of the SMC
cycles (Additional file 1: Fig. S2).

Protective efficacy of SMC treatments in relation to time
since treatment, among recipients of RTS,S/AS01¢ vaccine
Figure 5 shows the timing of events by time since the
final SMC cycle each year (i.e. SMC 4, SMC 8 and SMC

12) in the RTS,S/AS01; alone group and the Combined
group, according to child age. There were no marked dif-
ferences in incidence by age. There were very few events
after SMC 4 in the Combined group, reflecting the lower
incidence in 2017 (when study children were younger),
but also the later timing of the SMC cycles with respect
to the transmission season, which resulted in SMC pro-
tection persisting until transmission had declined to low
levels. After SMC 8 and SMC 12, the number of malaria
episodes in the Combined group increased markedly
after approximately 30 days.

Figure 6 shows the smooth estimates of additional pro-
tective efficacy offered by SMC over time, using Flexible
Parametric Models and Smoothed Schoenfeld Residuals
from Cox models. Combining data from all 12 cycles,
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in order to estimate protection over the first 30 days,
the protective efficacy was very high in the first 2 weeks
and then began to wane, with the loss of protection
most marked in the last 7-10 days of the 30-day inter-
val between SMC cycles. This finding was consistent with
both flexible parametric survival models (Fig. 6, top left)
and estimates based on smoothed Cox residuals (Fig. 6,
bottom left).

Combining data from the final SMC cycle each year,
in order to estimate protection over 60 days, protec-
tive efficacy was observed to decline slowly initially, and
then more rapidly after 30 days. The estimated time at
which the additional protective efficacy was completely
lost appeared to be at around 45 days after SMC admin-
istration using Flexible Parametric Models, and slightly
shorter (at about 38 days) using Smoothed Cox Residuals.
Similar results and a similar estimate of protection at 30
days were obtained when these models were fitted sepa-
rately to data from the last SMC cycle in each individual
year (Additional file 1: Fig. S3), although the confidence

intervals around the estimates were wider, particularly
after SMC 4.

Discussion

The estimates of protective efficacy provided by RTS,S/
AS01; among SMC recipients in this study during the
first 12 months after the third priming dose of RTS,S/
ASO1; are consistent with the estimated efficacy of
RTS,S/ASO1; against placebo in the 12 months post-
vaccination in the phase 3 trial [16], in which children
did not receive any SMC. The average efficacy in the first
6 months after dose 3 in the RTS,S/AS01; phase 3 trial
was estimated at 67.6% (95% CI: 63.8 to 71.0), and 38.9%
(95% CI: 36.3 to 44.0) between 6 and 12 months [17]; the
comparable estimates in these two periods in our study
were 75.9% (95% CI: 67.0, 82.4) and 29.7% (95% CI:. —
51.9, 67.5), respectively. It is logical that our study design,
which aligned peak vaccine efficacy with the season of
peak malaria incidence, would emphasise the period
of highest protection offered by RTS,S/AS01; and thus
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obtain slightly higher efficacy in the initial period post-
vaccination, than in the earlier trial in which vaccination
was age-based rather than seasonally-targeted. The aver-
age efficacy of RTS,S/AS01; in our study is also compa-
rable with a recent phase 2b trial of the R21/Matrix M
vaccine, delivered largely before the rainy season in
Nanoro, Burkina Faso [18], in which protective efficacy
was 77% (95% CI: 67 to 84) over the first 6 months after
administration.

The profile of protection provided by RTS,S/AS01;
over time after vaccination, estimated with three different
methods, indicates that protection remains at a relatively
high level over the first 6 months post-vaccination in
each study year (i.e. over the remaining period of malaria
risk in these seasonal transmission settings). This was
observed for the primary series, and also for the fourth
and fifth doses (first and second boosters), which sup-
ports the use of seasonal booster doses of RTS,S/ASO1.
All three methods indicated a possible decline in efficacy
in the period beyond 6 months post-vaccination, and all
three methods suggested that this was most marked in
the third year of the study. The finding of declining effi-
cacy is compatible with anti-CSP antibody responses,
which had declined to low levels prior to the fourth and
fifth doses of RTS,S/AS01; [19]. A 2-year extension to
the RTS,S-SMC trial will enable assessment of the pro-
tection (including the duration of protection) offered by
the third and fourth booster doses of RTS,S/AS01; (six
and seventh doses), and assessment of whether efficacy
continues to decline with successive doses. However, a
feature of our study design (with seasonal administra-
tion of the vaccine) is that relatively few cases of malaria
occur in the period 6—-12 months post-vaccination, since
this period falls in the dry season. Consequently, there is
considerable uncertainty around the estimated protec-
tive efficacy beyond 6 months, and the precise extent
to which efficacy declines is not clear. The public health
importance of any drop in efficacy during this period is
likely to be relatively small, due to the small number of
cases (Additional file 1: Tables S1 and S2).

The estimated protective efficacy provided by SMC,
among recipients of RTS,S/ASO1, is consistent with
results from earlier SMC studies in unvaccinated chil-
dren, in which efficacy was estimated to be about 74%
over a transmission season [20] and 88% over the first
28 days [2]. The profile of protection over time was
also very similar to estimates from an earlier placebo-
controlled trial of SMC (previously referred to as
intermittent preventive treatment in children, IPTc)
[21-23] (Additional file 1: Fig. S4). The high level of
protection offered by each monthly cycle of SMC is
compatible with the high curative efficacy of SP-AQ
in the study area [4], and the current low prevalence
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of AQ and SP resistance markers in Burkina Faso and
Mali [3, 24]. Apart from the low and imprecise esti-
mate of protective efficacy offered by SMC at the first
SMC cycle in 2017, which was affected by a very low
number of events, efficacy appeared to be slightly
higher in the first year of the study. It is possible that
this reflects the age profile of the cohort, resulting in
a higher dosage of SP-AQ by weight among the cohort
in 2017 than in later years. Dosing in the study was by
age, with children above 12 months of age receiving a
paediatric dose (double the infant dose). In 2017, the
median age of the cohort was 15 months, i.e. just above
the threshold at which the dose was doubled, whereas
the median age was 26 months and 38 months in the
latter 2 years, respectively. All daily doses were super-
vised, so adherence was very high, but results from the
small number of children with incomplete adherence
to the 3-day SMC regimen suggested efficacy of the
first day was still high, consistent with earlier studies
with shorter-acting regimens alongside SP [25, 26] or
SP monotherapy [27, 28].

The profile of protective efficacy over time after SMC
shows two key features. Firstly, the efficacy of SP-AQ does
not reach 100% even in the initial period post-admin-
istration, and cases of malaria still occur among SMC
recipients within this period. Secondly, there is a marked
fall in efficacy over the latter part of each monthly cycle,
from approximately day 21 onwards. This result, consist-
ent with earlier placebo-controlled studies of SMC [23],
indicates the importance of preserving the delivery inter-
val for SMC at a maximum of 28 days. This also explains
the observation in our study, and elsewhere, that cases
among SMC recipients tend to occur in the days leading
up to the subsequent SMC cycle. Taken together, these
two findings (that protection does not reach 100%, and
wanes within the monthly interval between administra-
tion) highlight limitations in the protection offered by
SMC and show the potential utility of vaccination where
SMC is deployed to address these limitations. The poten-
tial reduction in burden among SMC recipients that vac-
cination could offer is important because the incidence
of episodes of clinical malaria in the SMC alone group,
even in the context of very high adherence to directly-
observed SMC, was approximately 300 per 1000 person-
years at risk over the study period overall. In addition to
its advantage in providing protection outside the SMC
period (through its longer duration of protection) vac-
cination would also improve protection against malaria
during the SMC period, particularly at times when pro-
tection offered by SMC is not at its maximum. This may
have the practical advantage of reducing the number of
children that cannot receive SMC at the scheduled time
each month because they have clinical malaria and are
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treated with an effective malaria combination (i.e. vacci-
nation may increase the percentage of children who can
receive SMC, as observed in the recent trial [4]).

The three methods used here have different advan-
tages and disadvantages. Piecewise Cox models estimate
the average protection in specified time periods. Flexible
parametric models estimate efficacy as a smoothly vary-
ing function over time, but are less well suited to cap-
turing abrupt changes in efficacy or the baseline hazard
(which is the case for analyses using SMC as the refer-
ence group). The approach using smoothed Cox residuals
avoids this limitation, as the baseline hazard is not mod-
elled. The consistency of results using the three methods
provides reassurance that the estimated profile of protec-
tion over time is not strongly dependent on a specific set
of model assumptions.

A key limitation is that the study design did not include
a group who received neither intervention, so it is not
possible to formally assess the evidence for an interaction
between SMC and RTS,S/AS01;. However, because the
efficacy of RTS,S/ASO1; was consistent with the phase
3 trial, and the efficacy of SMC consistent with previous
studies, an adverse interaction seems unlikely and there
was no evidence of differences in anti-circumsporozoite
protein (anti-CSP) responses to the RTS,S/AS01; vac-
cine among children who received active SMC or pla-
cebo SMC [19]. Since this analysis focuses on cases that
were detected passively, it is possible that some cases of
malaria that did not result in care-seeking by the car-
egiver were not captured. A further limitation when
comparing results from this study with other vaccination
trials (and between trials of malaria vaccines more gen-
erally) is that the timing of vaccination in relation to the
peak transmission season, the length of the transmission
season, and transmission intensity are all potential con-
founding factors affecting between-study comparisons.
Ideally, comparisons between studies should be based on
the profile of efficacy over time, adjusted for transmission
intensity (i.e. the primary effect [29]), rather than aver-
age efficacy, or estimates based on the total effect. Finally,
since there are relatively few cases beyond 6 months after
the final dose each year, it is unclear how efficacy changes
beyond this point, making it unclear to what extent this
would increase risk in children if they were to be vacci-
nated earlier in the year.

A possible limitation of the separate analyses in each
year (both for estimates of the protection from RTS,S/
AS01; and protection from SMC) is that these include
only children who remained in follow-up, which is a
sub-set of the group of children who were originally
randomised to the study arms. Loss to follow-up was
quite low, at 11% overall over the 3-year period of the
trial, and very similar between treatment arms (11.0%,
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11.4% and 10.8% in the SMC alone, RTS,S/AS01; alone
and Combined intervention groups, respectively). The
incidence of malaria in the second and third years of
the study may be influenced by the ageing of the study
cohort with time, and by the different prior experi-
ences of malaria up to that point (which is influenced
by the intervention group to which children were ran-
domised). It is possible that estimates of protective effi-
cacy after doses 4 and 5 of the RTS,S/ASO1; vaccine,
for example, are conservative because the reference
group (SMC alone), may have acquired more protective
immunity through exposure to malaria than the Com-
bined intervention group.

Comparing the profile of additional protection offered
by these two interventions, it is apparent that the peak
efficacy of RTS,S/AS01; in the period immediately after
administration is not as high as the protective efficacy
immediately after SMC. This suggests that—assuming
similar coverage with the two approaches—an SMC
programme that provided monthly cycles throughout
the entire transmission season would provide a slightly
higher level of protection than RTS,S/AS01; alone over
the same period. The fact that SMC was not superior
in the trial, despite high coverage of both interventions,
combined with the high incidence when protection
offered by SMC had waned in the early months of the
dry season likely reflects a four-cycle SMC programme
being used in areas where the epidemiology requires at
least 5 months of SMC [8]. However, the standard of
care in the Burkina Faso study area has changed, with
the national malaria control programme switching to a
five-cycle SMC programme in some areas including the
Houndé district in 2021.

Profiles of protective efficacy over time will be needed
to select optimum dose timings for the RTS,S/AS01;
vaccine and for SMC. Alternative delivery strategies
for malaria vaccines (age-based or calendar-based vac-
cination) will differ with respect to the time of year, and
the age range, when children can receive their vaccine
doses and are best protected. Understanding the opti-
mum strategy will require consideration of the profile
of protective efficacy over time in relation to the timing
and duration of the transmission season, as well as the
coverage that can be achieved in practice. Use of the
combination of vaccination and SMC may increase the
percentage of the population that has access to at least
one effective intervention. Modelling exercises could
also help to understand how the combined intervention
of SMC and malaria vaccination might compare with
other available control options. For example, the effec-
tiveness of SMC itself may be improved by increasing
the number of monthly courses (as discussed above)
or extending the age range to which it is administered.
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Vector control may be improved through more effective
LLIN and/or new tools. This could have implications
for the absolute impact of adding malaria vaccination
to SMC.

Conclusions

The efficacy of both interventions was highest imme-
diately post-administration. The peak efficacy of SMC
was higher than for RTS,S/ASO01;, but waned faster
(over 3—4 weeks, versus more than 6 months for RTS,S/
AS01p). Quantifying these key differences between
these interventions may help to optimise scheduling
of SMC, malaria vaccination and their combination in
areas of seasonal transmission with differing malaria
epidemiology, and where different vaccine delivery sys-
tems are available. If optimisation of the combination of
SMC and malaria vaccination can be achieved, it could
have a marked impact on the malaria burden in areas of
intense and seasonal malaria transmission.
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present trial were re-enrolled into an extension study for an additional 2 years.
Data from the first 3 years of the study, used in these analyses, will be made
available in November 2022, when the extension study has been completed.
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