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ABSTRACT

Introduction The rising burden of drug resistance is a
major challenge to the global fight against malaria. We
estimated national Plasmodium falciparum resistance to
sulfadoxine-pyrimethamine (SP) across Africa, from 2000
t0 2020.

Methods We assembled molecular, clinical and
endemicity data covering malaria-endemic African
countries up to December 2018. Subsequently, we
reconstructed georeferenced patient data, using
pfdhps540E and pfdhps581G to measure mid-level and
high-level SP resistance. Gaussian process regression was
applied to model spatiotemporal standardised prevalence.
Results In eastern Africa, mid-level SP resistance
increased by 64.0% (95% uncertainty interval, 30.7%—
69.8%) in Tanzania, 55.4% (31.3%—65.2%) in Sudan,
45.7% (16.8%—54.3%) in Mozambique, 29.7% (10.0%-—
45.2%) in Kenya and 8.7% (1.4%—36.8%) in Malawi from
2000 to 2010. This was followed by a steady decline of
76.0% (39.6%—-92.6%) in Sudan, 65.7% (25.5%—85.6%)
in Kenya and 17.4% (2.6%—37.5%) in Tanzania from 2010
t0 2020. In central Africa, the levels increased by 28.9%
(7.2%—62.5%) in Equatorial Guinea and 85.3% (54.0%-—
95.9%) in the Congo from 2000 to 2020, while in the other
countries remained largely unchanged. In western Africa,
the levels have remained low from 2000 to 2020, except
for Nigeria, with a reduction of 14.4% (0.7%—67.5%) and
Mali, with an increase of 7.0% (0.8%—25.6%). High-level
SP resistance increased by 5.5% (1.0%—-20.0%) in Malawi,
4.7% (0.5%—25.4%) in Kenya and 2.0% (0.1%-39.2%) in
Tanzania, from 2000 to 2020.

Conclusion Under the WHO protocols, SP is no longer
effective for intermittent preventive treatment in pregnancy
and infancy in most of eastern Africa and parts of central
Africa. Strengthening health systems capacity to monitor
drug resistance at subnational levels across the endemicity
spectrum is critical to achieve the global target to end the
epidemic.

BACKGROUND

Malaria remains a major cause of morbidity
and mortality in Africa. Annually, Plasmodium
Jfalciparum infection causes more than 200
million clinical cases and over 400 000 attribut-
able deaths on the continent, which accounts

,"2 Ben Lambert,® Anthony Magit,* Jahit Sacarlal,?

Key questions

What is already known?

» In the period from 2000 until 2015, malaria burden
reduced substantially in Africa.

» The annual incidence, prevalence, deaths and
disability-adjusted life years were reduced by 40%,
50%, 57% and 24%, respectively.

» However, the disease remains a major cause of mor-
bidity and mortality throughout the continent, with
more recent evidence indicating an increase in the
number of cases.

» The WHO recommends countries to withdraw inter-
mittent preventive treatment in pregnancy when the
prevalence of pfdhps540E >95% and pfdhps581G
>10%, and intermittent preventive treatment in in-
fancy when the prevalence of pfdhps540E >50%.

» Comparable evidence on anti-malarial drug resis-
tance, applicable to the general population at na-
tional level, that can reliably inform the translation
of WHO recommendations into effective national
policies, is currently limited.

for 92% of the global malaria burden.' In the
period from 2000 to 2015, malaria burden
reduced substantially in part due to a rein-
vigorated multilateral commitment to, and a
20-fold increase in international investment
in, malaria control. The annual incidence,
prevalence, deaths and disability-adjusted life
years were reduced by 40%, 50%, 57% and
24%, respectively.”™ Despite the declining
trends through 2015, more recent estimates
show that if the current increases in malaria
cases and deaths continue, then the Sustain-
able Development Goals (SDG) target 3.3—
ending the epidemic of malaria by 2030—
might not be achieved.'®

The rising burden of P. falciparum resis-
tance to essential anti-malarial drugs is a
major challenge to the global fight against
malaria.' * Despite the widely reported resis-
tance to sulfadoxine-pyrimethamine (SP),
it is still the drug of choice for intermittent
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Key questions

What are the new findings?

» This is the first systematic analysis of nationwide standardised
levels of Plasmodium falciparum resistance to sulfadoxine-
pyrimethamine (SP).

» The evidence provided here allows comparability of trends across
time and locations and helps policymakers understand the policy
impact of the WHO frameworks at country level.

» Our metrics illustrate a gradual reduction of mid-level resistance to
SP in eastern Africa since 2010, as well as increasing levels in cen-
tral Africa and a largely stable drug efficacy in western and southern
Africa in the period between 2000 and 2020.

» However, there is a continued reduction of drug efficacy on the con-
tinent, driven by increasing levels of high-level resistance, mostly
in eastern Africa.

» Using our metrics in conjunction with the current WHO protocols,
we identified countries where continued implementation of SP-
based malaria control policies for maternal and child health out-
comes are warranted, as well as regions where these policies are
no longer effective.

What do the new findings imply?

» We detected areas where a careful monitoring of resistance levels
is critical.

» We also identified areas with limited coverage of patient data for
resistance tracking in the regions where the largest share of P, fal-
ciparum infection is concentrated.

» This includes Nigeria, the Democratic Republic of the Congo,
Mozambique and Uganda, which alone account for 45% of the
global burden of malaria cases.

» Therefore, to realise the global agenda to end the epidemic of ma-
laria by 2030 in the context of the Sustainable Development Goals
target 3.3, it is essential to strengthen health systems capacity to
monitor resistance at subnational level across the endemicity spec-
trum on the continent.

preventive treatment in both pregnancy (IPTp) and
infancy (IPTi). SP, combined with chloroquine (CQ) or
artesunate (AS), was used as treatment in much of Africa,
although most countries changed to artemisinin-based
combination therapy (ACT) between 2003 and 2008.°
This change in usage reduced selection for antifolate
resistance and may have allowed for changes in the prev-
alence of markers of resistance. Two countries, Somalia
and Sudan, continued to use AS+SP until 2016 and 2017,
respectively.” This change further reduced the selective
pressure on antifolates. In Sudan, the adoption of AS+SP
in 2004 as the first-line ACT was based on an open-label
randomised controlled trial conducted in the country the
same year that indicated superiority of AS+SP compared
with SP for the treatment of uncomplicated malaria,
which was confirmed by subsequent trials.” """ Likewise,
in Somalia, AS+SP was adopted in 2006 as the first-line
ACT based on therapeutic efficacy studies conducted
between 2003 and 2006 that indicated high therapeutic
efficacy of this drug (as well as AS+amodiaquine (AQ))
compared with CQ, AQ and SP in the country."?

The WHO recommends member states to closely
monitor the efficacy of essential anti-malarial drugs

and use resistance levels to inform policymaking at the
country—level.lg_15 However, most malaria-endemic coun-
tries do not have the capacity to establish the needed
networks of well-functioning resistance surveillance sites
across their epidemiologically diverse territories to track
resistance. To date, data on molecular markers measured
in clinical samples have been used to infer country scale
levels of drug-resistant P. falciparum. These molecular
markers indicate mutations in the genes for two enzymes
of the folate pathway, dihydropteroate synthase (DHPS)
(mutations: 437G, 540E, 581G) and dihydrofolate reduc-
tase (DHFR) (mutations: 511, 59R, 108N), which have
been associated with resistance to S and P, respectively.
The intensity of the resistance to SP increases with the
number and types of mutant codons, with quintuple
mutations (five mutations including 540E, excluding
581G) being associated with mid-level resistance, and
sextuple mutations (six mutations including 581G)
with high-level resistance. These can be measured using
pfdhps540E and pfdhpsb81G, respectively. A previous
modelling study'® used data on pfdhps540E mutations
from 1987 to 2008 to create predictive surfaces on the
continent. The study provided maps visualising the vari-
ation of the prevalence of pfdhps540E across the conti-
nent, and probability distribution for locations without
data. However, it covered only the period between 1990
and 2010. Therefore, the estimates provided do not
reflect recent variations in SP resistance following the
changes in anti-malarial policies." ® Additionally, the
models used in the study'® did not account for real world
data including clinical characteristics of patients, as well
as population level anti-malarial immunity, which is a
function of age and endemicity.'” " A more recent meta-
analysis® used pfdhps540E and pfdhps581G to measure
the association between resistance and low birth weight
(LBW). This did not provide country-specific adjusted
estimates of prevalence levels, nor did it quantify the
potential policy implications of mutation levels. Thus,
no evidence is available to date on age-endemicity stan-
dardised prevalence of malaria resistance to SP, or its
implication for anti-malarial policy. This complicates
comparability of resistance trends across the continent
and global efforts to tackle the burden of drug resistance.

We provide a comprehensive analysis that leverages
data systematically derived from clinical records and
community surveys conducted across the continent, over
the last two decades. We employ recent advances in infec-
tious disease modelling to generate comparable tempo-
spatial trends and projections of P. falciparum resistance
to SP and drug effectiveness for IPTp and IPTi policies at
the national level from 2000 to 2020.

METHODS

Study setting and data sources

We assembled molecular, clinical and endemicity data
derived from multiple sources covering malaria-endemic
African countries from January 1998 to December
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2018. For data on pfdhps540E and pfdhpsb81G muta-
tions associated with SP resistance, as well as national
anti-malarial treatment policy implementations, we
conducted an extensive search of medical databases
detailed in online supplemental files 1.1-1.2. We cross-
validated our molecular data with Worldwide Antimicro-
bial Resistance Network (WWARN) databases. WWARN
repository does not have clinical and endemicity data. We
contacted the authors of the eligible trials and experts
for clarification and/or additional molecular and/or
clinical data (online supplemental file 1.1). For data on
anti-malarial treatment policy implementations, we addi-
tionally consulted National Malaria Control Programs
(NMCP), African Malaria Reports (AMR) and World
Malaria Reports (WMR). From each eligible survey, the
number of patients enrolled, clinical samples success-
fully genotyped and positive for each of the molecular
markers under study, as well as demographic and clinical
characteristics of patients tested, study design, geospatial
coordinates, clinical context and year, as well as season
of sample collection, were extracted. From NMCP, AMR,
WMR and articles eligible for anti-malarial policy data,
we extracted data on anti-malarial drug combination
adopted and the year when policy implementation began
(online supplemental file 1.4).

Subsequently, we geolocated data on resistance
markers from the eligible surveys and then linked with
malaria endemicity data from the Malaria Atlas Project
by matching sampling site and year that the clinical
samples were collected.* We further derived data on
Socio-demographic Index (SDI) from the Global Burden
of Disease Study 2017** and HIV prevalence data from
the Joint United Nations Programme on HIV/AIDS
databases, matching them to each P falciparum resis-
tance survey datapoint using geolocation and year of
sample collection. Finally, we used the resulting pool
of evidence to reconstruct georeferenced patient data
across space-time clusters. The current analysis was
conducted within the context of a study exploring trends
in comparative efficacy and safety of malaria control
interventions for maternal and child health outcomes in
Africa, which has been registered on PROSPERO under
CRD42018095188.* The primary purpose of this current
analysis is to provide country level data on the prevalence
of P. falciparum resistance to SP. This study complies with
the Guidelines for Accurate and Transparent Health Esti-
mates Reporting statement®* (online supplemental files
1.1-3.6).

Data processing and modelling framework

We use pfdhps540E and pfdhps581G mutations validated
to measure mid-level and high-level P. falciparum resist-
ance to SP, respectively'™™® (see online supplemental
files 1.6-1.8 for marker groupings and diagnostic accu-
racy). We included a variable denoting the proportion
of mixed genotype infections as a covariate in our model
(online supplemental file 1.5). We also incorporated
SDI in our modelling framework to account for lag

distributed income per capita, educational attainment
for those aged =15 and total fertility rate among women
aged <25 years in our estimates.” These are known to
influence anti-malarial treatmentseeking behaviour in
malaria-endemic countries.”” The inclusion of HIV prev-
alence in the dataset aimed to account for any potential
effect of trimethoprim-sulfamethoxazole (TMP-SMX),
which is used to prevent opportunistic infections among
HIV-infected patients. TMP-SMX targets the same folate
pathway as SP (trimethoprim: DHFR; sulfamethoxazole:
DHPS), although clinical evidence on cross-resistance is
still limited.” ? We used Bayesian principal component
analysis to identify the principal subspace of the observed
age data. This showed that four and three latent varia-
bles capture the most important variability in the age
of the patients from whom the blood samples geno-
typed for pfdhps540E and pfdhps581G were collected,
respectively (online supplemental file 2.2). These latent
variables for patient age along with the other covariates
including malaria endemicity, were then incorporated in
the modelling framework, for each marker. These covar-
iates were evaluated by Bayesian additive regression trees
to compute generalised propensity scores. This allowed
us to effectively summarise and balance the covariate
information, while accounting appropriately for non-
linearities and interactions, thereby standardising our
quantities. Our approach allows effective redundancy
reduction and stability optimisation by keeping only the
best covariates. This helps achieve a parsimonious model
and avoid overfitting (online supplemental file 2.3).

Gaussian process regression (GPR) model was subse-
quently applied to compute country-level adjusted prev-
alence of, and temporal change in, malaria resistance to
SP, spanning the period from 2000 through the end of
2020. We used inverse logit function to map our estimates
from the real space into the probability space. The year
of sample collection is used as predictor and the admin-
istrative level one corresponding to the sampling site as
arandom effects variable. We employ predictive compar-
isons to derive temporal change in resistance quantities.
Finally, we computed the posterior probability to quantify
the amount of evidence in favour of IPTp and IPTi being
effective in each country under the current WHO thresh-
olds,””" given the estimated levels of P. falciparum resis-
tance to SP. For IPTp, the WHO thresholds for withdrawal
of policy is when pfdhps540E >95% and pfdhps581G
>10%. For IPTi, the WHO thresholds for withdrawal of
policy is pfdhps540E >50%. For countries with limited
data on pfdhpsb81G, we use regional trends of high-
level resistance to compute the posterior probability of
IPTp effectiveness. GPR is a high-level non-parametric
probabilistic method with demonstrated prediction accu-
racy, reliable quantification of uncertainty, and ability to
recover an underlying dynamic process from noisy obser-
vations in the face of data sparsity and non-linear prob-
lems, with minimal assumptions® (online supplemental
file 2.4). We developed our GPR model in Stan V.2.19.1
and implemented itin R'V.3.5.1.
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Policy implementation

Identification

Records from electronic databases

1164

138

Screening

Unique records screened for abstract

Records excluded

Eligibility

Full-text articles assessed

Full-text articles excluded

Included

Resistance modelling framework

Figure 1

Evidence gathering flowchart. The full description of the search algorithm and the eligibility criteria considered for

each outcome cluster is provided in online supplemental files 1.1-1.2.

Sensitivity analysis and uncertainty quantification

We conducted out-of-sample cross-validation to check the
performance of our model. This showed that the model
was reasonably well calibrated, which was confirmed by
Markov chain Monte Carlo diagnostics (online supple-
mental files 2.4 and 3.3). We also assessed the robust-
ness of our empirical estimates to sensible changes in
model specification. The results were relatively stable,
confirming that the predicted resistance quantities are
not artefacts of our modelling assumptions. Previous
studies'® * * were used to draw our prior hypothesis in
resistance patterns per region across the continent. This
informed our hyperparameters’ priors pool, from which
we selected the best performing sets for each country.
A detailed account of the method is provided in the
appendix (online supplemental files 1.1-2.5).

RESULTS

We identified a total of 703 unique records, of which 392
were found to be eligible for full-text eligibility assess-
ment. Ultimately, 198 and 39 surveys reporting data on
validated SP resistance markers and malaria control
policy implementations, respectively, were included in
the resistance quantities estimation (figure 1). Taking
these eligible surveys into account, georeferenced data
derived from 68 433 clinical samples successfully geno-
typed for pfdhps540E and collected between 1998 and
2017 in 38 countries from over 195 189 patients were

included in the analysis. For pfdhpsb81G, georeferenced
data derived from 39 916 successfully genotyped clinical
samples collected between 1998 and 2016 in 30 countries
from over 108 374 patients were included in the analysis
(figure 2). The surveys included in the analysis enrolled
patients with heterogeneous clinical presentations of P,
falciparum infection, spanning all demographic groups
and malaria endemicity classes (online supplemental file
1.3).

In the period from 2000 through 2020, the prevalence
of Pfalciparum resistance to SP rose in most malaria-
endemic countries in Africa (figure 3). The largest vari-
ations in SP-resistant malaria were observed in eastern
Africa, where despite important cross-country hetero-
geneity, mid-level resistance rose until 2010, dominated
by Sudan with a netincrease of 55.4% (95% uncertainty
interval, 31.3%-65.2%), Kenya with 29.7% (10.0%—
45.2%), Tanzania with 64.0% (30.7%-69.8%), Mozam-
bique with 45.7% (16.8%—-54.3%) and Malawi with 8.7%
(1.4%-36.8%). Subsequent to 2010, mid-level resis-
tance takes a downward trajectory as highlighted by a
decline of 76.0% (-92.6% to —=39.6%) in Sudan, 17.4%
(-87.5% to —=2.6%) in Tanzania and 65.7% (-85.6% to
-25.5%) in Kenya. In Malawi, Ethiopia and Zambia,
mid-level resistance to SP is estimated to remain largely
unchanged until 2020. Malawi, however, is projected
to have the highest levels of resistance among these
countries at 100.0% (99.6%-100.0%). In central
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Number of samples

0 to 2,000
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4,000 to 6,000
6,000 to 8,000
8,000 to 10,000
10,000 to 12,000
12,000 to 14,000
No data

Number of surveys

51015 20 25

Number of samples

0to 2,000
2,000 to 4,000
4,000 to 6,000
6,000 to 8,000
8,000 to 10,000
No data

Number of surveys

510 15 20

Figure 2 Patient data coverage. The circle sizes are proportional to the number of surveys reporting patient data in each
country. The shading depicts the number of clinical samples tested in each country. The intervals are left-opened and right-
closed. (A) pfdhps540E patient data. (B) pfdhps581G patient data.

Africa, our evidence highlights two distinct patterns,
with mid-level resistance showing a net increase of
28.9% (7.2%-62.5%) in Equatorial Guinea and 85.3%
(54.0%-95.9%) in the Congo from 2000 to 2020, while
remaining relatively unchanged in Angola, Cameroon
and the Democratic Republic of the Congo. Apart from
Nigeria, whose mid-level resistance levels decreased by
14.4% (-67.5% to —0.7%), and Mali, where the levels
increased by 7.0% (0.8%-25.6%), in western Africa
P. falciparum has remained highly sensitive to SP over
the last two decades. High-level resistance to SP has
remained largely unchanged in western Africa, most
of central Africa and parts of eastern Africa. However,
the levels increased by 5.5% (1.0%—-20.0%) in Malawi,
4.7% (0.5%-25.4%) in Kenya and 2.0% (0.1%-39.2%)
in Tanzania in eastern Africa, and declined by 99.9%
(-100.0% to =99.7%) in Equatorial Guinea in central
Africa, from 2000 to 2020 (table 1).

In table 2 we provide the posterior probability that
IPTp and IPTi with SP are effective in each country-
year under the current WHO thresholds for eligibility
of the drug for interventions for maternal and child
health outcomes. The posterior probability value
reflects the amount of evidence that each interven-
tion is effective under the current WHO frameworks,
given the observed levels of mid-level and high-level
resistance. We consider the drug effective when the
posterior probability >95%. This probability threshold
means that the drug is considered effective when the
strength of evidence in favour of it being effective is
>95%, compared to the alternative hypothesis of it
not being effective. For IPTp, the WHO thresholds
for withdrawal of policy are pfdhps540E >95% and

pfdhps581G >10%. For IPTi, the WHO threshold for
withdrawal of policy is pfdhps540E >50%.

This measure shows that in 2000, 14 (63.6%) and
13 (59.1%) countries were fully eligible for IPTp and
IPTi, respectively. For IPTp, these countries included
Angola, Benin, Burkina Faso, Cameroon, Congo,
Democratic Republic of the Congo, Gabon, Ghana,
Kenya, Mali, Mozambique, Senegal, Tanzania and
The Gambia. For IPTi, the countries eligible in 2000
were Angola, Benin, Burkina Faso, Cameroon, Congo,
Equatorial Guinea, Gabon, Ghana, Mali, Senegal,
South Africa, Sudan and The Gambia. In 2010, drug
effectiveness for IPTp reduced notably in Angola,
Benin, Cameroon, Congo, Democratic Republic of the
Congo, Kenya and Tanzania. In Equatorial Guinea,
SP was not effective for IPTp in the period from 2000
until 2010, due to high levels of high-level resistance.
Subsequent to 2010, there is a continued reduction in
drug effectiveness for IPTp in most of the continent;
however, there is a recovery of drug effectiveness in
Equatorial Guinea as a result of decline in high-level
resistance in the country. As a result, in total only 7
(31.8%) countries are projected to exhibit full eligi-
bility for IPTp in 2020. These include Burkina Faso,
Equatorial Guinea, Gabon, Ghana, Mali, Senegal and
The Gambia. In relation to IPTi, 11 (50.0%) countries
are projected to remain fully eligible on the conti-
nent in 2020. These include Angola, Benin, Burkina
Faso, Cameroon, Gabon, Ghana, Mali, Nigeria,
Senegal, Sudan and The Gambia. For South Africa,
no regional and national data on high-level resistance
is available. Therefore, drug effectiveness for IPTp
was not computed for this country.
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Figure 3 National scale temporal trends in, and projections of, Plasmodium falciparum resistance to sulfadoxine-
pyrimethamine. The upper and lower lines denote upper and lower bounds of the 95% uncertainty interval, respectively,

and the middle, the median of the posterior distribution. The estimates are population-level resistance levels per respective
geography. The points and vertical bars indicate point estimates from each survey with respective uncertainty interval, whereas
the colours denote the administrative level one of the sites where the patients were recruited, and clinical samples collected.
National trends and projections are shown as graphs for selected countries. Countries with the smallest, largest and/or typical
changes in resistance in each region (eastern, central and western Africa) are shown, to illustrate the regional trends and cross-
country heterogeneity across the continent. Figures for all countries analysed are provided in online supplemental file 3.4. The
full list of site-years is summarised in online supplemental file 1.3. Posterior probability distribution of prevalence per survey

is given in online supplemental file 3.5. (A) Mid-level P. falciparum resistance to sulfadoxine-pyrimethamine. (B) High-level P.

falciparum resistance to sulfadoxine-pyrimethamine.

DISCUSSION

This is the first systematic analysis of national trends of
standardised levels of P. falciparum resistance to SP. This
is an essential drug used as prophylactic combination
for maternal (IPTp) and child (IPTi) health outcomes
in malaria-endemic countries. The WMR 2019 indicated
that approximately 11 million pregnant women would
have been exposed to malaria infection and 24 million
children were infected with P. falciparum on the conti-
nent in 2018." Controlled clinical trials have shown that
a reduction of 38% (22%-50%) (data: 3 trials), 73%

(56%—-83%) (6 trials), 43% (28%-54%) (6 trials) and
27% (1%-47%) (3 trials) in the risk of severe antenatal
anaemia, antenatal parasitaemia, LBW and perinatal
death, respectively, is attainable with effective control of
malaria in pregnancy.31 For IPTp, the WHO recommends
at least three doses of SP to all pregnant women during
antenatal care in the second trimester, each dose given at
least a month apart.”® Based on the negative association
between SP resistance and birth outcomes reported in
meta-analyses and trials that explored the variation of the
protective efficacy of SP across resistance levels and types,
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countries are recommended to withdraw IPTp with SP
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Table 2 Effectiveness of sulfadoxine-pyrimethamine for intermittent preventive treatment in pregnancy (IPTp) and in infancy

(IPTi)

IPTp IPTi

2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
Angola 0.95 0.94 0.93 0.90 0.86 1.00 1.00 1.00 1.00 1.00
Benin 0.95 0.94 0.93 0.90 0.86 1.00 1.00 1.00 1.00 1.00
Burkina Faso 0.99 0.99 0.99 0.99 0.98 1.00 1.00 1.00 1.00 1.00
Cameroon 0.95 0.94 0.93 0.90 0.86 1.00 1.00 1.00 1.00 1.00
Congo 0.95 0.94 0.93 0.90 0.80 1.00 1.00 0.99 0.51 0.02
Democratic Republic of the Congo 0.95 0.94 0.93 0.90 0.86 0.92 0.92 0.91 0.91 0.91
Equatorial Guinea 0.00 0.00 0.00 0.99 1.00 1.00 1.00 1.00 0.99 0.89
Ethiopia 0.61 0.56 0.53 0.51 0.54 0.03 0.03 0.03 0.04 0.05
Gabon 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Ghana 0.99 0.99 0.99 0.99 0.98 1.00 1.00 1.00 1.00 1.00
Kenya 1.00 0.90 0.79 0.96 0.80 0.24 0.01 0.00 0.07 0.88
Malawi 0.78 0.38 0.03 0.00 0.00 0.02 0.00 0.00 0.00 0.00
Mali 0.99 0.99 0.99 0.99 0.98 1.00 1.00 1.00 1.00 1.00
Mozambique 1.00 1.00 0.98 0.84 0.76 0.92 0.74 0.21 0.03 0.03
Nigeria 0.67 0.67 0.67 0.66 0.65 0.90 0.98 1.00 1.00 1.00
Senegal 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
South Africa NA NA NA NA NA 0.95 0.95 0.94 0.93 0.92
Sudan 0.92 0.79 0.73 0.71 0.73 0.96 0.04 0.06 0.95 1.00
Tanzania 0.99 0.95 0.79 0.75 0.80 0.93 0.31 0.04 0.05 0.26
The Gambia 0.99 0.99 0.99 0.99 0.98 1.00 1.00 1.00 1.00 1.00
Uganda 0.25 0.21 0.17 0.18 0.22 0.03 0.01 0.00 0.00 0.01
Zambia 0.70 0.69 0.68 0.66 0.62 0.48 0.47 0.47 0.47 0.47

The values in each country-year are posterior probability reflecting the amount of evidence that each intervention is effective under the
current WHO frameworks. For IPTp, the WHO thresholds for withdrawal of policy are pfdhps540E >95% and pfdhps581G >10%. For IPTi,
the WHO threshold for withdrawal of policy is pfdhps540E >50%. For each intervention, we consider the drug effective in those country-
years whose posterior probability >95%. For detailed year-specific policy effectiveness, see online supplemental file 3.6. For South Africa,
the data are not sufficient to generate evidence on drug effectiveness for IPTp.

NA, not available.

of uncomplicated malaria for the general population.
Consequently, countries stopped using SP for curative
treatment (as SP, CQ+SP or AQ+SP), but started or
continued using SP for prophylactic treatment. The
period that countries initiated using SP varies across
countries, from 1993 to 2007 (online supplemental file
1.4). Those countries that started using SP sooner and/
or that delayed withdrawing the drug as part of combina-
tions for curative treatment tend to experience sustained
increases in mid-level resistance levels. For instance,
Malawi was the first African country to replace CQ with
SP in 1993, and among the last to continue using SP as
the firstline policy for malaria treatment, until 2007.°
Additionally, SP might continue to be used without
prescription for malaria treatment (by populations other
than pregnant women (IPTp) or infants (IPTi)) even
after it stops being the official first-line treatment in the
country. The prevalence of antimicrobial self-medication
is high across Africa, despite heterogeneity across coun-
tries and sociodemographic groups.” Illicit sale of drugs,

including those that are no longer officially indicated for
certain populations and/or conditions, has been docu-
mented as an important contributor.”® Nevertheless,
taken together, the trends in mid-level and high-level
resistance in eastern Africa suggest that accumulation of
pfdhps581G mutation in the population is a function of
a relatively longer exposure to drug pressure, compared
to pfdhps540E mutation (online supplemental file 3.2).
Our in-depth analysis on the effectiveness of SP for IPTp
and IPTi for each country-year is valuable in the context of
the current debate®?' ** ¥~ on whether the drug should
continue to be used in areas of high resistance. A recent
meta-analysis indicated that IPTp with SP is associated
with improved birth outcomes even when pfdhps540E
>90% but not when pfdhps581G >10%.*' However, this
meta-analysis did not provide year-specific country-level
data either on mid-level and high-level resistance or on
the effectiveness IPTp and IPTi policies. Nevertheless, SP
resistance changes across space-time both subnationally
and across countries as demonstrated here. Additionally,
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SP-based policies are implemented nationally in most
countries, and SP resistance is not measured yearly in all
subnational administrative level one sites or lower in each
country (eg, in all provinces and/or districts). Therefore,
the findings from this study®' cannot be translated into
national policy across Africa. In our analysis of the effec-
tiveness of SP for IPTp we accounted for both mutations
and standardised our quantities at national level. Overall,
our evidence for eastern Africa converges with previous
assessments that in this region the effectiveness of SP for
IPTp and IPTi is limited.” *** *** Here we provide a
detailed account of the spatial distribution and temporal
dynamics at national level of the eligibility of SP for IPTp
and IPTi across the continent. The variability across space-
time in parasite resistance and its drivers might explain
in part the current controversy in relation to the effec-
tiveness of SP for interventions for maternal and child
health outcomes in endemic countries. This is because
the effect modification by year of sample collection and
the geolocation of patients on P. falciparum resistance to
SP has not been accounted for in previous assessments of
SP effectiveness for IPTp and IPTi."* #'%7

Even though the current analysis is focused on the
use of SP for IPTp and IPTi, our evidence is relevant for
seasonal malaria chemoprevention (SMC). Thisis because
the drug combination recommended by the WHO for
SMC is AQ+SP, which is administrated as intermittent
courses of full treatment to children aged 3-59 months in
geographies with highly seasonal malaria transmission in
the Sahel subregion of Africa, typically during the rainy
season (3—4 months), at 1-month intervals (SMC cycle)
up to a maximum of four cycles in a year (SMC round).**
SMC, recommended by the WHO in 2012 and previously
referred to as intermittent preventive treatment in chil-
dren, is indicated in areas where therapeutic efficacy of
AQ+SP >90% and is contraindicated in locations where
IPTi is being implemented and in HIV-infected children
receiving prophylactic TMP-SMX.* Despite important
heterogeneity across trials, it has been associated with a
significant protection against all-cause mortality (protec-
tive efficacy: 57% (24%-76%) (12 trials); mortality rate
ratio: 0.4 (0.2-0.9) (1 trial); risk ratio: 0.7 (0.3-1.4) (6
trials)), all clinical malaria episodes (rate ratio: 0.3
(0.2-0.4) (6 trials)), severe malaria episodes (rate ratio:
0.3 (0.1-0.8) (2 trials)), all-cause hospital admission
(incidence rate ratio: 0.6 (0.4-0.8) (1 trial)), moderate
anaemia (OR: 0.3 (0.1-0.7) (1 trial)), moderately severe
anaemia (risk ratio: 0.7 (0.6-1.0) (5 trials)) and parasi-
taemia (OR: 0.4 (0.2-0.6) (1 trial)).**™ However, even
though SP is one of the components of the drug combi-
nation recommended for SMC, no study has so far quan-
tified how these protective effects of SMC are modified by
pfdhps540E and pfdhps581G mutations. Therefore, no
thresholds based on the levels and types of SP resistance
markers have been established by the WHO for SMC to
inform countries when to withdraw this policy. Neverthe-
less, given the relatively low levels of mid-level and high-
level SP resistance across the Sahel subregion of Africa

where SMC is deployed, our evidence indicates that this
policy continues being largely effective in the subregion
in those sites with low prevalence of parasite resistance to
AQ. Trials providing data on the protective effect of SMC
with AQ+SP stratified across levels and types of AQ and
SP resistance markers are needed for a comprehensive
assessment of the effectiveness of this policy.

The current analysis highlights the importance of stan-
dardised resistance quantities for effective policymaking.
Several studies have linked age of patients with their anti-
malarial immunity.'?* Along with the endemicity, age is
known to be an important confounder of the predictive
performance and diagnostic accuracy of the molecular
markers validated for measuring P. falciparum resistance
to SP.'”'® However, surveys conducted across the conti-
nent usually provide sparse and inconsistent measures
of patient age, thus making generation of reliable and
comparable estimates of resistance levels challenging. In
an era of declining international funding,” an inability to
account for epidemiological and demographic dynamics,
within and across populations and countries, inhibits the
ability of the scientific community to provide evidence
that can reliably inform the translation of the WHO
recommendations into effective national policies. There-
fore, national measures to strengthen health systems
capacity to generate quality data through improved active
surveillance of resistance, particularly high-level resis-
tance, are critical to achieve the global target to end the
epidemic.

In our analysis, data availability in southern Africa was
limited. South Africa is the only country with data suffi-
cient to generate national trends of mid-level resistance
in the region; however, data from Namibia and Eswatini
were also fed into the regional model. The eligible data-
sets used in our analysis indicated that the drug is stable
in South Africa for IPTi, but the data are not sufficient to
generate evidence on drug effectiveness for IPTp in the
region due to unavailability of data on high-level resis-
tance (online supplemental files 1.3, 3.2, 3.5, and 3.6).
We also detected areas of limited coverage of patient data
in eastern Africa and central Africa. These are also the
regions where the largest share of P. falciparum infection
is concentrated on the continent.* Importantly, nation-
ally representative data on molecular markers of malaria
resistance are limited in Africa. Therefore, while our
modelling framework based on a random effects model
and georeferenced covariates known to affect the vari-
ability in resistance patterns partially mitigates this issue,
the national representativeness of our estimates might
be limited in some countries. Most of the country data
on resistance molecular markers are from prior to 2010,
with some countries having no data on resistance molec-
ular markers beyond 2015. We address this limitation in
data availability on resistance molecular markers analyt-
ically by leveraging regional temporal trends in parasite
resistance in conjunction with subnational dynamics in
malaria endemicity to project national trends in resis-
tance quantities across time, provided that the available
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data points in each country are sufficient to model
national trends (online supplemental files 1.2-1.3, also
see sensitivity analysis). To ensure quality in our geosta-
tistical analysis we did not conduct extrapolation to infer
subnational resistance levels to attain a higher spatial—-
temporal resolution. Rather, we focus on providing
adjusted national averages, whose relevance for nation-
wide policy regarding SP is our major theoretical justifica-
tion. Furthermore, given the amount of variability in the
prevalence of pfdhps540E and pfdhps581G within each
country-year (online supplemental files 3.2 and 3.5), the
applicability of the WHO thresholds across the resistance
spectrum at subnational level might be limited in some
countries. For optimal drug effectiveness, a different
set of malaria control policies might be required for
each resistance cluster at subnational level. The feasi-
bility of our proposed policy implementation has been
demonstrated in Kenya, where IPTp is implemented in
14 of the 47 counties.” However, evidence-based imple-
mentation of this strategy requires predictions of resis-
tance quantities with a higher spatial resolution, which
should be the direction of future research. Our survey
of current evidence on preventive therapies for malaria
indicates that most studies guiding the WHO proto-
cols on TPTp,"* 2! ¥ 374! yhich informed our modelling
framework, have generally focused on LBW, neglecting
other maternal and child adverse outcomes that might
be impacted differently by the effect of parasite resis-
tance on SP protective efficacy.”’ ***"* These outcomes,
including fetal anaemia, stillbirth, preterm delivery,
perinatal deaths, neonatal anaemia, neonatal deaths,
maternal anaemia, maternal deaths and others, should
be a priority of future studies. Despite these limita-
tions, our analysis, the first of its scope, provides results
of unique practical value for effective policymaking in
malaria-endemic countries. Importantly, our metrics and
recommendations are directly translatable into actions
by informing the formulation and implementation of
evidence-based responses at the national level in the
face of the public health threat and uncertainty posed by
drug-resistant malaria in resource-constrained settings,
thus effectively helping African nations achieve the SDG
for health.
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