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or annual IRS would have the potential to avert hundreds 
of thousands of cases relative to pyrethroid- treated nets. 
Policy and programmatic decisions have the potential to 
substantially alter Malawi’s malaria burden.

Longitudinal analysis demonstrates a reduction in 
malaria risk following mass LLIN distribution among 
our study population, but a subsequent re- bounding 
of disease suggests that LLINs do not universally retain 
effectiveness through two high transmission seasons. 
Prior research in Malawi has depicted increased malaria 
prevalence among children 2 years after mass distribu-
tion of 5.6 million nets.16 Individual ITN use was associ-
ated with a lower individual risk of malaria at baseline, 
but this association disappeared within 2 years. Simi-
larly, research among adolescents and adults has shown 
that sleeping under an LLIN was not associated with 
reduced risk of malaria prevalence 3–4 years after a mass 
distribution campaign, even after stratifying by bed net 
insecticide type,25 perhaps due to LLIN damage and 
repurposing. Risk of malaria was heterogeneous at the 
health facility level, with wide variations depending on 
geographic location and month, aligning with estimated 
differences at the subdistrict level.2 3 Fine- scale longitu-
dinal mapping of malaria risk allows for local monitoring 
and evaluation, including targeting of resources to small 
areas during periods of high transmission.

Potential sources of a short LLIN lifespan include 
repurposing, damage, and insecticide- resistance, and 
attenuation of insecticide concentration.26–28 Mosquito 

collection studies in Malawi show increasing insecticide- 
resistance over time to pyrethroid- treated nets,26 but 
retention of efficacy with added PBO, similar to our study 
findings. An estimated 50% of ITNs are lost from house-
holds in sub- Saharan Africa after 23 months, another 
likely contributor to reduced intervention effects over 
time.27 In Malawi, individuals repurpose ITNS for fishing 
and farming, and sell nets to support their families 
encountering poverty and food- insecurity,28 all of which 
contribute to reduced intervention effectiveness.

The frequency of LLIN distribution also influences 
effectiveness. The WHO recommends mass distribution 
campaigns every 3 years, allocating one LLIN for every 
1.8 people.11 However, evidence from field research 
in Eastern and Southern Africa questions this recom-
mendation, consistently finding that malaria incidence 
rebounds 1–3 years following ITN or LLIN distribu-
tion.12–15 17 Qualitative studies are necessary to discover 
local reasons for LLIN effectiveness variation. Sites in 
Madagascar followed similar disease trends as our study, 
experiencing rebounding malaria 2–3 years following 
a mass distribution campaign; however, malaria incre-
mentally declined in areas receiving additional contin-
uous LLIN distribution to households including young 
children, immigrants, pregnancy women and recently 
married couples.29 Malawi distributes nets continuously 
to pregnant women and newborns, but the protection 
provided by mass LLIN campaigns could be potentially 
sustained through introduction of additional distribution 

Figure 4 Risk of malaria (cases per 100 people) and risk differences from 2018 to 2019 and 2020, stratified by district and 
type of intervention. Data are shown for months falling within the high malaria transmission season (January to May), and 
estimates represent 5- month risks. Risk difference point values and 95% CIs are shown by black dots and lines underlying 
each coloured point, although CIs are not readily visible because of the narrow range. Mchinji’s net distribution was comprised 
of 69.4% pyrethroid- treated nets and 30.6% PBO- treated nets. IRS, indoor residual spraying; PBO, piperonyl butoxide.
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channels such as HIV clinics or expanded inclusion 
criteria to immigrants and outdoor workers.

Our study represents one of the largest published anal-
yses of LLIN effectiveness over time, capturing records 
from 711 health facilities over a 30- month period and 
representing the most granular national estimates 
published to- date. Data were reported at a near capacity 
rate each month, with 98% completeness in 2018 and 
96% in 2019. Approximately 98% of all suspected cases 
were confirmed nationally in 2018, indicating high 
testing coverage of individuals presenting for care.9 Use 
of routinely collected DHIS2 data represents an efficient 
use of resources to study the effectiveness of Malawi’s 
most comprehensive malaria prevention intervention.

The main limitations of our analysis stem from missing 
data; we excluded facilities lacking spatial coordinates 
and missing 2018 data, biasing risk estimates downward. 
However, many of the excluded health facilities were 
small, and our analysis still captured 97.1% of confirmed 
DHIS2 malaria cases and 99.7% of facilities reported data 
for at least 24 months during the study period. We are 
also missing malaria cases who do not report to a clinic; 
a potentially substantial population as only 54% of chil-
dren <5 years with fever sought advice or treatment in 
2017,30 leading to conservative risk estimates of the 
underlying burden of symptomatic disease. Our Thiessen 
polygons were built using Euclidean distance, assuming 
that individuals attend the nearest health facility and that 
everyone in the catchment area accesses the facility with 
equal probability. Facility size and quality of care also 
likely influences health seeking behaviour, and referral 
hospitals may double count cases already recorded at 
smaller clinics. We updated projected WorldPop rasters 
using 2018 census data; while this provides more accu-
rate population estimates, modelled population values 
are imperfect. We were not able to examine syner-
gistic effects of IRS and LLINs, but future analyses will 
compare various intervention combinations as Malawi 
expands annual IRS coverage. Additional influences on 
malaria counts include environmental factors, poten-
tial under- reporting in April to June 2020 due to the 
COVID-19 pandemic and introduction of limited RTS,S 
malaria vaccine roll- out to children in April 2019 which 
could have lowered risk among those <5 years in select 
areas. Although PBO- treated nets and IRS dramatically 
reduced malaria case counts among our population, 
novel interventions and case management strategies are 
necessary to move Malawi closer to malaria elimination.

CONCLUSION
Our study design can serve as a model for other coun-
tries collecting health metrics through DHIS2. Use of a 
routine surveillance system provides a natural opportu-
nity to study disease trends over time and create quasi- 
experimental designs to measure interventions on a 
large scale without the cost and limited scope of primary 
data collection. Assessment of malaria risk provides 

valuable insight into current and historical case trends 
as the Ministry of Health plans future mass distribu-
tion campaigns. Decisions regarding type of insecticide, 
frequency of net distribution and order of priority for 
various geographical areas have the potential to substan-
tially alter the malaria landscape in Malawi, averting 
morbidity, mortality and a strain on health system 
resources for diagnosis and treatment.
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Supplementary Figure 1. Health facilities and facility reports from Malawi’s District Health Information 
Software 2 which were included in the analysis, January 2018 to June 2020. 
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Supplementary Table 1. Proportion of health facilities, health facility reports, and confirmed malaria cases 
included in the study analysis and in DHIS2, by year.  

 Health facilities  Health facility reports  Confirmed malaria cases 

Year included 
in study DHIS2 %  included 

in study DHIS2 %  included 
in study DHIS2 % 

2018: Jan-Dec 711 756 94.0  8,170 8,607 94.9  6,833,895 6,997,921 97.7 

2019: Jan-Dec 711 925 76.9  8,526 10,992 77.6  5,074,442 5,229,573 97.0 

2020: Jan-Jun 711 926 76.8  4,266 5,500 77.6  4,664,899 4,839,038 96.4 

TOTAL 711 926 76.8  20,962 25,099 83.5  16,573,236 17,066,532 97.1 

DHIS2 = District Health Information Software 2 
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Supplementary Figure 2. A) average monthly temperature and B) total monthly precipitation, Malawi, 2000 
to 2019. Stars indicate peaks in November and December 2018, respectively, immediately before the start of 
the 2019 high malaria transmission season. 
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Supplementary Table 2. Bed net coverage by district, calculated using 2018 Malawi census population counts 
and bed net distribution counts for all health facilities included in the analysis (n=711). Nkhotakota did not 
distribute bed nets, but sprayed 112,264 structures in 2018, resulting in a coverage rate of 94.9% (PMI 
Malawi Malaria Operational Plan FY 2020).  

District Intervention Population size 
(2018) 

Number of bed 
nets distributed 

Coverage (nets 
per 100 people) 

Number of 
people per net 

Balaka Pyrethroid 448,706 301,033 67.1 1.5 

Blantyre Pyrethroid 1,251,484 692,646 55.3 1.8 

Chikwawa Pyrethroid 534,779 396,272 74.1 1.3 

Chiradzulu Pyrethroid 356,875 238,011 66.7 1.5 

Chitipa Pyrethroid 234,927 129,579 55.2 1.8 

Dedza Pyrethroid 830,512 518,538 62.4 1.6 

Dowa Pyrethroid 772,569 461,366 59.7 1.7 

Karonga PBO 365,028 253,486 69.4 1.4 

Kasungu Pyrethroid 842,953 513,735 60.9 1.6 

Likoma PBO 14,527 8,535 58.8 1.7 

Lilongwe Pyrethroid 2,626,901 1,441,780 54.9 1.8 

Machinga PBO 735,438 518,742 70.5 1.4 

Mangochi Pyrethroid / IRS 1,148,611 784,210 68.3 1.5 

Mchinji Pyrethroid / PBO 602,305 413,605 68.7 1.5 

Mulanje Pyrethroid 684,107 466,162 68.1 1.5 

Mwanza PBO 130,949 84,698 64.7 1.5 

Mzimba Pyrethroid 1,161,456 672,652 57.9 1.7 

Neno PBO 167,409 81,198 48.5 2.1 

Nkhata Bay Pyrethroid 284,681 179,657 63.1 1.6 

Nkhotakota IRS 393,077 .. .. .. 

Nsanje PBO 503,412 230,374 45.8 2.2 

Ntcheu Pyrethroid 659,608 392,781 59.5 1.7 

Ntchisi PBO 317,069 190,242 60.0 1.7 

Phalombe Pyrethroid 398,666 285,977 71.7 1.4 

Rumphi PBO 229,161 140,902 61.5 1.6 

Salima PBO 478,346 327,771 68.5 1.5 

Thyolo Pyrethroid 721,456 481,419 66.7 1.5 

Zomba Pyrethroid 860,604 583,576 67.8 1.5 

TOTAL .. 17,755,616 10,788,947 68.8 1.6 

IRS = indoor residual spraying, PBO = piperonyl butoxide 
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Supplementary Table 3. One-month risk of malaria (cases per 100 people) by month from January 2018 to 
June 2020, stratified by age group and intervention type. ‘No data’ refers to health facilities which did not 
have any bed net distribution or IRS information. 

 Age group 
risk (cases per 100 people) 

 Insecticide type 
risk (cases per 100 people) 

 <5 years ≥5 years All ages  IRS Pyrethroid PBO Pyrethroid / 
IRS No data 

Jan-18 14.9 3.4 5.0  10.8 5.0 6.1 4.5 1.4 

Feb-18 13.5 3.0 4.5  8.0 4.7 5.0 3.8 1.2 

Mar-18 16.5 3.5 5.4  8.3 5.6 6.0 4.8 1.7 

Apr-18 16.4 3.8 5.7  9.8 6.0 6.0 4.8 1.9 

May-18 15.6 3.4 5.2  9.2 5.4 5.5 5.0 1.8 

Jun-18 9.7 2.2 3.3  6.2 3.2 4.3 2.7 1.3 

Jul-18 7.6 1.4 2.3  7.9 2.3 3.0 2.5 0.5 

Aug-18 6.2 1.1 1.8  7.6 1.7 2.7 2.0 0.4 

Sep-18 6.7 1.2 2.0  8.2 1.7 2.9 2.6 0.4 

Oct-18 6.8 1.3 2.1  8.8 2.0 2.9 2.1 0.4 

Nov-18 5.5 1.0 1.7  4.6 1.7 2.1 1.5 0.4 

Dec-18 5.8 1.0 1.7  2.4 1.9 1.9 1.5 0.4 

Jan-19 9.7 2.4 3.5  3.3 3.9 3.4 4.5 0.8 

Feb-19 8.5 2.1 3.0  3.0 3.5 2.3 4.0 0.9 

Mar-19 9.2 2.4 3.4  3.3 4.3 1.9 3.5 0.9 

Apr-19 9.4 2.3 3.3  3.6 4.2 1.8 3.7 0.9 

May-19 9.6 2.5 3.5  3.9 4.5 1.8 3.9 0.9 

Jun-19 6.4 1.3 2.1  4.2 2.5 1.2 2.5 0.6 

Jul-19 5.6 1.0 1.6  4.5 1.9 1.1 2.4 0.5 

Aug-19 4.8 0.8 1.4  5.4 1.4 1.1 2.4 0.4 

Sep-19 5.0 0.9 1.5  6.1 1.5 1.4 2.2 0.4 

Oct-19 5.7 1.1 1.7  7.1 1.7 1.5 2.8 0.5 

Nov-19 5.0 1.1 1.6  5.1 1.8 1.4 1.9 0.5 

Dec-19 5.9 1.3 2.0  1.9 2.3 2.0 1.5 0.6 

Jan-20 12.9 3.6 5.0  3.9 6.1 5.0 1.7 1.4 

Feb-20 10.6 3.0 4.1  3.4 5.1 3.8 1.3 1.1 

Mar-20 13.1 4.1 5.4  4.6 6.8 4.8 1.8 1.4 

Apr-20 11.8 3.4 4.6  3.8 5.7 4.5 1.7 1.3 

May-20 11.3 2.9 4.1  4.3 5.0 4.3 1.7 1.1 

Jun-20 9.1 2.0 3.0  4.1 3.5 3.4 1.5 0.8 

IRS = indoor residual spraying, PBO = piperonyl butoxide 
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Supplementary Figure 3. One-month risk of malaria from January 2018 to June 2020, stratified by district, 
all ages. Line colors represent the type of invention which households in each district received. Dark gray 
color blocks represent months where the mass distribution campaign occurred (September to December 
2018) and light gray blocks represent months which fall during the yearly high malaria transmission season 
(January to May). Risk was measured monthly and curves are smoothed using X-splines. Note: IRS = indoor 
residual spraying, PBO = piperonyl butoxide. 
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Supplementary Table 4. Changes in malaria risk (cases per 100 people) by district from January 2018 to June 2020, stratified by age group and high 
and low malaria transmission seasons. 

  HIGH TRANSMISSION* risk (cases per 100 people) 

DISTRICT Insecticide 

<5 years ≥5 years All ages 

2018 2019 2020 RD 19 
vs. 18 

RD 20 
vs. 18 2018 2019 2020 RD 19 

vs. 18 
RD 20 
vs. 18 2018 2019 2020 RD 19 

vs. 18 
RD 20 
vs. 18 

BALAKA Pyrethroid 79.6 58.5 70.4 -21.1 -9.1 31.7 28.5 35.8 -3.3 4.0 39.0 33.0 41.0 -6.0 2.0 

BLANTYRE Pyrethroid 48.6 33.6 45.0 -15.0 -3.6 10.1 8.7 14.1 -1.4 3.9 15.1 11.9 18.0 -3.2 3.0 

CHIKWAWA Pyrethroid 60.5 70.6 70.3 10.1 9.8 13.7 22.3 23.6 8.6 10.0 20.8 29.7 30.8 8.9 10.0 

CHIRADZULU Pyrethroid 31.8 23.1 21.2 -8.8 -10.6 7.8 9.6 9.4 1.8 1.6 11.0 11.4 11.0 0.5 0.0 

CHITIPA Pyrethroid 31.4 23.4 21.0 -8.0 -10.4 13.7 10.3 10.3 -3.4 -3.4 16.1 12.0 11.8 -4.0 -4.3 

DEDZA Pyrethroid 61.2 49.6 62.1 -11.6 0.8 10.2 11.2 14.9 1.0 4.8 17.6 16.8 21.8 -0.9 4.2 

DOWA Pyrethroid 103.9 60.3 99.6 -43.6 -4.3 21.3 13.6 25.9 -7.7 4.6 32.6 20.0 35.9 -12.6 3.3 

KARONGA PBO 56.9 21.5 23.3 -35.5 -33.7 20.0 6.0 8.9 -14.0 -11.1 25.1 8.1 10.9 -17.0 -14.2 

KASUNGU Pyrethroid 101.1 78.9 103.8 -22.2 2.8 16.9 15.6 20.3 -1.3 3.4 29.0 24.7 32.4 -4.3 3.3 

LIKOMA PBO 64.9 38.5 34.5 -26.4 -30.4 41.0 16.3 18.7 -24.7 -22.3 43.8 18.8 20.5 -24.9 -23.3 

LILONGWE Pyrethroid 99.9 41.7 62.8 -58.2 -37.0 14.9 7.4 13.1 -7.6 -1.8 27.2 12.2 20.1 -15.0 -7.1 

MACHINGA PBO 51.6 22.2 35.7 -29.4 -15.8 13.7 5.8 11.0 -8.0 -2.8 20.1 8.5 15.1 -11.6 -5.0 

MANGOCHI Pyrethroid / IRS 68.9 57.8 25.4 -11.1 -43.5 12.9 11.6 4.6 -1.3 -8.3 22.7 19.7 8.2 -3.0 -14.5 

MCHINJI Pyrethroid / PBO 114.8 56.6 99.0 -58.2 -15.8 28.2 14.8 29.8 -13.4 1.6 41.0 21.0 40.0 -20.0 -1.0 

MULANJE Pyrethroid 97.5 60.6 86.4 -36.9 -11.1 23.2 16.3 24.0 -6.9 0.8 33.3 22.3 32.5 -11.0 -0.8 

MWANZA PBO 114.4 60.0 149.7 -54.4 35.3 12.2 8.9 35.2 -3.3 23.0 27.2 16.4 52.0 -10.8 24.8 

MZIMBA Pyrethroid 65.2 50.6 50.6 -14.6 -14.6 18.7 14.8 18.8 -3.8 0.1 25.3 19.9 23.2 -5.4 -2.1 

NENO PBO 107.8 42.0 77.4 -65.7 -30.4 36.1 18.1 36.7 -18.0 0.5 47.0 21.8 42.9 -25.2 -4.1 

NKHATA BAY Pyrethroid 186.1 135.9 144.5 -50.2 -41.6 42.7 33.4 41.2 -9.3 -1.4 62.6 47.7 55.6 -14.9 -6.9 

NKHOTAKOTA IRS 128.2 43.5 53.5 -84.7 -74.7 30.8 12.1 13.7 -18.7 -17.0 46.1 17.0 20.0 -29.1 -26.1 

NSANJE PBO 15.4 13.3 18.2 -2.2 2.7 5.6 5.3 8.8 -0.4 3.2 7.1 6.5 10.2 -0.7 3.1 

NTCHEU Pyrethroid 75.6 62.2 74.2 -13.3 -1.4 13.3 15.2 21.3 1.9 8.0 22.3 22.0 28.9 -0.3 6.6 

NTCHISI PBO 144.3 33.8 79.0 -110.5 -65.2 31.3 5.5 21.2 -25.9 -10.2 48.1 9.7 29.8 -38.4 -18.3 

PHALOMBE Pyrethroid 29.3 16.1 23.9 -13.2 -5.4 10.3 6.5 11.7 -3.8 1.4 13.2 7.9 13.6 -5.2 0.4 

RUMPHI PBO 72.2 26.9 31.7 -45.3 -40.5 31.7 9.7 16.8 -22.0 -14.9 37.4 12.1 18.9 -25.2 -18.5 

SALIMA PBO 111.1 46.3 74.5 -64.7 -36.6 23.5 9.4 18.9 -14.1 -4.6 37.7 15.4 27.9 -22.3 -9.7 

THYOLO Pyrethroid 40.5 20.6 47.0 -20.0 6.5 7.9 4.9 12.8 -3.0 4.8 12.2 7.0 17.2 -5.3 5.0 

ZOMBA Pyrethroid 60.6 49.7 62.2 -10.9 1.6 17.4 15.2 18.4 -2.2 1.0 23.4 20.0 24.5 -3.4 1.1 
                 

* High transmission season: January to May; Low transmission season: June to December; IRS = indoor residual spraying, PBO = piperonyl butoxide, RD = risk difference 
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  LOW TRANSMISSION* risk (cases per 100 people) 

DISTRICT Insecticide 

<5 years ≥5 years All ages 

2018 2019 RD 19 
vs. 18 2018 2019 RD 19 

vs. 18 2018 2019 RD 19 
vs. 18 

BALAKA Pyrethroid 41.5 47.8 6.3 10.5 14.7 4.2 15.2 19.7 4.5 

BLANTYRE Pyrethroid 23.5 27.3 3.8 5.1 5.7 0.6 7.5 8.5 1.0 

CHIKWAWA Pyrethroid 44.0 67.2 23.2 8.1 17.2 9.1 13.6 24.8 11.3 

CHIRADZULU Pyrethroid 12.1 9.4 -2.7 2.9 2.2 -0.6 4.1 3.2 -0.9 

CHITIPA Pyrethroid 27.4 17.0 -10.4 10.1 3.2 -6.8 12.4 5.1 -7.3 

DEDZA Pyrethroid 39.4 30.5 -8.9 5.9 5.1 -0.7 10.8 8.9 -1.9 

DOWA Pyrethroid 56.8 42.1 -14.8 8.8 7.1 -1.8 15.4 11.9 -3.5 

KARONGA PBO 72.9 16.8 -56.1 19.0 3.7 -15.3 26.4 5.5 -20.9 

KASUNGU Pyrethroid 52.6 56.1 3.6 6.3 7.1 0.9 13.0 14.2 1.3 

LIKOMA PBO 71.0 46.5 -24.5 27.6 13.7 -13.8 32.6 17.5 -15.1 

LILONGWE Pyrethroid 35.4 25.8 -9.6 4.9 3.4 -1.4 9.2 6.6 -2.6 

MACHINGA PBO 32.7 26.4 -6.2 6.5 4.6 -1.9 10.9 8.3 -2.6 

MANGOCHI Pyrethroid / IRS 45.6 52.3 6.8 7.3 8.1 0.8 14.0 15.8 1.9 

MCHINJI Pyrethroid / PBO 68.7 53.7 -15.0 13.6 11.9 -1.7 21.7 18.0 -3.7 

MULANJE Pyrethroid 58.0 52.1 -5.9 12.8 11.1 -1.7 18.9 16.6 -2.2 

MWANZA PBO 98.4 54.8 -43.5 16.4 9.1 -7.2 28.4 15.9 -12.6 

MZIMBA Pyrethroid 34.4 26.0 -8.4 6.8 5.6 -1.2 10.7 8.5 -2.2 

NENO PBO 55.5 31.8 -23.7 16.4 10.8 -5.6 22.3 14.0 -8.3 

NKHATA BAY Pyrethroid 198.0 159.9 -38.1 42.2 33.9 -8.3 63.9 51.5 -12.5 

NKHOTAKOTA IRS 121.7 96.2 -25.5 29.7 22.9 -6.8 44.2 34.4 -9.8 

NSANJE PBO 14.5 18.5 4.0 5.3 5.6 0.3 6.7 7.6 0.9 

NTCHEU Pyrethroid 46.7 42.5 -4.3 7.8 8.4 0.6 13.4 13.3 -0.1 

NTCHISI PBO 85.2 36.5 -48.7 13.1 6.4 -6.6 23.8 10.9 -12.9 

PHALOMBE Pyrethroid 22.7 14.3 -8.4 6.5 3.9 -2.6 8.9 5.5 -3.5 

RUMPHI PBO 35.0 14.5 -20.5 11.1 3.9 -7.2 14.5 5.4 -9.0 

SALIMA PBO 91.2 40.5 -50.7 15.6 5.6 -10.0 27.8 11.3 -16.5 

THYOLO Pyrethroid 24.0 27.1 3.1 3.4 4.4 1.0 6.1 7.4 1.2 

ZOMBA Pyrethroid 40.0 42.2 2.2 9.5 9.8 0.3 13.7 14.3 0.6 
           

* High transmission season: January to May; Low transmission season: June to December; IRS = indoor residual spraying, PBO = piperonyl 
butoxide, RD = risk difference 
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