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After 2 decades of using insecticide-treated nets (ITNs) and improved case management, malaria burden in the historically-
holoendemic Kilombero valley in Tanzania has significantly declined. We review key characteristics of the residual transmission 
and recommend options for improvement. Transmission has declined by >10-fold since 2000 but remains heterogeneous over small 
distances. Following the crash of Anopheles gambiae, which coincided with ITN scale-up around 2005-2012, Anopheles funestus 
now dominates malaria transmission. While most infections still occur indoors, substantial biting happens outdoors and before 
bed-time. There is widespread resistance to pyrethroids and carbamates; An. funestus being particularly strongly-resistant. In short 
and medium-term, these challenges could be addressed using high-quality indoor residual spraying with nonpyrethroids, or ITNs 
incorporating synergists. Supplementary tools, eg, spatial-repellents may expand protection outdoors. However, sustainable con-
trol requires resilience-building approaches, particularly improved housing and larval-source management to suppress mosquitoes, 
stronger health systems guaranteeing case-detection and treatment, greater community-engagement and expanded health education. 
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Vector control plays a major role in malaria prevention in 
Africa [1]. Insecticide-treated nets (ITNs) and indoor residual 
spraying (IRS) in particular have yielded exemplary gains even 
in areas historically considered holoendemic. Beginning in the 
1990s when ITNs were still untreated or hand-treated with in-
secticides, their impact has increased following the advent of 
long-lasting insecticide-treated net versions (LLINs) [2]. In 
many countries, mass distribution campaigns, supplemented 
by other channels such as social marketing, antenatal clinics, 
or school-based distribution have enabled near-universal access 
and equity [3–5].

Before 2000, the south-eastern Tanzanian districts of Ulanga 
and Kilombero were among the most malarious [6]. Lying in the 
vast Kilombero river valley between Udzungwa mountains to 
the north and Mahenge hills to the south, the area experienced 
intense transmission all year round, with multiple clinical epi-
sodes per person per year [7, 8]. Malaria prevalence rates often 
exceeded 60% in all age groups [7], including new-born children 

[9], without any observable seasonality in transmission [7]. 
Interestingly, the observed relationships between parasitemia in 
humans and transmission intensities suggested that vector con-
trol would substantially reduce morbidity [7] without cutting 
population-level immunity [8]. However, such interventions 
needed to be extensive and sustained, given the understanding 
that overall mortality would remain similar between locations 
with up to 100-fold differences in transmission intensities [10].

Fortunately, these villages benefited from some of the earliest 
scientific trials of malaria innovations. As a result, access to diag-
nostics, drugs, and bed nets grew faster than in most other areas, 
yielding significant gains on mortality, morbidity, and severe ma-
laria cases [11, 12]. Retrospective analysis of surveys conducted 
in 1990s and 2000s, showed that relative to the high transmission 
intensities of up to 1400 infectious bites/person/year (ib/p/y) in 
early 1990s, bed nets achieved 18-fold decrease in transmission, 
reaching 81 ib/p/y by 2009 [13]. The expanded coverage of ITNs 
provided an additional 4.6-fold reduction in transmission [13].

Between 2008 and 2010, after LLINs were rolled out in mass 
campaigns alongside other keep-up campaigns [4, 14], popula-
tions of the major malaria vector, Anopheles gambiae s.s., started 
to dwindle [13, 15–17], eventually disappearing from some vil-
lages starting in 2012 [13]. This vector species bites mostly in-
doors and survives mostly on human blood, so ITNs effectively 
tackled it by reducing access to the preferred vertebrate blood-
meal source. At that time, the vectors were also still susceptible, 
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so insecticide treatments dissipated the vector populations 
faster than they could adapt. By 2015, malaria burden in the 
region had been cut by approximately 60% relative to the esti-
mated 2000s levels [18]. A recent subnational analysis showed 
that while parasite prevalence remains high among school-aged 
children, average malaria prevalence in mothers attending an-
tenatal clinics is approximately 11% in Kilombero district and 
approximately 19% in Ulanga district [19].

Despite the gains made, the remnant burden is still signif-
icant and several challenges have arisen, slowing the prog-
ress. Key among these is decline of mosquito susceptibility to 
public health insecticides [20, 21], possibly due to scale-up of 
ITNs and agricultural chemicals. Another was drug resistance, 
which resulted in a change of primary treatment for uncom-
plicated malaria from chloroquine to sulfadoxine pyrimetha-
mine in 2001, and to artemisinin-based treatments in 2006 [22, 
23]. There are also structural and ecological challenges, no-
tably poor housing, which increases the risk of Anopheles bites 

[24], and low household incomes, which confounds health 
prioritization.

As the malaria control efforts have expanded, Ifakara Health 
Institute has been monitoring the transmission patterns in 
Ulanga and Kilombero districts for several years, while also 
developing and testing tools and approaches to address the 
gaps. In this review, we summarize the main characteristics 
of observed malaria transmission events persisting in the area 
(Figure 1) and outline some options for improved control. The 
synthesis relies primarily on recent studies in the 2 districts, 
done between 2008 and 2018 (Table 1), but also draws on data 
from other sites to explain relevant aspects.

MALARIA TRANSMISSION IN THE AREA IS NOW 
PRIMARILY DRIVEN BY ANOPHELES FUNESTUS 
MOSQUITOES

Historical data suggest that An. gambiae s.s. dominated malaria 
transmission in Ulanga and Kilombero districts for many years 

Study villages

Rivers

Roads

5 0 5 10 km

Figure 1.  A map of Ulanga and Kilombero districts, south-eastern Tanzania showing villages where the malaria transmission data reviewed here were obtained. Map by 
Najat Kahamba.
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prior to the mid-2000s, even though An. funestus was often the 
most important vector during the dry season [53]. However, the 
proportional representation and contribution of An. gambiae 
to malaria transmission, measured as entomological inocula-
tion rates (EIR) began to dwindle after ITNs were introduced 
[13, 31]. Compared to the early 1990s, biting densities of An. 
gambiae had declined by approximately 20% in early 2000s and 
by 80% in 2008 [13]. Further declines were observed following 
large-scale implementation of ITNs, so that by 2012 the species 
was already undetectable in some villages in Kilombero district 
[31]. In studies conducted in Ulanga district between 2009 and 
2012, polymerase chain reaction (PCR) assays of mosquitoes 
in the An. gambiae complex consistently yielded less than 3% 
An. gambiae s.s., the rest being An. arabiensis [15–17, 36]. The 
An. gambiae s.s. populations persisted briefly in villages at the 
northern tip of Kilombero district till around 2010 [54], before 
subsequently declining [55].

Many recent studies have confirmed the absence of An. 
gambiae s.s. from most villages across the valley for nearly 
10  years, coincident with the period when LLINs have been 
used at scale [24, 28, 29, 33, 46, 56]. It is highly plausible that the 
insecticidal bed nets majorly contributed to the decline of this 
species, which is otherwise highly anthropophilic (prefers biting 
humans over other vertebrates [57]) and highly endophilic 
(mostly rests indoors instead of outdoors). However, changes 
in agricultural practices and ongoing ecosystem modifications 
may have accelerated this decline. Besides ITN scale-up, the An. 
gambiae declines also coincided with about 60% malaria reduc-
tion in the region from 2000 to 2015 [18].

It was thought that another member of the An. gambiae com-
plex, that is An. arabiensis, would occupy this niche and be-
come the next major malaria vector. However, several studies 
since then have demonstrated that even in villages where An. 
arabiensis is abundant, its contribution to prevailing trans-
mission is minimal [33]. Instead, An. funestus, previously 
considered important in the dry season because of its unique 
survival strategies [53], now mediates most malaria infections 
[33]. Field estimates showed contributions to EIR were already 
equal between An. funestus and An. arabiensis from 2011 to 2012 
[31]. However, subsequent analysis of data from 2013–2016 il-
lustrated that even in areas where densities of An. arabiensis ex-
ceeded An. funestus by 4:1 ratio, the latter still contributed more 
than 85% of malaria infections [33]. More recent studies among 
the migratory farming communities in the valley showed that 
more than 90% of transmission was mediated by An. funestus 
s.s. Even in the more urban sites such as Ifakara town area and 
its surroundings, the little transmission persisting there appears 
to be driven by An. funestus. Finda et  al observed after 3572 
trap nights that the one infected Anopheles mosquito was An. 
funestus [29].

There are other Anopheles species playing a minor role in 
transmission. For example, Anopheles rivulorum, another Ta
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member of the wider An. funestus group previously described 
as an important malaria vector [58], has tested positive for 
Plasmodium sporozoites in Kilombero valley [33]. It is however 
unclear whether these other species can sustain transmission in 
the absence of An. funestus.

These surveys have demonstrated that assessing dominance 
of malaria vectors in residual transmission settings should be 
based on Plasmodium infection rates rather than relying simply 
on vector densities and occurrence. For species such as An. 
funestus, which can be cryptic and difficult to find in the aquatic 
stages yet highly infective even at low densities, detailed sur-
veys should be done before concluding on the importance of 
different vector species.

The main reasons for An. funestus dominance appear to be 
strong insecticide resistance [34], longer survival as demon-
strated by higher proportions of parous females compared to 
An. arabiensis [26], well-adapted dry-season survival strategies 
[53], and strong preferences for human blood over other an-
imal hosts [57, 59]. The majority of studies in the valley indicate 
human blood indices above 90% in An. funestus [26, 57, 59], 
although some have showed the mosquitoes can also bite cattle 
when these hosts are widely available [55, 60, 61].

MOST MALARIA TRANSMISSION STILL OCCURS 
INDOORS DESPITE A SIZABLE PROPORTION OF 
ANOPHELES MOSQUITOES BITING OUTDOORS

Outdoor-biting by malaria mosquitoes is a growing concern in 
the efforts towards malaria elimination [62]. In Africa, infec-
tions transmitted outdoors and before bedtime result in more 
than 10 million excess malaria cases annually [63]. The phe-
nomenon has been known for nearly half a century [64], but 
methods for estimating its direct impact on malaria control 
have only recently been optimized [65]. While some mosqui-
toes naturally bite and rest outdoors [62], the outdoor-biting 
behavior may also be a response to indoor insecticidal inter-
ventions [66–68]. Indeed, after long-term use of ITNs in Ulanga 
and Kilombero districts, the outdoor-biting proportions of 
malaria vectors increased, and the overall proportion of An. 
arabiensis mosquitoes [68].

An extended entomological survey was conducted in Ulanga 
district between 2014 and 2015, where human volunteers sitting 
indoors or outdoors collected mosquitoes attempting to bite 
them [28]. This study demonstrated that outdoor-biting propor-
tions were significantly higher than indoors for An. arabiensis 
(68% vs 32%; P < .05) [28]. However, there was a smaller differ-
ence for An. funestus (40% outdoors vs 60% indoors; P > .05), 
indicating that biting by this species is driven strongly by lo-
cation of humans [28]. Similar observations were made when 
miniaturized double net traps (DN-Mini) occupied by volun-
teers (Figure 2) were used indoors and outdoors [46]. More than 
twice as many An. arabiensis were caught outdoors as indoors, 
but An. funestus marginally preferred indoors [46]. A different 

survey by Finda et  al, also using DN-Mini traps, in 8 villages 
across Ulanga and Kilombero district determined that 71% of 
An. arabiensis mosquitoes were biting outdoors compared to 
29% indoors [25]. On the other hand, 64% of host-seeking An. 
funestus were indoors compared to 36% outdoors [25].

The outdoor- or indoor-biting proportions are only relevant 
if humans are present at the same locations and the same time. 
Therefore, to assess the actual biting exposures, Finda et al [25] 
observed human activities indoors and outdoors on an hourly 
basis (Figure 3). By incorporating the times when individual resi-
dents went indoors and the percentage using ITNs, they estimated 
the overall proportion of exposure occurring indoors to be 63.1% 
for An. arabiensis and 78.2% for An. funestus. Outdoor exposure 
was high in the evenings between 6 pm and 10 pm (79% of An. 
arabiensis bites and 55% of all An. funestus bites), and morning 
hours from 5 am to 7 am (51% of An. arabiensis bites and 71% of 
An. funestus bites) [25]. However, between 10 pm and 5 am, nearly 
all biting exposure was indoors (96% of all biting by An. arabiensis 
and 99% of all biting by An. funestus) [25]. Similar exposure dy-
namics have been observed in earlier studies by Matowo et al [40] 
and Moshi et al [38] in the valley. Collectively, these studies show 
that most exposure to malaria vector bites still happens indoors.

Additionally, studies by Swai et  al [30], who examined 
Plasmodium sporozoite infections in the salivary glands of 
Anopheles mosquitoes caught inside and outside migrants’ farm 
houses, concluded that 78% of all transmission events occurred 
indoors [30]. Of the indoor transmission events, 91% were me-
diated by An. funestus and the remaining 9% by An. arabiensis. 
All the outdoor infections were by An. funestus [30]. An anal-
ysis of multiple studies conducted in the 2 districts since 2010 
has also showed that if only Plasmodium-infected Anopheles 
are considered, nearly all of them were mosquitoes caught in-
doors, even where up to 70% of the total biting by Anopheles 
mosquitoes was outdoors. In the studies by Limwagu et al [46], 
mosquitoes collected indoors and outdoors were dissected to 
compare proportions that were parous and potentially infec-
tious. For An. funestus, it was observed that the older poten-
tially infectious subpopulations were mostly indoors and that 
those biting outdoors were mostly nulliparous [46]. This adds 
to the evidence that for the vector that carries most malaria in 
the area, transmission likely happens mostly indoors.

In conclusion, biting exposure and overall likelihood of ma-
laria infection by the main malaria vector An. funestus is higher 
indoors, while for An. arabiensis, it is higher outdoors. Given 
that most of the EIR is from An. funestus [26, 29, 30], the pre-
vailing transmission must be occurring mostly indoors, despite 
the rising risk of outdoor biting.

It has been argued that for malaria elimination to be 
achieved, this outdoor proportion of biting, though marginal, 
must also be effectively tackled. However, evidence suggests 
even mosquitoes that bite outdoors regularly enter houses at 
least sometime during their adult life [46, 69]. An. arabiensis 
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in particular tends to bite outdoors when they are older but in-
doors when they are younger [46]. When the adult females were 
dissected by Limwagu et  al [46], they observed that although 
An. arabiensis mostly bit outdoors, their older and potentially 
infectious subpopulations were mostly outdoors. Overall, the 
available evidence suggests that an effective indoor intervention 
could tackle both the indoor proportion and outdoor propor-
tion of the main malaria vectors [46, 70].

LOCAL VECTOR POPULATIONS ARE RESISTANT TO 
PUBLIC HEALTH INSECTICIDES AND AN. FUNESTUS 
POPULATIONS EXHIBIT THE HIGHEST RESISTANCE 
INTENSITIES

The primary malaria prevention approach in Tanzania is ITNs, 
and both Kilombero and Ulanga districts enjoy very high 
household-level coverage of the intervention [25]. Residents 
mostly receive nets through government-backed mass distribu-
tion every 3–4 years, complemented with keep-up campaigns 
via antenatal clinics and the school net programs [4, 71]. Due 
to resource limitation, IRS is currently restricted to northern 
Tanzania [72–74] and is not done in this area. Unfortunately, 
as coverage of ITNs has expanded, so has the resistance levels 
of malaria mosquitoes to the common insecticides [75]. 
Studies done between 2010 and 2011 already highlighted 
signs of pesticide resistance in malaria vectors in Kilombero 
and Ulanga districts [37]. By 2013, both An. arabiensis and 
An. funestus from Kilombero district showed low-level re-
sistance to pyrethroids and carbamates, which was increased 
by 2014 [31]. Studies done around the same time in Ulanga 
district indicated that An. arabiensis was still susceptible to 

Figure 2.  Miniaturized double net trap (DN-Mini) used for sampling host-seeking 
malaria vectors indoors and outdoors. Detailed description of the DN-Mini is pro-
vided by Limwagu et al [46]. The trap allows exposure-free assessment of human 
biting risk, yielding comparable diversities of mosquito species and physiolog-
ical states, even though actual densities collected are significantly lower than in 
standard human-biting collections.

18:00 – 20:00

Adults and children of  school-going age

Children of  below school-going age
Outdoors Indoors under ITNs Indoors outside ITNs

20:00 – 22:00 22:00 – 05:00 05:00 – 07:00

Figure 3.  Proportion of household members indoors and outdoors during night hours. A detailed description of this study is provided by Finda et al [25]. 
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dichlorodiphenyltrichloroethane (DDT), but had signs of py-
rethroid resistance, thus requiring closer monitoring [37]. 
Follow-up studies in multiple villages in mid 2010s demon-
strated that resistance in malaria mosquitoes had spread wider, 
although there were fine-scale variations between villages and 
seasons [21]. Similar results were observed in tests done on the 
house mosquito, Culex pipiens [20].

Data on An. funestus resistance are scarce, partly because of 
the difficulties of finding wild aquatic populations of these mos-
quitoes. It therefore rarely appears on national surveys of resist-
ance [75]. Fortunately, some recent studies have used modified 
protocols, involving wild-caught adults instead of emergent adults 
from larval collections as recommended by WHO protocols 
[76]. These studies have demonstrated that both An. funestus 
and An. arabiensis now have widespread resistance against 
DDT, carbamates such as bendiocarb and pyrethroids, including 
deltamethrin, and permethrin commonly used on ITNs [26, 34]. 
Kaindoa et al observed that percentage mortalities for An. funestus 
rarely exceeded 30%, suggesting strong resistance in these popu-
lations [26]. In 2019, Pinda et al [34], directly compared the re-
sistance levels of An. funestus and An. arabiensis using WHO 
protocols for measuring intensity of resistance, and demonstrated 
that An. funestus is indeed more strongly resistant, up to 10 times 
the standard pyrethroid doses. On the contrary, An. arabiensis re-
sistance could be broken at just 5 times the standard doses [34].

The 2011–2012 studies, as well as the more recent ones in 
2015–2016, indicated no evidence of any kdr mutations usu-
ally associated with target-site resistance to DDT and pyreth-
roids [21, 37]. However, there was a clear reversal of observed 
resistance levels when mosquitoes were preexposed to the 
synergist PBO, suggesting a metabolic form of resistance to 
pyrethroids [21]. Similar reversal using PBO was demon-
strated in 2019 on both An. funestus and An. arabiensis from 
the 2 districts [34]. The recent studies also demonstrated that 
nonpyrethroids, such as organophosphates, remain effective 
against the vectors. Interventions such as ITNs incorporating 
PBO, or nonpyrethroid IRS (eg, those using organophosphates 
and neonicotinoids), may thus be effective for vector control 
here as an immediate response to the resistance challenge.

TRANSMISSION INTENSITIES HAVE SIGNIFICANTLY 
DECLINED BUT REMAIN HIGHLY HETEROGENEOUS 
OVER SMALL DISTANCES

Studies in the 1990s and in early 2000s consistently reported 
EIR values greater than 300 ib/p/y in villages across Kilombero 
valley [7, 8, 77]. However, following the widespread scale up 
of ITNs, ecosystem changes, and subsequent decline of An. 
gambiae s.s populations, transmission intensities have de-
clined significantly. EIR estimates had declined to 78, 51, and 
31 ib/p/y by 2008, 2009, and 2011, respectively [31]. More re-
cent studieshave indicated EIRs were already below 20 ib/p/y by 
2016; consolidated analyses of Centers for Disease Control and 

Prevention miniature light trap (CDC-LT) catches and sporo-
zoite infection rates showed unadjusted EIR values of 12 ib/p/y 
contributed by An. funestus and 4 ib/p/y contributed by An. 
arabiensis [26].

Other than the significant declines, the residual malaria 
transmission intensities are also very evidently heterogeneous 
over small distances. One study in the migratory farming com-
munities of Kikwachu and Kilisa in Ulanga district (Figure 1) 
in 2018 and 2019 yielded EIRs as low as 2 ib/p/y [30]. Around 
the same time, observations from the nearby Tulizamoyo vil-
lages estimated EIRs greater than 20 ib/p/y (Ngowo et  al un-
published). In a 2015 intensive survey in Ifakara town and 
surrounding wards (Figure  1), investigators completed 3572 
trap-nights but found only one infected mosquito, translating 
to EIR of just 0.102 ib/p/y [29], nearly undetectable by standard 
entomological methods.

The observed variations in transmission intensities appear 
to be correlated with densities of An. funestus. Villages at the 
edge of the valley, which have higher densities of An. funestus, 
have higher transmission than those on the floor of the valley, 
where the most abundant Anopheles is An. arabiensis (Ngowo 
et al unpublished). To verify the geographical heterogeneity in 
transmission, a parasitological survey was conducted in mul-
tiple villages within a 30-km zone, starting from Ifakara town 
and its surrounding wards in Kilombero district and extending 
to 12 villages in Ulanga district. Malaria prevalence in all age 
groups was as low as <1% in Ifakara area but rose steadily to as 
high as >40% in villages 30 km away (Swai et al unpublished). 
Subnational estimates from ANC clinics show that malaria par-
asite prevalence is now 10.7% in Kilombero district and 18.7% 
in Ulanga district [19], far lower that the pre-ITN levels [8, 9]. 
In summary, while malaria estimates have been significantly re-
duced since early 2000s, the residual burden is highly heteroge-
neous over small distances.

STRUCTURAL AND ECOLOGICAL RESILIENCE 
IS IMPORTANT TO SUSTAIN GAINS CATALYZED 
BY HEALTH COMMODITIES SUCH AS ITNS, 
DIAGNOSTICS, AND MEDICINES

Alba et al documented wide-ranging impacts of the expanded 
access to effective malaria prevention and treatment in the 
Kilombero valley in late 1990s and 2000s [11, 12]. Overall, ac-
cess to malaria commodities has been high, even for migratory 
subpopulations that spend weeks or months at distant farms, 
although home-based treatments for this subgroup may be high 
and irrational [78].

While the commodities, particularly ITNs have signifi-
cantly cut malaria burden, structural resilience is required to 
sustain these gains. This may include improved housing and 
environmental management to create Anopheles-free ecosys-
tems, coupled with expanded access to prompt diagnosis and 
treatment.
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Observational data suggest that malaria transmission risk is 
higher under poor housing conditions [79, 80]. In south-eastern 
Tanzania communities, houses with open eaves consistently 
have more malaria mosquitoes than houses with closed eaves 
[24, 29, 33, 42]. Analysis of data collected from 2008 to 2011 in 
Kilombero district concluded that improved housing will be es-
sential to further reduce transmission beyond levels achievable 
by ITNs [42]. A similar analysis of data from 400 sentinel and 
randomly selected households in Ulanga district reached a sim-
ilar conclusion, but added that targeted subsidies could help re-
duce barriers to safer housing [24]. Unfortunately, most people 
here still live in houses with open eaves, unscreened windows, 
or gaps on doors. Although they are fully aware of associated 
mosquito biting and pathogen transmission risks, their prior-
ities are constrained by low income levels [24]. When Finda 
et al [29] observed the nearly undetectable EIRs in Ifakara area, 
they also observed that in addition to high ITN coverage, most 
houses had brick walls and/or iron roofs (>90%), and 52% had 
screened windows. On the contrary, in the more rural settings 
where transmission remains substantial, 51% of houses had 
mud walls, 75% had open eave spaces, 60% were grass-thatched, 
75% had unscreened windows, and 64% left their doors open 
every evening between 6 pm and 7 pm [24]. The EIR estimates 
in these villages was 17 ib/p/y [33].

African housing standards are gradually improving, and the 
proportions of people living in improved homes doubled from 
11% in 2000 to 23% in 2015 [81]. Most of this progress appears 
to be paid for by regular household income and savings, without 
any government subsidies. If accelerated and incentivized, this 
trend could build up the necessary structural resilience in com-
munities to protect gains so far accrued from ITNs, drugs, and 
diagnostics. The commodities are indeed highly impactful, but 
they require constant replenishments, uninterrupted user com-
pliance, and long-term funding. They are negatively impacted 
by disruptions in the health systems or supply chains such as 
is currently seen in the coronavirus disease 2019 (COVID-19) 
pandemic [82] or during the past Ebola crisis in west Africa [83].

IT IS CRUCIAL TO INVOLVE THE COMMUNITY 
MEMBERS IN THE EFFORTS TO SUSTAIN THE GAINS 
AND EVENTUALLY ACHIEVE MALARIA ELIMINATION

Effective control and elimination of malaria requires sig-
nificant investment and focus on community knowledge, 
awareness, and practice. Several qualitative and quantitative 
studies have indicated relatively high knowledge of malaria 
transmission among community members in the area [25, 
38, 39, 43, 84]. However, the same studies also indicated 
relatively low perception of risk of malaria transmission, 
particularly during the early evening and early morning 
hours; a majority of the community members believe ma-
laria mosquitoes to be mostly active after midnight [25, 38, 
39]. This low risk perception is likely because information 

on the changing dynamics of malaria transmission, that is 
increasing outdoor and early evening biting, has not been 
adequately communicated to community members in af-
fected areas. However, the low risk perception could provide 
a window for human-mosquito contact at times when ITNs 
are not in use, thereby derailing further efforts towards ma-
laria elimination.

To improve uptake and effectiveness of the current and fu-
ture malaria control interventions, it is crucial to ensure that 
the targeted communities have accurate and updated informa-
tion on the risk of malaria transmission. In a series of focus 
group discussions with different stakeholders of malaria control 
in Tanzania, community members in villages in south-eastern 
Tanzania provided insights into their daily life experiences with 
respects to malaria transmission and control, and expressed en-
thusiasm to be involved in the fight against malaria [85]. It is, 
therefore, also vital to involve the community members in the 
discussions, development, and implementation of all malaria 
control strategies.

THERE ARE CANDIDATE SUPPLEMENTARY 
INTERVENTIONS THAT COULD POTENTIALLY 
ACCELERATE ONGOING EFFORTS IN THE SHORT 
AND MEDIUM TERM

While ITNs have been the main commodity for malaria trans-
mission control, their effectiveness has dwindled in the phase 
of pyrethroid resistance [34, 37]. They may retain much of their 
physical protection against mosquito bites but their bioefficacy 
significantly declines. Recent innovations to create ITNs with 
PBO [86] or other active ingredients [87, 88] may temporarily 
reverse these deteriorations, but it is unclear how long the im-
provements would last as field evidence remains patchy. While 
trials of PBO nets demonstrated significant improvements in 
an area with high pyrethroid resistance in northern Tanzania 
[89], only modest improvements were observed in Burkina 
Faso [90] and Uganda [91]. Another challenge is the outdoor-
biting trend, which presents a small but significant gap beyond 
the reach of ITNs [25, 65].

While the long-term goal should be to build structural resil-
ience, particularly improved housing, stronger health systems 
and expanded public education, short- and medium-term ef-
forts may benefit from supplementary tools alongside ITNs 
or IRS. For best outcomes, the supplementary tools should be 
those that can control both outdoor-biting and indoor-biting 
mosquitoes and are also effective against pyrethroid-resistant 
vector populations. In addition, they should be readily appli-
cable alongside ITNs with minimum user compliance, and af-
fordable pricing.

Given the conditions in south-eastern Tanzania and the 
studies so far completed, some of the options fitting these cri-
teria include eave ribbons treated with spatial repellents such 
as transfluthrin (Figure  4) [35]. The ribbons protect users 
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both indoors and outdoors, and can be fitted to nearly most 
houses without completely sealing eave openings. Evidence 
from experimental hut studies [35] and field studies in migra-
tory households in Ulanga district [30] demonstrated signifi-
cant efficacies against An. arabiensis and An. funestus. Other 
studies have also showed that even nonusers can be protected 
[50]. Where people spend significant periods of time outdoors 
in their peridomestic spaces, the ribbons can also be affixed to 
chairs and outdoor kitchens to complement ITNs [92].

Attractive targeted sugar baits (ATSBs) have also been pro-
posed as a potential option [93, 94]. However, so far, most 
studies on this technology have been done in dry areas, thus 
there is inadequate evidence on their potential performance 
in settings such as Tanzania where the abundant natural veg-
etation cover could compete with ATSB sugar sources. Future 
trials should provide greater evidence and also assess whether 
indoor applications can be effective in Tanzania. Other inter-
ventions that may be considered after additional studies include 
mosquito-repellent shoes for use outdoors and indoors [51], 
mass drug administration with endectocides such as ivermectin 
[49, 95], mosquito-assisted larviciding (autodissemination) 
with pyriproxifen [96], and eave tubes [48].

Another potential approach against pyrethroid-resistant or 
outdoor-biting mosquitoes is to target them at source. Ecological 
surveys in Ulanga and Kilombero districts have demonstrated 
that while the aquatic habitats of the main malaria vector, An. 
funestus, are much rarer than habitats of other mosquitoes, they 
have well-defined characteristics and are findable, making them 
a potential target for additional control efforts [32]. In rural 
south-eastern Tanzania, these habitats are either large perma-
nent or semipermanent ponds with emergent vegetation, small 

spring-fed pools sometime covered by canopy, or the sides of 
river streams and tributaries at the edge of the valley [32]. If 
considered, larval source management for An. funestus pro-
vides an alternative opportunity for effectively targeting malaria 
transmission in ways unaffected by prevailing insecticide resist-
ance profiles or outdoor/indoor biting preferences.

Lastly, although IRS is not regularly deployed in south-eastern 
Tanzania, various nonpyrethroid insecticides remain effective 
against malaria mosquitoes in the area [21, 34]. As such, high-
quality IRS could be deployed where feasible and cost-effective. 
IRS is a highly effective intervention but is rarely scaled-up be-
cause of high costs, logistical difficulties such as the need to remove 
people’s household belongings before every spraying operation 
and the need for large trained teams. Innovative ways to simplify 
and rapidly expand coverage would be crucial. One such option 
could be to use pretreated materials such as the eave ribbons [35], 
which would be deployable at scale (Hape et  al unpublished), 
insecticide-treated eave baffles, and window screens, which also 
require lower quantities of insecticides [52], or insecticide-treated 
eave-tubes [48]. Further studies should validate the effectiveness 
of such innovations for complementing ongoing efforts.

CONCLUSION

As malaria transmission has declined in the south-eastern 
Tanzanian villages of Ulanga and Kilombero districts, multiple 
challenges have arisen, compromising efforts towards eventual 
elimination. Fortunately, our understanding of the transmission 
ecosystem has vastly improved and we now have new opportun-
ities to accelerate the gains despite the observed challenges. This 
article has reviewed available evidence from nearly 30 years and 
described the current status of residual malaria transmission 
in the area. First, transmission here is now mediated primarily 
by Anopheles funestus mosquitoes even though An. arabiensis 
remains widespread but with very low Plasmodium-infection 
rates. Second, despite a sizable proportion of outdoor-biting 
by Anopheles mosquitoes, most malaria transmission still hap-
pens indoors. There is also low perception of risk of outdoor 
malaria transmission, which could worsen the exposures out-
side the ITN-protection windows. Third, local vector popula-
tions are resistant to pyrethroids and will require alternative 
insecticide classes to tackle them. We therefore concluded that 
malaria control efforts should consider the new transmission 
profile to sustain the gains and accelerate towards elimination. 
Bed nets remain widespread and protective to users, but their 
bioefficacy is compromised by the pyrethroid resistance and 
outdoor biting. In the short and medium term, these gaps could 
be addressed using high-quality IRS with nonpyrethroids or 
ITNs incorporating synergists such as PBO. Other complemen-
tary interventions may also be added, such as spatial-repellent 
products targeting outdoor-biting mosquitoes and larval source 
management against An. funestus. However, sustainable control 
towards elimination will require structural resilience programs, 

Figure 4.  Eave ribbons fitted around the eave space of houses are potentially 
effective as a complementary intervention against outdoor- and indoor-biting mos-
quitoes. Detailed description is provided by Mmbando et al [35].
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particularly improved housing and environmental management 
to tackle mosquitoes, stronger health systems guaranteeing ef-
fective diagnosis and treatment, greater community engage-
ment, and institutionalized education on malaria control.

Notes

Financial support. This work was supported by the World 
Health Organization Tropical Disease Research Group (grant 
number 2015/590235-0); Wellcome Trust Intermediate 
Fellowship in Public Health and Tropical Medicine (grant 
number WT102350/Z/13); Howard Hughes Medical Institute-
Gates Foundation International Research Scholar Award (grant 
number OPP1175877 to F. O., Ifakara Health Institute); and Bill 
and Melinda Gates Foundation (grant number OPP1177156 to 
Ifakara Health Institute).

Supplement sponsorship. The supplement is sponsored by 
TDR, the Special Programme for Research and Training in 
Tropical Diseases, based at the World Health Organization.

Potential conflicts of interest. Both authors: No reported 
conflicts of interest. Both authors have submitted the ICMJE 
Form for Disclosure of Potential Conflicts of Interest. Conflicts 
that the editors consider relevant to the content of the manu-
script have been disclosed.

References

1.	 Bhatt S, Weiss DJ, Cameron E, et al. The effect of malaria 
control on Plasmodium falciparum in Africa between 2000 
and 2015. Nature 2015; 526:207–11.

2.	 Jamet HP. Insecticide treated bednets for malaria control. 
Outlooks Pest Manag 2016; 27:124–8.

3.	 Noor  AM, Mutheu  JJ, Tatem  AJ, Hay  SI, Snow  RW. 
Insecticide-treated net coverage in Africa: mapping prog-
ress in 2000-07. Lancet 2009; 373:58–67.

4.	 Renggli S, Mandike R, Kramer K, et al. Design, implemen-
tation and evaluation of a national campaign to deliver 
18 million free long-lasting insecticidal nets to uncovered 
sleeping spaces in Tanzania. Malar J 2013; 12:85.

5.	 Stuck  L, Lutambi  A, Chacky  F, et  al. Can school-based 
distribution be used to maintain coverage of long-lasting 
insecticide treated bed nets: evidence from a large scale 
programme in southern Tanzania? Health Policy Plan 2017; 
32:980–9.

6.	 Smith TA, Leuenberger R, Lengeler C. Child mortality and 
malaria transmission intensity in Africa. Trends Parasitol 
2001; 17:145–9.

7.	 Smith T, Charlwood JD, Kihonda  J, et al. Absence of sea-
sonal variation in malaria parasitaemia in an area of intense 
seasonal transmission. Acta Trop 1993; 54:55–72.

8.	 Smith T, Charlwood JD, Kitua AY, et al. Relationship of ma-
laria morbidity with exposure to Plasmodium falciparum in 
young children in a highly endemic area. Am J Trop Med 
Hyg 1998; 59:252–7.

9.	 Kitua AY, Smith T, Alonso PL, et al. Plasmodium falciparum 
malaria in the first year of life in an area of intense and per-
ennial transmission. Trop Med Int Health 1996; 1:475–84.

10.	 Snow  RW, Marsh  K, Will reducing Plasmodium falcip-
arum transmission alter malaria mortality among African 
children? Parasitol Today 1995; 11:188–90.

11.	 Alba S, Hetzel MW, Nathan R, Alexander M, Lengeler C. 
Assessing the impact of malaria interventions on morbidity 
through a community-based surveillance system. Int J 
Epidemiol 2011; 40:405–16.

12.	 Alba S, Nathan R, Schulze A, Mshinda H, Lengeler C. Child 
mortality patterns in rural Tanzania: an observational 
study on the impact of malaria control interventions. Int J 
Epidemiol 2014; 43:204–15.

13.	 Russell TL, Lwetoijera DW, Maliti D, et al. Impact of pro-
moting longer-lasting insecticide treatment of bed nets 
upon malaria transmission in a rural Tanzanian setting 
with pre-existing high coverage of untreated nets. Malar J 
2010; 9:87.

14.	 Kramer K, Mandike R, Nathan R, et  al. Effectiveness and 
equity of the Tanzania national voucher scheme for mos-
quito nets over 10 years of implementation. Malar J 2017; 
16:255.

15.	 Okumu FO, Killeen GF, Ogoma S, et al. Development and 
field evaluation of a synthetic mosquito lure that is more 
attractive than humans. PLoS One 2010; 5:e8951.

16.	 Okumu  FO, Madumla  EP, John  AN, Lwetoijera  DW, 
Sumaye  RD. Attracting, trapping and killing disease-
transmitting mosquitoes using odor-baited stations—the 
Ifakara odor-baited stations. Parasit Vectors 2010; 3:12.

17.	 Okumu  FO, Moore  J, Mbeyela  E, et  al. A modified ex-
perimental hut design for studying responses of disease-
transmitting mosquitoes to indoor interventions: the 
Ifakara experimental huts. PLoS One 2012; 7:e30967.

18.	 Tanzania National Malaria Control Program. An epi-
demiological profile of malaria and its control in main-
land Tanzania. Dar es Salaam: National Malaria Control 
Programme, 2013.

19.	 Thawer SG, Chacky F, Runge M, et al. Sub-national strati-
fication of malaria risk in mainland Tanzania: a simplified 
assembly of survey and routine data. Malar J 2020; 19:177.

20.	 Matowo NS, Abbasi S, Munhenga G, et al. Fine-scale spa-
tial and temporal variations in insecticide resistance in 
Culex pipiens complex mosquitoes in rural south-eastern 
Tanzania. Parasit Vectors 2019; 12:413.

21.	 Matowo NS, Munhenga G, Tanner M, et al. Fine-scale spa-
tial and temporal heterogeneities in insecticide resistance 
profiles of the malaria vector, Anopheles arabiensis in rural 
south-eastern Tanzania. Wellcome Open Res 2017; 2:96.

22.	 Mugittu K, Ndejembi M, Malisa A, et al. Therapeutic effi-
cacy of sulfadoxine-pyrimethamine and prevalence of re-
sistance markers in Tanzania prior to revision of malaria 



S152  •  jid  2021:223  (Suppl 2)  •  Okumu and Finda

treatment policy: Plasmodium falciparum dihydrofolate 
reductase and dihydropteroate synthase mutations in 
monitoring in vivo resistance. Am J Trop Med Hyg 2004; 
71:696–702.

23.	 Mugittu K, Abdulla S, Falk N, et al. Efficacy of sulfadoxine-
pyrimethamine in Tanzania after two years as first-line drug 
for uncomplicated malaria: assessment protocol and implica-
tion for treatment policy strategies. Malar J 2005; 4:55.

24.	 Kaindoa  EW, Finda  M, Kiplagat  J, et  al. Housing gaps, 
mosquitoes and public viewpoints: a mixed methods as-
sessment of relationships between house characteristics, 
malaria vector biting risk and community perspectives in 
rural Tanzania. Malar J 2018; 17:298.

25.	 Finda MF, Moshi IR, Monroe A, et al. Linking human be-
haviours and malaria vector biting risk in south-eastern 
Tanzania. PLoS One 2019; 14:e0217414.

26.	 Kaindoa EW, Matowo NS, Ngowo HS, et al. Interventions 
that effectively target Anopheles funestus mosquitoes 
could significantly improve control of persistent malaria 
transmission in south-eastern Tanzania. PLoS One 2017; 
12:e0177807.

27.	 Kaindoa EW, Ngowo HS, Limwagu A, et al. New evidence of 
mating swarms of the malaria vector, Anopheles arabiensis 
in Tanzania. Wellcome Open Res 2017; 2:88.

28.	 Ngowo HS, Kaindoa EW, Matthiopoulos J, Ferguson HM, 
Okumu  FO. Variations in household microclimate affect 
outdoor-biting behaviour of malaria vectors. Wellcome 
Open Res 2017; 2:102.

29.	 Finda MF, Limwagu AJ, Ngowo HS, et al. Dramatic decreases 
of malaria transmission intensities in Ifakara, south-eastern 
Tanzania since early 2000s. Malar J 2018; 17:362.

30.	 Swai JK, Mmbando AS, Ngowo HS, et al. Protecting migra-
tory farmers in rural Tanzania using eave ribbons treated 
with the spatial mosquito repellent, transfluthrin. Malar J 
2019; 18:414.

31.	 Lwetoijera DW, Harris C, Kiware SS, et al. Increasing role 
of Anopheles funestus and Anopheles arabiensis in malaria 
transmission in the Kilombero Valley, Tanzania. Malar J 
2014; 13:331.

32.	 Nambunga  I, Ngowo  HS, Mapua  SA, et  al. Aquatic habi-
tats of the malaria vector, Anopheles funestus in rural 
south-eastern Tanzania. Malar J 2020; 19:219.

33.	 Kaindoa  EW, Matowo  NS, Ngowo  HS, et  al. Interventions 
that effectively target Anopheles funestus mosquitoes could 
significantly improve control of persistent malaria trans-
mission in south-eastern Tanzania. PLoS One 2017; 
12:e0177807.

34.	 Pinda PG, Eichenberger C, Ngowo HS, et al. Comparative 
assessment of insecticide resistance phenotypes in two 
major malaria vectors, Anopheles funestus and Anopheles 
arabiensis in south-eastern Tanzania. Malaria Journal 2020; 
19:1–11.

35.	 Mmbando AS, Ngowo H, Limwagu A, Kilalangongono M, 
Kifungo K, Okumu FO. Eave ribbons treated with the spa-
tial repellent, transfluthrin, can effectively protect against 
indoor-biting and outdoor-biting malaria mosquitoes. 
Malar J 2018; 17:368.

36.	 Okumu  FO, Mbeyela  E, Lingamba  G, et  al. Comparative 
field evaluation of combinations of long-lasting insecticide 
treated nets and indoor residual spraying, relative to either 
method alone, for malaria prevention in an area where the 
main vector is Anopheles arabiensis. Parasit Vectors 2013; 
6:46.

37.	 Okumu FO, Chipwaza B, Madumla EP, et al. Implications 
of bio-efficacy and persistence of insecticides when indoor 
residual spraying and long-lasting insecticide nets are com-
bined for malaria prevention. Malar J 2012; 11:378.

38.	 Moshi  IR, Manderson  L, Ngowo  HS, et  al. Outdoor ma-
laria transmission risks and social life: a qualitative study in 
South-Eastern Tanzania. Malar J 2018; 17:397.

39.	 Moshi  IR, Ngowo  H, Dillip  A, et  al. Community percep-
tions on outdoor malaria transmission in Kilombero Valley, 
Southern Tanzania. Malar J 2017; 16:274.

40.	 Matowo NS, Moore J, Mapua S, et al. Using a new odour-
baited device to explore options for luring and killing 
outdoor-biting malaria vectors: a report on design and field 
evaluation of the Mosquito Landing Box. Parasit Vectors 
2013; 6:137.

41.	 Swai  JK, Finda  MF, Madumla  EP, et  al. Studies on mos-
quito biting risk among migratory rice farmers in rural 
south-eastern Tanzania and development of a portable 
mosquito-proof hut. Malar J 2016; 15:564.

42.	 Lwetoijera  DW, Kiware  SS, Mageni  ZD, et  al. A need for 
better housing to further reduce indoor malaria transmis-
sion in areas with high bed net coverage. Parasit Vectors 
2013; 6:57.

43.	 Finda MF, Kaindoa EW, Nyoni AP, Okumu FO. ‘The mos-
quitoes are preparing to attack us’: knowledge and percep-
tions of communities in south-eastern Tanzania regarding 
mosquito swarms. Malar J 2019; 18:56.

44.	 Mmbando  AS, Okumu  FO, Mgando  JP, et  al. Effects of 
a new outdoor mosquito control device, the mosquito 
landing box, on densities and survival of the malaria vector, 
Anopheles arabiensis, inside controlled semi-field settings. 
Malar J 2015; 14:494.

45.	 Okumu FO, Sumaye RD, Matowo NS, et al. Outdoor mos-
quito control using odour-baited devices: development and 
evaluation of a potential new strategy to complement indoor 
malaria prevention methods. Malaria World J 2013; 4:1–9.

46.	 Limwagu AJ, Kaindoa EW, Ngowo HS, et al. Using a mini-
aturized double-net trap (DN-Mini) to assess relationships 
between indoor–outdoor biting preferences and physiolog-
ical ages of two malaria vectors, Anopheles arabiensis and 
Anopheles funestus. Malar J 2019; 18:282.



Residual Malaria Transmission  •  jid  2021:223  (Suppl 2)  •  S153

47.	 Mwangungulu  SP, Sumaye  RD, Limwagu  AJ, et  al. 
Crowdsourcing vector surveillance: using community 
knowledge and experiences to predict densities and dis-
tribution of outdoor-biting mosquitoes in rural Tanzania. 
PLoS One 2016; 11:e0156388.

48.	 Knols BG, Farenhorst M, Andriessen R, et al. Eave tubes for 
malaria control in Africa: an introduction. Malar J 2016; 
15:404.

49.	 Ng’habi K, Viana M, Matthiopoulos J, et al. Mesocosm ex-
periments reveal the impact of mosquito control measures 
on malaria vector life history and population dynamics. Sci 
Rep 2018; 8:13949.

50.	 Mwanga EP, Mmbando AS, Mrosso PC, et al. Eave ribbons 
treated with transfluthrin can protect both users and non-
users against malaria vectors. Malar J 2019; 18:314.

51.	 Sangoro OP, Gavana T, Finda M, et al. Evaluation of per-
sonal protection afforded by repellent-treated sandals 
against mosquito bites in south-eastern Tanzania. Malar J 
2020; 19:148.

52.	 Killeen GF, Masalu JP, Chinula D, et al. Control of malaria 
vector mosquitoes by insecticide-treated combinations of 
window screens and eave baffles. Emerg Infect Dis 2017; 
23:782–9.

53.	 Charlwood JD, Vij R, Billingsley PF. Dry season refugia of 
malaria-transmitting mosquitoes in a dry savannah zone of 
east Africa. Am J Trop Med Hyg 2000; 62:726–32.

54.	 Maia MF, Onyango SP, Thele M, Simfukwe ET, Turner EL, 
Moore  SJ. Do topical repellents divert mosquitoes within 
a community? Health equity implications of topical 
repellents as a mosquito bite prevention tool. PLoS One 
2013; 8:e84875.

55.	 Maia  MF, Kreppel  K, Mbeyela  E, et  al. A crossover study 
to evaluate the diversion of malaria vectors in a com-
munity with incomplete coverage of spatial repellents in the 
Kilombero Valley, Tanzania. Parasit Vectors 2016; 9:451.

56.	 Kaindoa EW, Mkandawile G, Ligamba G, Kelly-Hope LA, 
Okumu  FO. Correlations between household occupancy 
and malaria vector biting risk in rural Tanzanian villages: 
implications for high-resolution spatial targeting of control 
interventions. Malar J 2016; 15:1.

57.	 Takken W, Verhulst NO. Host preferences of blood-feeding 
mosquitoes. Annu Rev Entomol 2013; 58:433–53.

58.	 Wilkes TJ, Matola YG, Charlwood JD. Anopheles rivulorum, 
a vector of human malaria in Africa. Med Vet Entomol 
1996; 10:108–10.

59.	 Kiszewski A, Mellinger A, Spielman A, et al. A global index 
representing the stability of malaria transmission. Am J 
Trop Med Hyg 2004; 70:486–98.

60.	 Mayagaya VS, Nkwengulila G, Lyimo IN, et al. The impact 
of livestock on the abundance, resting behaviour and spo-
rozoite rate of malaria vectors in southern Tanzania. Malar 
J 2015; 14:17.

61.	 Meza  FC, Kreppel  KS, Maliti  DF, et  al. Mosquito 
electrocuting traps for directly measuring biting rates and 
host-preferences of Anopheles arabiensis and Anopheles 
funestus outdoors. Malar J 2019; 18:83.

62.	 Durnez  L, Coosemans  M. Residual transmission of ma-
laria: an old issue for new approaches. In: Manguin S, ed. 
Anopheles mosquitoes. New insights into malaria vectors. 
London, UK: InTech, 2013: 671–704.

63.	 Sherrard-Smith  E, Skarp  JE, Beale  AD, et  al. Mosquito 
feeding behavior and how it influences residual malaria 
transmission across Africa. Proc Natl Acad Sci U S A 2019; 
116:15086–95.

64.	 Elliott R. The influence of vector behavior on malaria trans-
mission. Am J Trop Med Hyg 1972; 21:755–63.

65.	 Monroe  A, Moore  S, Koenker  H, Lynch  M, Ricotta  E. 
Measuring and characterizing night time human behaviour 
as it relates to residual malaria transmission in sub-Saharan 
Africa: a review of the published literature. Malar J 2019; 
18:6.

66.	 Mwangangi  JM, Mbogo  CM, Orindi  BO, et  al. Shifts in 
malaria vector species composition and transmission dy-
namics along the Kenyan coast over the past 20 years. Malar 
J 2013; 12:13.

67.	 Bayoh  MN, Mathias  DK, Odiere  MR, et  al. Anopheles 
gambiae: historical population decline associated with 
regional distribution of insecticide-treated bed nets in 
western Nyanza Province, Kenya. Malar J 2010; 9:62.

68.	 Russell  TL, Govella  NJ, Azizi  S, Drakeley  CJ, Kachur  SP, 
Killeen  GF. Increased proportions of outdoor feeding 
among residual malaria vector populations following in-
creased use of insecticide-treated nets in rural Tanzania. 
Malar J 2011; 10:80.

69.	 Killeen GF, Govella NJ, Lwetoijera DW, Okumu FO. Most 
outdoor malaria transmission by behaviourally-resistant 
Anopheles arabiensis is mediated by mosquitoes that have 
previously been inside houses. Malar J 2016; 15:1.

70.	 Govella NJ, Okumu FO, Killeen GF. Insecticide-treated nets 
can reduce malaria transmission by mosquitoes which feed 
outdoors. Am J Trop Med Hyg 2010; 82:415–9.

71.	 Yukich J, Stuck L, Scates S, et al. Sustaining LLIN coverage 
with continuous distribution: the school net programme in 
Tanzania. Malar J 2020; 19:158.

72.	 Mashauri  FM, Kinung’hi  SM, Kaatano  GM, et  al. Impact 
of indoor residual spraying of lambda-cyhalothrin on ma-
laria prevalence and anemia in an epidemic-prone district 
of Muleba, north-western Tanzania. Am J Trop Med Hyg 
2013; 88:841–9.

73.	 West PA, Protopopoff N, Wright A, et  al. Indoor residual 
spraying in combination with insecticide-treated nets com-
pared to insecticide-treated nets alone for protection against 
malaria: a cluster randomised trial in Tanzania. PLoS Med 
2014; 11:e1001630.



S154  •  jid  2021:223  (Suppl 2)  •  Okumu and Finda

74.	 Protopopoff N, Wright A, West PA, et al. Combination of 
insecticide treated nets and indoor residual spraying in 
northern tanzania provides additional reduction in vector 
population density and malaria transmission rates com-
pared to insecticide treated nets alone: a randomised con-
trol trial. PLoS One 2015; 10:e0142671.

75.	 Kisinza WN, Nkya TE, Kabula B, et al. Multiple insecticide 
resistance in Anopheles gambiae from Tanzania: a major 
concern for malaria vector control. Malar J 2017; 16:439.

76.	 World Health Organization (WHO). Test procedures for in-
secticide resistance monitoring in malaria vector mosqui-
toes. Geneva, Switzerland: WHO, 2016.

77.	 Killeen GF, Kihonda J, Lyimo E, et al. Quantifying behavioural 
interactions between humans and mosquitoes: evaluating the 
protective efficacy of insecticidal nets against malaria trans-
mission in rural Tanzania. BMC Infect Dis 2006; 6:161.

78.	 Hetzel MW, Alba S, Fankhauser M, et al. Malaria risk and 
access to prevention and treatment in the paddies of the 
Kilombero Valley, Tanzania. Malar J 2008; 7:7.

79.	 Tusting  LS, Bottomley  C, Gibson  H, et  al. Housing im-
provements and malaria risk in Sub-Saharan Africa: a 
multi-country analysis of survey data. PLoS Med 2017; 
14:e1002234.

80.	 Tusting LS, Ippolito MM, Willey BA, et al. The evidence for 
improving housing to reduce malaria: a systematic review 
and meta-analysis. Malar J 2015; 14:209.

81.	 Tusting LS, Bisanzio D, Alabaster G, et al. Mapping changes 
in housing in sub-Saharan Africa from 2000 to 2015. Nature 
2019; 568:391.

82.	 World Health Organization (WHO). The potential impact 
of health service disruptions on the burden of malaria: a 
modelling analysis for countries in sub-Saharan Africa. 
Geneva, Switzerland: WHO, 2020.

83.	 Parpia  AS, Ndeffo-Mbah  ML, Wenzel  NS, Galvani  AP. 
Effects of response to 2014-2015 Ebola outbreak on deaths 
from Malaria, HIV/AIDS, and tuberculosis, West Africa. 
Emerg Infect Dis 2016; 22:433.

84.	 Dunn CE, Le Mare A, Makungu C. Malaria risk behaviours, 
socio-cultural practices and rural livelihoods in southern 
Tanzania: implications for bednet usage. Soc Sci Med 2011; 
72:408–17.

85.	 Finda MF, Christofides N, Lezaun J, et al. Opinions of key 
stakeholders on alternative interventions for malaria con-
trol and elimination in Tanzania. Malar J 2020; 19:1–13.

86.	 Gleave  K, Lissenden  N, Richardson  M, et  al. Piperonyl 
butoxide (PBO) combined with pyrethroids in insecticide-
treated nets to prevent malaria in Africa. Cochrane 
Database Syst Rev 2018; (11):CD012776.

87.	 Bayili K, N’do S, Namountougou M, et al. Evaluation of effi-
cacy of Interceptor® G2, a long-lasting insecticide net coated 
with a mixture of chlorfenapyr and alpha-cypermethrin, 
against pyrethroid resistant Anopheles gambiae s.l. in 
Burkina Faso. Malar J 2017; 16:190.

88.	 N’Guessan R, Odjo A, Ngufor C, Malone D, Rowland M. A 
Chlorfenapyr mixture net Interceptor® G2 shows high ef-
ficacy and wash durability against resistant mosquitoes in 
West Africa. PLoS One 2016; 11:e0165925.

89.	 Protopopoff N, Mosha JF, Lukole E, et al. Effectiveness of 
a long-lasting piperonyl butoxide-treated insecticidal net 
and indoor residual spray interventions, separately and to-
gether, against malaria transmitted by pyrethroid-resistant 
mosquitoes: a cluster, randomised controlled, two-by-two 
factorial design trial. Lancet 2018; 391:1577–88.

90.	 Tiono  AB, Ouédraogo  A, Ouattara  D, et  al. Efficacy of 
Olyset Duo, a bednet containing pyriproxyfen and per-
methrin, versus a permethrin-only net against clinical ma-
laria in an area with highly pyrethroid-resistant vectors in 
rural Burkina Faso: a cluster-randomised controlled trial. 
Lancet 2018; 392:569–80.

91.	 Staedke  SG, Gonahasa  S, Dorsey  G, et  al. Effect of 
long-lasting insecticidal nets with and without piperonyl 
butoxide on malaria indicators in Uganda (LLINEUP): a 
pragmatic, cluster-randomised trial embedded in a national 
LLIN distribution campaign. Lancet 2020; 395:1292–303.

92.	 Masalu  JP, Finda  M, Killeen  GF, Ngowo  HS, Pinda  PG, 
Okumu FO. Creating mosquito-free outdoor spaces using 
transfluthrin-treated chairs and ribbons. Malar J 2020; 
19:1–13.

93.	 Stewart  ZP, Oxborough  RM, Tungu  PK, Kirby  MJ, 
Rowland  MW, Irish  SR. Indoor application of attractive 
toxic sugar bait (ATSB) in combination with mosquito nets 
for control of pyrethroid-resistant mosquitoes. PLoS One 
2013; 8:e84168.

94.	 Traore  MM, Junnila  A, Traore  SF, et  al. Large-scale field 
trial of attractive toxic sugar baits (ATSB) for the control 
of malaria vector mosquitoes in Mali, West Africa. Malar J 
2020; 19:1–16.

95.	 Chaccour CJ, Ngha’bi K, Abizanda G, et al. Targeting cattle 
for malaria elimination: marked reduction of Anopheles 
arabiensis survival for over six months using a slow-release 
ivermectin implant formulation. Parasit Vectors 2018; 
11:287.

96.	 Lwetoijera D, Kiware S, Okumu F, Devine GJ, Majambere S. 
Autodissemination of pyriproxyfen suppresses stable popu-
lations of Anopheles arabiensis under semi-controlled set-
tings. Malar J 2019; 18:166.


