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Abstract

Background Ethiopia faces several severe challenges in terms of malaria elimination, including drug resistance

and diagnostic evasion in the Plasmodium falciparum parasite, insecticide resistance in the primary Anopheles
malaria vector, and, most recently, the invasion of the Asian malaria vector Anopheles stephensi. Novel malaria control
methods are therefore needed, and in this paper, we describe the evaluation of a larval source management (LSM)
strategy implemented in response to An. stephensi. The primary outcome was the malaria incidence rate compared
between intervention and non-intervention sites in the presence of An. stephensi.

Methods Intervention (Batu and Dire Dawa) and control (Metehara) towns were selected, and weekly malaria passive
case detection data collected between 2014 and 2023 were obtained from the Oromia regional state and Dire Dawa
City Administration Health Bureau. In addition, data regarding intervention were obtained from the President’s Malaria
Initiative (PMI) reports. Weekly malaria passive case data were used to evaluate the change in the estimated malaria
incidence rate and trends of temporal patterns of the estimated malaria incidence rate before and after interventions.
An interrupted time series model with a cyclic second-order random walk structure periodic seasonal term was used
to assess the impact of LSM on malaria incidence rate in the intervention and control settings.

Results An upsurge in malaria cases occurred after 2020 at both the intervention and control sites. The tempo-

ral patterns of malaria incidence rate showed an increasing trend after the intervention. The ITS model depicted

that the LSM has no impact in reducing the malaria incidence rate at both intervention site Dire Dawa [immediate
impact=1.462 (0.891, 2.035)], [Lasting impact=0.003 (—0.012, 0.018)], and Batu [Immediate impact 0.007 (- 0.235,
0.249), [Lasting impact=0.008 (—0.003, 0.013)].

Conclusions An overall increasing trend in the malaria incidence rate was observed irrespective of the implementa-

tion of LSM in the urban settings of Ethiopia, where An. stephensi has been found. Further investigations and valida-
tions of the incorporation of LSM into control activities are warranted.
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Background

By scaling up and sustaining malaria control interven-
tions, in 2019, Ethiopia achieved the Global Technical
Strategy (GTS) target of a 40% reduction in incidence
by 2020 compared to 2015 [1]. The number of cases and
deaths decreased by more than 88% and 96.5%, respec-
tively, between 1990 and 2015 [2]. To consolidate the
gains made and to drive malaria elimination from the
country, the 2021 to 2025 National Malaria Strategic
Plan (NMSP) was developed to identify priority areas for
evidence-based actions. It is based on the stratification
of Ethiopia into high (API>=50), medium (API>=10
& <50), low (API>5&<10), very low (API>0 & <=5),
and malaria-free (API=0) areas based on the Annual
Parasite Incidence (APIL: cases/ 1000 people/year). On
average, the API for Batu, Metehara, and three of the
Dire Dawa were 16.60, 77.31, and 70.73 cases/1000 peo-
ple, respectively. In this strategy, the following priorities
are identified: early diagnosis and treatment, empowering
and mobilizing the community, enhancing vector control,
and improving the system for surveillance and response.
Additionally, it encourages the involvement of stakehold-
ers to conduct operational research and carry out moni-
toring and evaluation (M&E) [3]. The country aimed to
achieve zero indigenous malaria cases in 565 districts in
2025 from a total of 810 malaria endemic districts; and
aimed for total malaria-free districts by 2030 [4].

However, in contrast to this trend, a 23% increase in
cases was observed between 2021 (1.5 million) and 2022
(1.8 million) [5]. Several nonexclusive factors may be
responsible for this upsurge, including the spread of the
Asian vector Anopheles stephensi, emergence and spread
of drug-resistant and diagnostic-resistant Plasmodium
falciparum parasites [6-9]. In addition, factors such as
internal conflict and population displacement [5], cli-
matic anomalies [10], and the COVID-19 pandemic [3,
11, 12] are potential contributing factors to the increase
in malaria cases.

The scaling-up of infection prevention, mainly through
long-lasting insecticidal nets (LLINs) and indoor residual
spraying (IRS), has played a significant role in fighting the
burden of malaria [13, 14]. Changes in the biting behav-
iour (outdoor host-seeking behaviours) of vectors [15—
17] and increased insecticide resistance [18—21] have led
to a renewed interest in larval source management (LSM)
as a supplement to the main vector control interventions
[22, 23]. Historically, LSM was part of the programmes
to suppress malaria in the United States, Italy, and Israel
[24, 25], and an essential intervention in eliminating
Anopheles arabiensis, the African malaria vector, from
Brazil [25]. Larvicide may be of particular value in urban
areas [26, 27] and when associated with large-scale con-
struction projects in malaria-endemic areas [28].
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A pilot LSM programme in Equatorial Guinea that
used Bacillus thuringiensis israelensis (Bti) was found to
be an effective intervention tool when it was incorpo-
rated into vector-control strategies targeting large-scale
construction projects, although more work on multisec-
toral coordination, associated costs, and changes in gov-
ernment policies was required for its effectiveness and
sustainability [28]. In addition, a recent report showed
that Bti is a promising tool for significantly reducing the
incidence of malaria when combined with LLINs [29].

A previous four-arm trial (control, community-based
house improvement, LSM, and community-based house
improvement plus LSM) assessed the relative contribu-
tion of the interventions in the context of high insecti-
cide-treated bed net coverage in Malawi. However, they
found that LSM and housing improvement either alone
or in combination did not further reduce malaria trans-
mission or prevalence beyond the level reached in the
control arm [30]. In 2022, the PMI Vector Link Project
in Ethiopia implemented LSM in eight towns where
the presence of An. stephensi was confirmed, including
Awash, Semera-Logia, Batu, Meki, Dire Dawa, Dege-
habur, Godey, and Kebridehar, to evaluate larval density,
habitat indices, and species composition.

The indicators used to measure the reduction in the
immature mosquito population in the LSM intervention
sites were mean larval density/20 dips, larval positivity
of habitats, pupal density, and pupal positivity of habitats
sustained for five consecutive months (from November
2022 to April 2023) [31]. A study that assessed breeding
habitats in eastern Ethiopia suggested that LSM could
provide an opportunity for focused control of An. ste-
phensi [32]. However, there are no studies on the effec-
tiveness of LSMs in reducing the incidence/prevalence of
malaria in Ethiopia. Hence, this study opted to bridge this
vital gap by modelling the trends of malaria cases based
on risk rates before and after the LSM intervention and
accounting for seasonal variability in Dire Dawa and Batu
towns using Metehara town as a control group.

Methods

Study setting, design, and data description

Supported by the President’s Malaria Initiative (PMI)
Vector Link Project, LSM was implemented in eight
selected towns and cities where the presence of An. ste-
phensi was confirmed in August 2022. This study assessed
two LSM intervention sites (Dire Dawa city administra-
tion and Batu town) and a control town, Metehara which
is also infected by An. stephensi and has similar weather
conditions. The selection of the study area was based on
the longer duration of LSM intervention implementation.
While complete coverage was claimed in Batu town, in
the Dire Dawa city administration among nine woredas,
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three malaria hotspot districts/woredas (Gende Kore,
Sabian, and Melka Jebdu) were targeted.

The Dire Dawa city administration is located at 9° 36" N
41° 52 E along the Ethio-Djibouti transportation corri-
dor. Dire Dawa is an eastern free trade zone with an esti-
mated 550,642 residents. The selected woreda accounted
for 32% (176,416/550, 642) of the total population and
was the epicenter for the recent outbreak of malaria asso-
ciated with An. stephensi [6]. Batu town is located at 7°
56" N and 38° 42" E, with an estimated total population
of 84,595. In both Dire Dawa city administration and
Batu town, the LSM was conducted along with the exist-
ing IRS and LLINs vector control approaches (Fig. 1).

Weekly confirmed malaria cases and population data
were obtained from the city administration for Dire Dawa
and the Oromia Regional State Health Bureau for Batu
and Metehara towns (Table 1). Therefore, a controlled
interrupted time series study was conducted to assess the
effectiveness of the LSM on the weekly malaria incidence
rate from mid-August 2022 to the end of 2023. In some
weeks, the number of confirmed clinical cases was not
reported (2% missing in Dire Dawa, 10% in Batu, and 7%
in Metehara). A weighted moving average was employed

9°0'0"N 10°0'0"N

8°0'0"N

Batu

7°0'0"N

37°0'0"E 38°0'0"E
Fig. 1 Study settings: Dire Dawa, Metehara, and Batu

39°0'0"E
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Table 1 Population size of the study setting used to compute
the risk rate over time

Year Study setting

Dire Dawa Batu Metehara
2020 162,318 70,958 37,801
2021 166,919 74,692 38,970
2022 171,624 78,624 40,175
2023 176,416 82,762 41,418

to impute these missing numbers. This was done by aver-
aging the data from the three weeks before and the three
weeks after the missing week, all from the same town.
Figure 2 presents the weekly malaria incidence rate per
10,000 people in each of the selected towns, along with
the time of intervention, marked by a dashed vertical line.

Larval source management implementation strategies

The PMI team sustained LSM with coverage of 90,000
individual larval habitats using either Bti-based larvicide
application or source reduction every two weeks for up
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Fig. 2 The temporal patterns of malaria incidence rate before and after intervention per 10,000 population. The broken vertical line represents

the beginning of the intervention

to 11 months. The LSM intervention was launched in
August 2022 in both Dire Dawa and Batu. The targets of
the project bi-weekly larviciding and larval source reduc-
tion and monitoring across the intervention sites were
completed [31].

Study variables

The dependent variable was the logarithm of the malaria
incidence rate, while the independent variables were
time, the presence or absence of the LSM intervention,
time since the intervention, and the epidemic week.

Data processing and statistical analysis

The weekly number of malaria cases denoted as y;, and
the exposed population, denoted as P, at any given week
¢ in each intervention or control site were used to com-
pute the weekly rate of malaria cases per 10,000 popula-
tion, r: using the population size indicated in Table 1.

7, = 10,000 x 2%,
P

¢

To tackle the common issue of right skewness in the
rates, we applied a logarithmic transformation defined as
v¢ = log(r¢). This transformation results in transformed
malaria incidence rates that have a more symmetric
distribution.

The interrupted time series analysis framework
assumed that the weekly rate of malaria incidence cases
at each site followed the model.

vi=o +Bt+Boxt+ Bzt te
with the terms of the model defined as:
+ «represents the baseline level.

+ B is the coefficient of an overall linear temporal
trend.
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+ ¢ is the dummy variable of the intervention status,
where x; = 0 for weeks t before the intervention and
x¢ = 1 for weeks ¢ after the intervention.

« B ,represents the level of change due to the immedi-
ate impact of the intervention.

+ z; is the dummy variable indicating the number of
weeks passed since the intervention occurred, where
z¢ = 0 for weeks ¢ before the intervention.

+ B3 represents the trend change due to the lasting
impact of the intervention.

+ s represents random periodic seasonal variations,
following a cyclic second-order random walk struc-
ture.

+ ¢ denotes unstructured random errors due to any
remaining sources of variation.

To validate the biologically feasible two-week delay
between the period before intervention and the antici-
pated onset of observable effects. The non-parametric
Cox and Stuart trend test was used [33] to identify sig-
nificant changes in the trend of the logarithm of malaria
incidence rates. In addition, the Chow test was utilized
to determine the most likely trend changes in these log-
arithmic rates by segmenting the data. This segmenta-
tion was conducted to assess differences in relationships
between the segments, ensuring that each segment con-
tained at least 20% of the observations [34].

After exploratory data analysis and nonparametric
tests, an interrupted time series analysis was employed
considering a periodic seasonal term with a cyclic sec-
ond-order random walk structure to better account for
seasonal variations in the data. In addition, since the
data contain missing values moving averages imputation
technique was used to impute these missing values. All
the computations for this approach were implemented
through the Integrated nested Laplace approximation
(INLA) of the R package [35, 36].
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Results
Temporal patterns of incidence of malaria and risk rate
A trend plot of clinically confirmed malaria incidence at
two intervention sites (Batu and Dire Dawa) and the con-
trol site (Metahara) during the study period is illustrated
in Fig. 2. An overall increasing pattern in the weekly clin-
ically confirmed malaria incidence was noted at both the
intervention and control sites before and after the inter-
vention. The temporal patterns of risk rates before and
after the intervention per 10,000 population illustrated
that there was no visible decline in the risk rate of weekly
confirmed malaria cases observed in any of the settings.
The Cox and Stuart trend test showed a significant
change in the trend of the logarithm of malaria incidence
rates in all three towns. The p-values, all below 0.001 for
the three selected sites, indicated a significant shift in the
trends. This result supports the use of trend change mod-
elling approaches, such as the interrupted time series
method. Furthermore, the result from change detection
identifies suggested three-time points for Batu (“2020-
12-167 “2022-01-087 “2022-12-24”), and Metahara
(“2020-10-07, “2021-07-23" “2022-07-16") and one-time
point for Dire Dawa (“2021-08-20") the most likely trend
changes in the logarithm of malaria rates by segmenting
the data.

Modelling the effectiveness of the LSM

Table 2 presents the posterior mean and 95% cred-
ible intervals for the interrupted time series trend terms
in the model: the overall trend, the level change due to
the immediate impact of the intervention, and the trend
change due to the lasting impact of the intervention. The
model fitted for Dire Dawa revealed the overall trend is
significantly increasing (positive slope) Dire Dawa shows
a significant immediate level change. Similarly, the model
fitted for Batu showed a significant increase in overall
trend. However, in the model fitted for the control site

Table 2 Posterior means and 95% credible intervals for the overall trend, the level change (immediate impact of the intervention), and
the trend change (lasting impact of the intervention) for the three selected sites

Towns Model coefficient Mean 95% credible interval Sig.

Dire Dawa Overall (linear) trend 0.004 (0.000, 0.007) *
Level change (Immediate impact) 1.462 (0.891, 2.035) *
Trend change (Lasting impact) 0.003 (—0.012,0.018)

Batu Overall (linear) trend 0.003 (0.001, 0.005) *
Level change (Immediate impact) 0.007 (=0.235,0.249)
Trend change (Lasting impact) 0.008 (0.003,0.013) *

Metehara Overall (linear) trend —0.002 (—=0.004, —0.001) *
Level change (Immediate impact) 1.087 (0.865, 1.310) *
Trend change (Lasting impact) 0.006 (0.001, 0.010) *

Significant terms are marked with a star in the Sig. Column
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Metehara, there was a significant decrease (negative To further explore these findings, Fig. 3 illustrates the
slope) in the overall trend, although all three with very  posterior mean and 95% credible intervals for the inter-
gradual slopes. Interestingly, despite no intervention in  rupted trends before (blue) and after (red) the inter-
Metehara, there is a significant level and trend change vention across all three sites. Notably, Metehara, the
after the intervention time, with the trend changing from  control site, experienced a significant trend change after
decreasing to increasing. the intervention. In Dire Dawa, the level of the trend
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Fig. 3 Posterior means and 95% credible intervals of the interrupted trends before (blue) and after (red) the intervention, along with the seasonal
term (green), for the three selected sites
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shifted after the intervention, but the slope remained
unchanged, while Batu saw a slight increase in the slope.
For completeness, Fig. 3 also includes the posterior mean
and 95% credible intervals for the seasonal term (green).

Discussion

This study measured the impact of the temporal effec-
tiveness of LSM as a vector control strategy via assess-
ing weekly confirmed malaria case trends from 2020 to
2023 in intervention and control settings in Ethiopia. An
overall increasing trend in the malaria incidence rate was
observed irrespective of the implementation of LSM. The
malaria incidence rate in these settings was character-
ized by seasonal fluctuations with significant increases
after 2020. The immediate impact of the intervention and
the trend change due to the lasting impact of the inter-
vention Posterior means coefficient of intervention sites
Dire Dawa and Batu revealed that there was a significant
increasing malaria incidence rate obtained before and
after the intervention. Others have argued that despite
the extensive advocacy for LSM, it made no palpable con-
tribution to the achievements in malaria reduction [37].
The increased malaria incidence rate of weekly confirmed
malaria cases after the intervention indicates the pres-
ence of productive breeding habitats and/or potential
contamination, as reported elsewhere [30, 38].

However, the observed increase in confirmed malaria
incidence rate after 2020 at the study sites is in line with
the overall nationwide increase in malaria incidence
rate since 2019 [5, 39—41]. The increase in malaria inci-
dence rate is attributed to the COVID-19 pandemic [1,
42], diagnostic and drug-resistant Plasmodium parasites
[6-9], and the emergence of An. stephensi [6, 7], climate
change [10] and internal conflicts and population dis-
placements [43, 44].

The observed lack of impact of LSM is consistent with
what has been reported previously, and the efficacy and
residual activity of Bti-based application on malaria vec-
tors could be influenced by factors such as mosquito
species, mosquito development period, larval habi-
tat conditions, and larvicide properties [45—-47]. Some
authors have claimed that LSM is unfeasible in African
transmission settings due to the high number of small
and temporary larval habitats for An. gambiae that are
difficult to find and treat promptly [48] and only work
best in areas where larval habitats can be well defined
[25]. Larvicides have limitations in tropical African set-
tings, and careful testing under field conditions is needed
before they can be used for malaria vector control. For
instance, higher temperatures increase larvicide efficacy,
partly due to an increased larval feeding rate [49, 50].
Thus, the inherent difference in its activity in variable
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ecological settings needs to be considered when imple-
menting this tool.

After extensive one-year breeding site mapping, LSM
intervention in Dar es Salam resulted in a 40% overall
reduction in Plasmodium parasite prevalence, with the
highest impact achieved in the dry season [51]. Another
study revealed that larvicide intervention is most effec-
tive in reducing malaria transmission during the dry
season; individuals living in areas where larvicide was
not implemented exhibited 21% higher malaria infec-
tion rates and showed protective effects in combination
with insecticide-treated bed nets. They also observed no
evidence of spillover effects between intervention and
control sites [52]. In addition, other studies in Tanzania
showed that the LSM strategy reduced both the densities
of target mosquitoes and the prevalence of malaria [53,
54]. Furthermore, a Cochrane Review on LSM showed a
75% reduction in Plasmodium parasite prevalence and a
69% drop in incidence in some settings [55]. Curiously,
despite the sustained reduction in the indices, the mean
larval density/20 dips, mean larval positivity of habitats,
mean pupal density and mean pupal positivity of habitats
for consecutive months from November 2022 to April
2023 [31], the entomological result did not translate to a
reduction in the malaria incidence rate (Fig. 3).

The limitations of this study are related to the under-
reported malaria case counts, as the data are retrospec-
tive. In addition, this study does not account for the
effects of climate and environmental factors that may
have reduced the effectiveness of LSMs. Only three sites
were targeted for LSM at Dire Dawa city administration,
there might be potential contamination and repopulation
of breeding habitats from other nearby sites without LSM
intervention.

Conclusion

In conclusion, although LSM was effective in reducing
larval indices, as indicated by the PMI Vector Link Report
[31], it was not translated into reducing the malaria inci-
dence rate. Thus, LSM intervention implementation
needs to be reviewed to tailor to specific settings and/
or assess the suitability of the intervention before large-
scale implementation.

Abbreviations

LSM Larval Source Management

PMI President’s Malaria Initiative

SARIMA  Seasonal Autoregressive Integrated Moving Average
ITS Interrupted Time Series

PHEM Public Health Emergency Management
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