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Abstract

Background: Dengue and other arboviruses transmitted by Aedes aegypti mosquitoes, including Zika and
chikungunya, present an increasing public health challenge in tropical regions. Current vector control strategies
have failed to curb disease transmission, but continue to be employed despite the absence of robust evidence for
their effectiveness or optimal implementation. The World Mosquito Program has developed a novel approach to
arbovirus control using Ae. aegypti stably transfected with Wolbachia bacterium, with a significantly reduced ability
to transmit dengue, Zika and chikungunya in laboratory experiments. Modelling predicts this will translate to local
elimination of dengue in most epidemiological settings. This study protocol describes the first trial to measure the
efficacy of Wolbachia in reducing dengue virus transmission in the field.

Methods/design: The study is a parallel, two-arm, non-blinded cluster randomised controlled trial conducted in a
single site in Yogyakarta, Indonesia. The aim is to determine whether large-scale deployment of Wolbachia-infected Ae.
aegypti mosquitoes leads to a measurable reduction in dengue incidence in treated versus untreated areas. The primary
endpoint is symptomatic, virologically confirmed dengue virus infection of any severity. The 26 km? study area was
subdivided into 24 contiguous clusters, allocated randomly 1:1 to receive Wolbachia deployments or no intervention. We
use a novel epidemiological study design, the cluster-randomised test-negative design trial, in which dengue cases and
arbovirus-negative controls are sampled concurrently from among febrile patients presenting to a network of primary
care clinics, with case or control status classified retrospectively based on the results of laboratory diagnostic testing.
Efficacy is estimated from the odds ratio of Wolbachia exposure distribution (probability of living in a Wolbachia-treated
area) among virologically confirmed dengue cases compared to test-negative controls. A secondary per-protocol analysis
allows for individual Wolbachia exposure levels to be assessed to account for movements outside the cluster and the
heterogeneity in local Wolbachia prevalence among treated clusters.
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Indonesia

Discussion: The findings from this study will provide the first experimental evidence for the efficacy of Wolbachia in
reducing dengue incidence. Together with observational evidence that is accumulating from pragmatic deployments of
Wolbachia in other field sites, this will provide valuable data to estimate the effectiveness of this novel approach to arbovirus
control, inform future cost-effectiveness estimates, and guide plans for large-scale deployments in other endemic settings.

Trial registration: ClinicalTrials.gov, identifier. NCT03055585. Registered on 14 February 2017.
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Background
The health and economic impacts of arboviral diseases
transmitted primarily by Aedes aegypti mosquitoes are
escalating globally. In 2013, the estimated annual global
burden of dengue was approximately 50-100 million
clinically apparent dengue cases [1, 2] and approximately
10,000 deaths [2]. The burden of dengue has a cost of
approximately $2.1 billion per year in the Americas [3]
and almost $1 billion per year in Southeast Asia [4, 5].
Another epidemic arbovirus, the chikungunya virus
(CHIKV), came to global attention in 2004 when it
caused epidemics on several Indian Ocean islands before
spreading to southern Europe and South and South East
Asia. Like dengue, chikungunya is a febrile systemic viral
illness of 4—7 days duration. Debilitating polyarthralgia
can be a long-lasting sequelae of CHIKV infection [6].
In 2013, CHIKV emerged again in the Caribbean and
caused epidemics in Latin American countries that are
ongoing [7]. There are no licensed vaccines or specific
therapies for chikungunya. Against this backdrop of en-
demic or epidemic dengue in over 100 countries, and re-
cent explosive outbreaks of chikungunya, the Zika virus
emerged in epidemic fashion in the Western Pacific in
2013 and in Latin America in 2015 [8]. As evidence ac-
cumulated that it causes congenital infections with se-
vere outcomes, including fetal death and severe
microcephaly, it was declared a public health emergency
of international concern by the World Health
Organization (WHO) [9]. Like chikungunya, there are
no licensed vaccines or specific therapies for Zika.
Vector control targeted against Ae. aegypti is the
mainstay of the fight against dengue, chikungunya and
Zika disease transmission in endemic countries. Inte-
grated control strategies include targeted residual spray-
ing, space spraying, larval control and personal
protection measures. However, successful broad-scale
application of integrated vector control has been espe-
cially difficult to achieve in resource-limited endemic
countries and impossible to sustain. Additionally, the
evidence base to prioritise one intervention over another
(e.g. larvicides and outdoor versus indoor insecticide
space spraying) is weak as none have been robustly eval-
uated for impact on human infection and disease [10,

11]. Indeed, a recent meta-analysis of entomological
intervention trials highlighted the paucity of reliable evi-
dence for the effectiveness of any vector control method
on dengue incidence [12]. Strikingly, none of the rando-
mised controlled trials of vector control that were in-
cluded in the meta-analysis investigated epidemiological
impact (i.e. clinical disease endpoint) [12]. The difficulty
of making evidence-based policy in relation to vector
control has resulted in calls for improved trial methods
[13].

The World Mosquito Program (formerly Eliminate
Dengue Program) is an international research collabor-
ation aiming to use Wolbachia to eliminate arboviral
disease transmission by Ae. aegypti mosquitoes [14]. The
presence of Wolbachia in Ae. aegypti mosquitoes ren-
ders them more resistant to disseminated arbovirus in-
fection, including dengue, Zika, chikungunya and yellow
fever viruses [15—-17]. Thus, the critical and signature ef-
fect of Wolbachia as a public health intervention is to
severely reduce the vectorial capacity of mosquito popu-
lations to transmit arboviral infections between humans.
For field implementation, the approach works by seeding
wild Ae. aegypti populations with Wolbachia via fort-
nightly releases, over a period of 2—-3 months, of rela-
tively small numbers of Wolbachia-infected mosquitoes.
Over the subsequent 3—6 months, and through the ac-
tions of cytoplasmic incompatibility, the prevalence of
Wolbachia in the local mosquito population increases,
until such time as virtually all mosquitoes in the area
carry Wolbachia [18]. Once established, Wolbachia sus-
tains itself in the mosquito population for years. Of note,
when Wolbachia is stably established in mosquito popu-
lations, there is predicted to be a 66—75% reduction in
the basic reproduction number Ry for dengue viruses
(DENV)-1 to -4 [19]. Reductions of this magnitude are
predicted to result in local elimination of DENV trans-
mission in most epidemiological circumstances [19].

With a population of approximately250 million,
Indonesia is the largest dengue endemic country in
South East Asia. The administrative area of Yogyakarta
City, in south-central Java, with a population of 414,000
(in 2016) in an area of 32 km? [20], has generally had a
higher dengue incidence than surrounding districts [21].
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Between 2006 and 2016 the local public health surveil-
lance system in Yogyakarta City received notification of
9418 hospitalised dengue cases, including large out-
breaks in 2010 and 2016.

Small-scale proof-of-concept field trials of Wolbachia
(wMel strain) deployment have been successfully con-
ducted in four small communities in districts adjacent to
Yogyakarta City since 2014 (unpublished). The study
protocol presented here represents the first cluster ran-
domised trial to experimentally measure the efficacy of
Wolbachia in reducing DENV transmission.

Methods/Design

The aim of this study is to determine whether
large-scale deployment of Wolbachia-infected Ae.
aegypti mosquitoes leads to a measurable reduction in
dengue incidence in people living in treated (interven-
tion) areas, compared to those in untreated areas. The
primary endpoint is symptomatic, virologically con-
firmed DENV infection of any severity. Secondary objec-
tives are the measurement of the efficacy of the
Wolbachia method in reducing the incidence of symp-
tomatic, virologically confirmed Zika virus (ZIKV) or
CHIKY infection of any severity in treated areas, relative
to untreated areas; quantification of the level of human
mobility within Yogyakarta City and estimation of the
proportion of time that residents spend outside the
treatment arm to which they were randomised; and
measurement of the impact of Wolbachia deployment
on the prevalence of arbovirus-infected Ae. aegypti
mosquitoes.

Study design

The study is a parallel, two-arm, non-blinded cluster
randomised controlled trial conducted in a single site in
Yogyakarta, Indonesia. The study area was subdivided
into 24 contiguous clusters of roughly equal area and
population size, which were randomly allocated in a 1:1
ratio to receive Wolbachia deployments or no interven-
tion. Additional file 1 provides an overview of the ele-
ments of the study protocol, as described in a SPIRIT
checklist.

The impact of Wolbachia deployments on dengue in-
cidence will be assessed using a novel epidemiological
study design, the cluster-randomised test-negative design
(CR-TND) trial, which is described in detail elsewhere
[22, 23]. In brief, dengue cases and arbovirus-negative
controls will be sampled concurrently from within the
population of patients presenting with undifferentiated
febrile illness to a network of primary care clinics across
the study area, with case or control status classified
retrospectively based on the results of laboratory diag-
nostic testing. Efficacy is estimated by comparing the ex-
posure distribution (probability of living in a
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Wolbachia-treated area) among virologically confirmed
dengue cases against the exposure distribution in
test-negative controls. The distribution of Wolbachia ex-
posure in the sampled arbovirus-negative controls is as-
sumed to reflect the distribution of Wolbachia exposure
in the underlying source population that gave rise to
cases, as long as a core assumption is met that the rela-
tive propensity to seek healthcare for undifferentiated fe-
brile illness at a primary health clinic (known locally as
Puskesmas), in intervention versus untreated arms, is the
same for dengue cases as for other febrile illness con-
trols [23]. This should be upheld if dengue cases and
other undifferentiated febrile illness controls are clinic-
ally indistinguishable until laboratory diagnosis. The
concurrent sampling of controls and cases means that
the odds of Wolbachia-exposure among sampled dengue
cases relative to test-negative controls (odds ratio), is an
unbiased estimate of the relative incidence of medically
attended dengue in Wolbachia-treated versus untreated
clusters (risk or rate ratio (RR)), from which protective
efficacy can be directly estimated [23]. The null hypoth-
esis is that the relative incidence of virologically con-
firmed dengue in Wolbachia-treated and untreated areas
is one. If Wolbachia has a protective effect against
DENV transmission, we would expect the RR for viro-
logically confirmed dengue in Wolbachia-treated areas
compared to untreated areas to be below one.

Study setting

The study will be conducted in the adjacent districts of
Yogyakarta City and Bantul, in the province of
Yogyakarta Special Region, Indonesia. Yogyakarta City
has an area of 32 km” and had a population of approxi-
mately 414,000 in 2016 [20]. The study site area is of 26
km?, including 24 km? within Yogyakarta City and ex-
tending into 2 km” of the adjacent administrative area,
Bantul District, to the south of Yogyakarta City (Fig. 1).
The study site is a continuous urban area, with a total
population of approximately 350,000 and an average
population density of 13,460 persons per km” The an-
nual notified dengue incidence rate in Yogyakarta ranged
between 91 and 412 cases per 100,000 population during
the years 2006—-2016.

The study site was subdivided into 24 contiguous clus-
ters, each with an area of approximately 1 km® (range
0.7-1.65 km?). There are no buffer areas between clus-
ters, but natural borders (roads, rivers, non-residential
areas) were used to define cluster boundaries as much as
possible, to limit the spatial spread of Wolbachia from
treated clusters into untreated areas, and of wild-type
mosquitoes in Wolbachia-treated clusters. Exclusion
areas were minimised, and any areas within the study
site where releases are not possible for reasons of logis-
tics, public acceptance or absence of mosquito
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Fig. 1 Map of Applying Wolbachia to Eliminate Dengue (AWED) trial study site. The study site is a continuous area of 26 km?, including 24 km?
in Yogyakarta City and 2 km? in adjacent Bantul Regency, to the south. Nineteen government primary healthcare clinics (Puskesmas) where

\

populations (e.g. hospitals, public space, open parkland)
were pre-specified prior to randomisation and balanced
between study arms. No attempt will be made to alter
the routine dengue prevention and vector control activ-
ities conducted by public and private agencies through-
out the study area (treated and untreated clusters).

Randomised allocation of the intervention

Among the 24 clusters, 12 were randomised to receive
Wolbachia deployments and 12 to remain untreated
(Fig. 1). Covariate constrained (‘restricted’) randomisa-
tion was used to prevent a chance imbalance in the
baseline characteristics or spatial distribution of treated
and untreated clusters, given the relatively small number
of randomisation units, using the method outlined by

Hayes and Moulton [24]. Constraining variables include
those that may be potentially confounding covariates,
may impact sample size or are relevant for logistics
(Table 1).

The covariates, data sources and cluster values in-
cluded in the constrained randomisation are summarised
in Table 1. Briefly, values for each balancing covariate
were calculated for each of the 24 clusters and across
the study area as a whole. Stata statistical software
(v13.0, StataCorp, USA) was used to generate a large
number (# =100,000) of potential random allocations of
the 24 clusters equally into two study arms. For each al-
location, the value of each balancing criterion was calcu-
lated in each study arm in two ways, namely (1) the
average of the 12 cluster-level values and (2) the
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Category Covariate Rationale Balancing criterion
Potential 1. Age: % of population Dengue risk is age dependent Each arm within + 5% of overall
confounders <15 years® population value
2. 3-year average dengue Historical dengue incidence Each arm within £ 5% of overall
incidence rate® may predict future risk population value
3. Education: % completed Proxy for socioeconomic status Each arm within + 5% of overall
high school® that may predict dengue risk population value
Potential 4. Incidence of other febrile illness' Prevent chance association Each arm within £ 5% of overall
sources of bias presenting to Puskesmas clinics in between other febrile illness and population value
2014-2015° intervention
Sample size 5. Number of clusters To maximise precision and power 12 clusters per study arm
6. Cluster population® To maximise precision and power Each arm 45-55% of total population
Logistics 7. Total cluster area (km?)9 Releases to be done over approximately Each arm 45-55% of total area

half the city

o]

Non-release area within
cluster (km?)©

o

Four spatial strata
area

To prevent an excess of non-residential
areas falling in intervention arm

To prevent a large contiguous intervention

Each arm 45-55% of total non-release area

Within each spatial stratum, three clusters
per study arm

Data sources: °Yogyakarta and Bantul District Health Offices; PRecords from individual primary health clinics (Puskesmas); “Statistics Indonesia (BPS), 2015;

dCalculated in ArcGIS; ®Calculated in ArcGIS and Google Earth.

fOther febrile illness extracted based on ICD10 codes R50 (Fever of other and unknown origin), R50.9 (Fever, unspecified), A75.9 (Typhus fever, unspecified), A49

(staphylococcal infection, unspecified site)

aggregate arm-level value. Each potential random alloca-
tion was evaluated against the pre-defined balancing cri-
teria (Table 1), and rejected if they were not met. All
potential allocations that satisfied the balancing criteria
were retained (n =247), and a single allocation was then
randomly selected from within the restricted list of bal-
anced allocations. Finally, a coin toss was used to deter-
mine which of the two study arms (A or B) was to
receive Wolbachia releases. There were thus 494 pos-
sible distinct intervention allocations, exceeding the
guideline threshold of 100-150 allocations suggested by
others [24—26] and shown in extensive simulations to
achieve excellent performance in terms of confidence
interval coverage [22]. The set of potential constrained
randomisations was examined to assess how frequently a
pair of clusters appeared in the same arm, and the pair-
wise correlation in cluster-level dengue incidence over
10 years was assessed, in accordance with the validity
checks recommended by Hayes and Moulton [24]. The
two pairs that occurred most frequently in the same arm
(>65% of potential allocations) actually had less than
typical correlation when compared to other pairs.
Randomisation was conducted in January 2017 after
completing an extensive community engagement process
and obtaining written agreement from the leaders of the
37 administrative areas (kelurahans) indicating that they
were willing to have releases occur in their area, if ran-
domly allocated. The final stages of the randomisation
process, including the selection of one allocation from a
list of 100 balanced possibilities (randomly sub-selected
from the 247 total balanced allocations) and the coin

toss to determine which arm received the intervention,
were conducted in a public forum to which community
leaders and other key stakeholders were invited to maxi-
mise transparency and acceptance of the process.

Wolbachia deployment strategy

Wolbachia-infected Ae. aegypti will be deployed by set-
ting mosquito release containers (MRCs) in residential
and non-residential properties throughout the interven-
tion clusters. An MRC is a small plastic tub containing
Ae. aegypti eggs, Tetramin food and water, placed in an
outdoor area. Adult mosquitoes emerge from small holes
in the side of the MRC, approximately 7-12 days after
the MRC is deployed. Based on previous field work, we
expect to release 30,000—-150,000 adults per km? during
each release week.

Wolbachia will be deployed through rolling releases
across intervention clusters within a 6—9 month period,
with the aim of achieving a high prevalence of Wolba-
chia in treated clusters within a maximum of 12 months
(from the start of the release). Once the cluster-level
Wolbachia prevalence in trapped Ae. aegypti reaches
60-80%, deployment will then stop in that cluster and
monitoring of Wolbachia prevalence in trapped mosqui-
toes will continue throughout the study period. There
will be no remediation with additional releases if Wolba-
chia prevalence drops below 60% in the future.

Wolbachia monitoring strategy
A network of BG-Sentinel adult mosquito traps (Bio-
Gents, Germany) will be established throughout
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intervention clusters prior to the commencement of re-
leases, evenly spaced throughout residential areas at a
density of approximately 16 traps per km> A BG trap
network of the same density (16 traps per km?) will be
established also in untreated clusters prior to the com-
mencement of the clinical study. BG-Sentinel traps will
be serviced weekly, with trapped mosquitoes screened
for Wolbachia at weekly, fortnightly or 4-weekly inter-
vals throughout the duration of the trial, depending on
the stage of release and establishment. Once Wolbachia
has established in treated clusters and the clinical study
has commenced, Wolbachia screening will occur
4-weekly throughout the remainder of the study period.

Trapped mosquitoes will be identified using microscopy.
Individual mosquitoes (male and female) will be tested for
Wolbachia by quantitative polymerase chain reaction
(PCR) assay. The Wolbachia prevalence in screened Ae.
aegypti will be reported aggregated to the cluster level.

For the purposes of measuring the efficacy endpoint in
the primary intention-to-treat analysis, Wolbachia will
be considered as established throughout intervention
clusters 1 month after completing releases in the last
cluster.

Study participants

Participant enrolment to measure the efficacy endpoint
will be conducted at a network of 19 Puskesmas
throughout the study site (Fig. 1). Based on 2 years of
historic data collated from the Puskesmas network in the
study area, it is estimated that at least 5000 patients per
year present to these clinics with febrile illness (range
200-1500 per clinic per annum). We will invite the par-
ticipation of all patients aged 3-45 years presenting to
any of the participating clinics with undifferentiated
fever of 1-4 days duration, who meet the eligibility cri-
teria as described in Table 2 and who provide written in-
formed consent (from a parent or guardian for
participants aged <18 years). An individual presenting
on repeat occasions for different febrile episodes will be
eligible for enrolment during each different episode.
However, an individual may only be enrolled once
during a single illness episode, which is defined

Table 2 Inclusion and exclusion criteria for study enrolment
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conservatively as illness occurring within 4 weeks of a
previous febrile illness.

Data and sample collection

A unique identifier will be assigned to each participant
at enrolment. Basic demographic details, eligibility
against the inclusion criteria, illness onset date and a
10-day retrospective travel history will be recorded in a
standardised electronic data collection form. Figure 2
summarises the data and samples to be collected from
each participant. Data and samples are collected at a sin-
gle time point at enrolment, with no longitudinal
follow-up of participants except for a phone call to es-
tablish their status at 14—21 days post enrolment.

A brief travel history interview will be conducted at
enrolment to determine the main places visited by each
participant on days 3—10 prior to illness onset, i.e. dur-
ing the incubation period for dengue. Participants will
be prompted to recall the locations visited for an hour
or more at a time between 5 am and 9 pm on each day,
and the duration spent at each location, using a
tablet-based data collection tool. The coordinates of
each unique location visited will be derived by geoloca-
tion on a digital map. These data will be used to deter-
mine the proportion of time spent in Wolbachia-treated
and untreated areas, for the per-protocol analysis.

A single 3 mL venous blood sample will be collected
from all consenting participants on the day of enrol-
ment. Blood samples will be collected and transferred to
the project laboratory on the day of collection. All diag-
nostic specimens will be processed and stored on the
same day as sample receipt and plasma stored at —80 °C
until testing.

All enrolled participants will be contacted by tele-
phone 14-21 days post enrolment to ascertain their
health status, recorded categorically as recovered or
died, and whether or not they were ever hospitalised
during this illness. This is for the purpose of ascertaining
the safety endpoints (see page 22), and does not apply to
the primary or secondary outcomes of the study. For any
participant uncontactable after three attempts, the status
will be recorded as unknown. Any death of a study

Inclusion Criteria
(Participants must meet all of the following)

Exclusion Criteria
(Participants will not be eligible for enrolment if
any of the following are identified)

Fever, either self-reported or measured at enrolment

Date of onset of fever between 1 and 4 days prior
to the day of presentation

Aged between 3 and 45 years old

Resided in the study area every night for the
10 days preceding illness onset

Prior enrolment in the study within the previous 4 weeks

Localising features suggestive of a specific diagnosis other
than an arboviral infection, e.g. severe diarrhoea, ofitis,
pneumonia
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TIMEPOINT

CLUSTER RANDOMISED INTERVENTION

Deployment of Wolbachia mosquitoes in 12 treated clusters*
No activities in 12 untreated clusters*

ENROLMENT AT CLINICS

Screen for eligibility
Informed consent

Enrolment form completed (electronic data capture)
Demographic data [name, sex, DOB, address, contact number]
Dengue vaccination status

Iliness history data [symptoms, date of illness onset]

Travel history interview (electronic data capture)

home and other places visited in the 3-10 days prior to illness onset,
including duration and geolocation

3ml venous blood sample

14-21 DAY FOLLOW-UP PHONE CALL

Ascertain illness outcome (recovered/died) and whether hospitalised
ASSESSMENTS

Laboratory diagnostic testing for DENV, Zika, CHIKV

be altered in treated or untreated clusters

Fig. 2 Schedule of enrolment, data collection and assessments (SPIRIT Figure) *Routine dengue prevention and vector control activities will not

Prior to start of Enrolment 14-21 days Within 1 month
clinical study post-enrolment  of enrolment
X
X
X
X
X
X
X

participant within 14—21 days of enrolment will be clas-
sified as a serious adverse event and reported to the trial
steering committee (TSC), ethical committees and inde-
pendent data monitoring committee (IDMC) within
7 days of ascertainment. The proportion of participants
in each arm that were hospitalised or died will be
reviewed at each meeting of the IDMC.

Laboratory investigations

Reverse transcriptase quantitative PCR (RT-qPCR) is the
gold standard method of diagnosing arboviral infections in
the first few days of illness. We will use an internally con-
trolled triplex RT-qPCR assay to detect DENV, CHIKV and
Zika viruses in plasma samples from all enrolled partici-
pants (Fig. 3). Dengue non-structural protein 1 (NS1) Plate-
lia ELISA (BioRad, USA) and IgM and IgG capture ELISA
(Panbio, Australia) will be performed according to the man-
ufacturers’ instructions. These kits were selected as they
were among the best performers in a WHO evaluation of
dengue diagnostic tests [27, 28].

Diagnostic test results will not be reported back to
individual participants since batch processing of sam-
ples will mean that results are not available in time
to inform clinical management. Participants will be
managed according to standard clinical practice by
the treating clinicians.

Case and control classification

The diagnostic algorithm for classifying dengue, Zika or
chikungunya cases and arbovirus-negative controls is
shown in Fig. 3. Dengue cases are defined as patients
with virologically confirmed DENV infection, meeting
the clinical criteria for enrolment and also with a posi-
tive result in NS1 ELISA and/or DENV RT-qPCR.

Controls are patients meeting the clinical criteria for
enrolment, but with negative test results for CHIKV
RT-qPCR, Zika RT-qPCR, DENV NS1 ELISA, DENV
RT-qPCR, and DENV IgM and IgG ELISA.

For the secondary endpoints, Zika or chikungunya
cases are defined as patients with virologically confirmed
Zika virus or CHIKV infections, meeting the clinical cri-
teria for enrolment and also with a positive result in
Zika RT-qPCR or CHIKV RT-qPCR, respectively, and
controls are defined as above.

Expected study duration

Wolbachia deployments commenced in March 2017
and finished in November 2017. The clinic-based
sampling of febrile patients commenced in a pilot
phase in November 2017, with enrolment into the
intention-to-treat dataset commencing in January
2018. The study timeline is depicted in Fig. 4.
Participant enrolment will continue for 2 years, or
longer if required to attain the minimum sample
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Patient presents with:
eFever
*No other localizing features

*Onset within 1-4 days
eAged 3-45 years
eResident in study area for 10d prior to onset
]

v

Yes
(Eligible participant)

v
No

(Do not enrol) | .
Consent to participate

Yes

eComplete enrolment form (age, sex, address, 10d travel)

eCollect blood sample (sent to DU lab).

Fig. 3 Flowchart of data and sample collection and diagnostic algorithm. Blue boxes indicate participant recruitment and enrolment activities
undertaken at Puskesmas clinics, including screening against inclusion/exclusion criteria, obtaining written informed consent, and collection of
demographic and travel history data and a blood sample. Pink boxes indicate the laboratory diagnostic testing to be performed at the project
laboratory (DU), the results of which (white boxes) will be used to classify participants as virologically confirmed dengue, Zika or chikungunya
cases, arbovirus-negative controls, or excluded due to inability to rule out arbovirus infection (grey boxes) according to the algorithm shown

Chik/Zika Chik/Zika Case
DENV / Zika / CHIK PCR positive “| (secondary analysis)
RT-PCR
‘L DENV PCR
- positive
N(?gat;lv € Dengue Case
na (primary analysis)
‘l' Positive

Dengue NS1 ELISA

Equivocal

Negative

N
Dengue IgM / 1gG
ELISA

Positive

size for intention-to-treat analysis. Recruitment will
continue for 24 months even if the estimated mini-
mum sample size is reached sooner.

Power calculations

It is estimated that approximately 1000 cases plus four
times as many controls will be sufficient to detect a 50%
reduction in dengue incidence with 80% power. The esti-
mate relies on several assumptions, outlined below.
Sample size requirements will be re-estimated using ob-
served data after 50% of the target recruitment is com-

assumptions. This power reassessment will be based on
the actual observed distributions of test-positive (i.e.
dengue) and test-negative (i.e. other febrile illness) cases
across the 24 clusters, and will then be used to make
recommendations regarding the necessary sample size of
total dengue case counts and whether extending eligible
enrolments beyond the current protocol may be
desirable.

No formulae have previously been published to esti-
mate sample size for the proposed study design, i.e. a
cluster randomised trial with a test-negative design,

pleted to account for possible violations to these where the intervention effect is estimated from
g
Randomisation End releases Final analysis Publication of results
Jan 2017 Nov 2017 Feb 2020 May 2020
Start Wolbachia Expected Wol IDMC meeting
releases establishment (6 months)
Mar 2017 Dec 2017 Jul 2018
2017 2018 2019 2020

Approx IDMC meeting
and interim analysis
(50% enrolment)

Dec 2018

Pilot clinic enrolment
Nov 2017

Start clinic enrolment
Jan 2018

Target completion
of clinic enrolment
Dec 2019

Fig. 4 Applying Wolbachia to Eliminate Dengue (AWED) trial time line. Wol Wolbachia, IDMC Independent Data Monitoring Committee
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outcome-based  sampling of  test-positive and
test-negative patients and ascertainment of their expos-
ure status. Randomisation provides a basis of inference
in comparing intervention clusters with control clusters
as, under the null hypothesis, there should be no differ-
ence with regard to the relative appearance of test posi-
tives and negatives in clusters, on average, across the
two arms. Thus, we have proposed, as the primary ana-
lytical approach, a comparison of the exposure odds
among test-positive cases versus test-negative controls
(for data aggregated across all clusters), with the null hy-
pothesis that the odds of residence in a Wolbachia--
treated cluster is the same among test-positive cases as
test-negative controls [22, 23]. The resulting odds ratio
thus provides an estimation of the intervention effect
and, as demonstrated previously, provides an unbiased
estimate of the relative risk provided that the key as-
sumptions underlying the TND are upheld.

A secondary approach employs, as a summary meas-
ure for a group-level analysis, the proportion of
test-positive cases amongst all tested participants in each
cluster, with a comparison of the average of these pro-
portions in the intervention arm versus the untreated
arm forming the basis of hypothesis testing for interven-
tion effect. The null hypothesis is that the average pro-
portion of total enrolled participants that are cases is the
same in treated and untreated study arms. The alterna-
tive hypothesis is that the proportion of enrolled partici-
pants that are cases is lower in the Wolbachia-treated
arm than the untreated arm.

Simulations were used to estimate the power to detect
a range of intervention effect sizes using the two
methods above, assuming 12 clusters per arm, a total of
1000 true dengue cases enrolled and 4000 non-dengue
controls, and using empirical data on population, histor-
ical dengue incidence and incidence of other febrile ill-
ness in the 24 study clusters (including the observed
spatial distribution of dengue and other febrile illnesses
among clusters) to define the baseline characteristics for
the simulated scenarios [22]. We randomly allocated half
the clusters to receive the intervention; this random allo-
cation was repeated one million times, and only those al-
locations were kept in which the balancing criteria
specified in the constrained randomisation methods
were met (1 =247 balanced allocations, and thus 494
possible distinct randomisations of intervention alloca-
tion). Dengue case numbers per cluster were either kept
at baseline values (for the simulation at the null; i.e. RR
=1) or reduced proportionately (for simulations of inter-
vention effects of RR=0.6, 0.5, 0.4, 0.3). For each of
these five ‘true’ effect sizes, applied to each of the 247
balanced allocations, the ‘observed’ effect size was calcu-
lated from the simulated data by the two methods out-
lined above, namely (1) aggregated odds ratio for
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residence in a treated cluster among cases versus con-
trols and (2) difference of the average cluster summary
proportions (cases/cases+controls) between study arms
(compared using a standard ¢ test). Statistical inference,
from the ¢ test directly, or, for the odds ratios, using per-
mutation distribution approximations with standard er-
rors adjusted to account appropriately for the clustered
nature of the data [22], respectively, was used to calcu-
late the proportion of constrained random allocations
that yielded a significant result. This provided an esti-
mate of Type I error at the null, and power away from
the null (Table 3). Both of these approaches thus are
using approximations to the exact permutation distribu-
tion [22]. In practice, the appropriate reference distribu-
tion for inference will be based on the set of 247
potential balanced allocations.

The results show that constrained randomisation is
somewhat conservative at the null but generally in-
creases power moderately. The odds ratio test is more
powerful than the ¢ test approach, and will thus be used
as the primary analysis with the additional attraction of
being standard for the traditional test-negative design.

Statistical analyses

Primary endpoint — the impact of Wolbachia deployment
on dengue

The intention-to-treat (primary) analysis will consider
Wolbachia exposure as a binary classification based on
residence in a cluster allocated to Wolbachia deploy-
ment or not. Residence will be defined as the primary
place of residence during the 10 days prior to illness on-
set. The intervention effect will be estimated from an ag-
gregate odds ratio comparing the exposure odds
(residence in a Wolbachia-treated cluster) among
test-positive cases versus test-negative controls (for data
aggregated across all clusters), using the constrained per-
mutation distribution as the foundation for inference.
The null hypothesis is that the odds of residence in a
Wolbachia-treated cluster are the same among
test-positive cases as among test-negative controls. The
resulting odds ratio provides an unbiased estimate of the
RR provided that the key assumptions underlying the
TND are upheld. Of note, since the constrained

Table 3 Percentage of random allocations that yield significant
results on simulated data (i.e. power)

Risk t test Odds ratio test

fatio Constrained Random Constrained Random
1 0.13 5 1 7

0.6 48 49 61 57

05 81 75 89 82

04 97 93 99 96

03 100 99 100 100
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permutation distribution used for statistical inference
contains only the 247 potential allocations (494 distinct
randomisations) that meet all balancing criteria, the
most extreme odds ratio in the distribution would carry
a two-sided p value of approximately 0.004 (2/494).
Therefore p <0.004 is the minimum threshold at which
statistical significance can be evaluated in this design.

A secondary group-level analysis will be performed
using a cluster-level summary measure of the proportion
of test-positive individuals amongst all tested individuals
in each cluster. The difference in the average proportion
of test positives between the intervention clusters and
untreated clusters will be used to test the null hypothesis
of no intervention effect using the ¢ test statistic but bas-
ing inference on the exact permutation distribution.
These average proportions in each arm can be used to
derive an estimate of the RR of dengue in treated versus
untreated clusters, which is a more intuitive effect meas-
ure [22]. Briefly, we can substitute the estimated differ-
ence in the proportions, d, into the formula:

1 . RR
1+ (5)1+RR) RR+ (1)(1+RR)

d:

where r is the overall ratio of test negatives to test pos-
itives, which yields a quadratic equation for the un-
known RR. Only one solution is plausible so that this
then yields an estimate of RR, along with the appropri-
ately transformed confidence interval (from that associ-
ated with d).

The per-protocol analysis will consider Wolbachia ex-
posure as a quantitative index based on measured Wol-
bachia prevalence in local Ae. aegypti mosquitoes in the
cluster of residence and other locations visited by the
participant during a period of 3—-10 days prior to illness
onset, as reported in the travel history interview. A
weighted ‘Wolbachia exposure index’ (WEI) will be de-
fined for each participant, as follows. The aggregate Wol-
bachia prevalence for each cluster will be calculated
each month from all Ae. aegypti trapped in that cluster.
The WEI for each participant will then be calculated by
multiplying the cluster-level Wolbachia prevalence (in
the month of participant enrolment) at each of the loca-
tions visited, by the proportion of time spent at each lo-
cation, to give a value on a continuous scale from 0 to 1.
Cases and controls will be classified by strata of their
WEI (e.g. 0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, 0.8—1). This
acknowledges that the WEI is not a highly precise meas-
ure, and serves to reduce error in exposure classification.
The per-protocol analysis therefore allows for Wolbachia
exposure to vary in a location over time, and also ac-
counts for human mobility. This analysis can also ac-
count for the temporal matching of dengue cases and
test-negative controls, where risk sets of cases and
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controls will be defined by frequency matching enrolled
confirmed dengue cases to arbovirus-negative controls
with illness onset in the same calendar month. In the
unlikely event that a minimum of four controls cannot
be found for a case within the same calendar month, the
window for matching can be extended until four con-
trols are identified, for that case only. Both inference
methods described above for the intention-to-treat ana-
lysis will be extended to allow for this individual level
covariate using regression approaches and extension of
the permutation-derived inference used to test the null
[29]. For a time-adjusted analysis, a Cox proportional
hazard model will be fitted, incorporating the te