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ABSTRACT
Introduction  Field trials and modelling studies 
suggest that elimination of dengue transmission may 
be possible through widespread release of Aedes 
aegypti mosquitoes infected with the insect bacterium 
Wolbachia pipientis (wMel strain), in conjunction with 
routine dengue control activities. This study aimed to 
develop a modelling framework to guide planning for 
the potential elimination of locally acquired dengue in 
Yogyakarta, a city of almost 400 000 people in Java, 
Indonesia.
Methods  A scenario-tree modelling approach was used to 
estimate the sensitivity of the dengue surveillance system 
(including routine hospital-based reporting and primary-
care-based enhanced surveillance), and time required 
to demonstrate elimination of locally acquired dengue 
in Yogyakarta city, assuming the detected incidence of 
dengue decreases to zero in the future. Age and gender 
were included as risk factors for dengue, and detection 
nodes included the probability of seeking care, probability 
of sample collection and testing, diagnostic test sensitivity 
and probability of case notification. Parameter distributions 
were derived from health system data or estimated by 
expert opinion. Alternative simulations were defined based 
on changes to key parameter values, separately and in 
combination.
Results  For the default simulation, median 
surveillance system sensitivity was 0.131 (95% PI 
0.111 to 0.152) per month. Median confidence in 
dengue elimination reached 80% after a minimum 
of 13 months of zero detected dengue cases and 
90% confidence after 25 months, across different 
scenarios. The alternative simulations investigated 
produced relatively small changes in median system 
sensitivity and time to elimination.
Conclusion  This study suggests that with a 
combination of hospital-based surveillance and 
enhanced clinic-based surveillance for dengue, an 
acceptable level of confidence (80% probability) in 
the elimination of locally acquired dengue can be 
reached within 2 years. Increasing the surveillance 
system sensitivity could shorten the time to first 
ascertainment of elimination of dengue and increase 
the level of confidence in elimination.

INTRODUCTION
Dengue is an acute viral syndrome caused by 
infection with any of four dengue virus sero-
types transmitted by the bite of infected Aedes 
mosquito vectors, of which Aedes aegypti is 
the primary vector.1 There was an eight-fold 
increase in dengue cases globally between 
2000 and 2019.2 Though most dengue 
infections are asymptomatic, an estimated 
50–100 million symptomatic cases occur 
annually, leading to 1.14 million disability-
adjusted life years lost.3

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The incidence of dengue, a mosquito-borne viral 
disease, has increased worldwide in recent decades. 
However, a novel vector control intervention based 
on the release of Aedes aegypti vectors infected 
with the wMel strain of Wolbachia pipientis bacteria, 
which inhibits arboviral infection and transmission 
in mosquitoes, has been shown to substantially 
decrease the incidence of dengue. A randomised 
controlled trial in Yogyakarta city, Indonesia, demon-
strated a 77% reduction in dengue incidence in 
areas treated with the Wolbachia intervention. Field-
based and modelling studies have predicted that the 
Wolbachia intervention could reduce dengue trans-
mission to the point of elimination of locally acquired 
dengue. The feasibility of elimination of dengue as 
a public health problem through city-wide deploy-
ment of Wolbachia intervention, complemented by 
other vector control measures and enhanced clini-
cal surveillance, is being tested in Yogyakarta city, 
Indonesia, as part of a follow-up study. For any 
planned infectious disease elimination programme, 
demonstrating that elimination has been achieved 
requires effective surveillance for dengue and ro-
bust statistical methods. The aim of this study was 
to develop a scenario-tree modelling framework to 
guide planning for the potential elimination of locally 
acquired dengue in Yogyakarta city, Indonesia.
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Vector control is the cornerstone of dengue preven-
tion and control. However, vector control methods have 
had limited effectiveness in controlling dengue in most 
endemic settings.1 An innovative dengue control inter-
vention has been developed based on the release of A. 
aegypti vectors infected with the wMel strain of Wolbachia 
pipientis bacteria, which inhibits arboviral infection and 
transmission (hereafter the Wolbachia intervention). The 
Wolbachia intervention for dengue control is described 
elsewhere.4–8 Briefly, Wolbachia is an endosymbiotic 
bacterium found naturally in around half of all insect 
species, but not A. aegypti. Following the stable introduc-
tion of the fruit fly-derived wMel strain of Wolbachia into 
A. aegypti mosquitoes, Wolbachia is maternally inherited 
by successive generations of mosquitoes and manip-
ulates mosquito reproductive outcomes, by a process 
call cytoplasmic incompatibility, to favour its own popu-
lation introgression.8 These traits enable the spread of 
Wolbachia into field populations of A. aegypti following 
short-term mosquito releases,6 greatly reducing the virus 
transmission capacity of the local A. aegypti population.8

A cluster randomised trial of the Wolbachia interven-
tion in Yogyakarta city, Indonesia, reported a 77.1% 
reduction in the odds of dengue in the intervention 
clusters compared with control clusters.9 This builds 
on earlier evidence of the effectiveness of the Wolbachia 
intervention in substantially decreasing dengue inci-
dence in northern Australia.10 Mathematical modelling 
studies have predicted that the wMel-infected A. aegypti 

intervention could reduce the effective reproduction 
number for dengue to below one, leading to elimi-
nation.11 12 Combined, evidence from field trials and 
modelling studies provide strong support for testing 
the effectiveness of the Wolbachia intervention, comple-
mented by other vector control and public health 
measures, for eliminating dengue as a public health 
problem in dengue-endemic areas.9

Demonstrating infectious disease elimination requires 
different methods than those used for estimating disease 
frequency.13 While a single confirmed case of a disease is 
evidence against elimination having been achieved, the 
absence of detected cases may reflect weaknesses and 
gaps in the surveillance system, rather than true elimina-
tion. For other human infectious diseases for which elimi-
nation targets are in place, such as malaria, elimination at 
national level is certified through a comprehensive inde-
pendent expert review of disease control and elimination 
programmes, the performance, quality, completeness 
and output of surveillance systems, a review of disease 
transmission potential, and assessment of capacity to 
sustain elimination.14 These assessments, while rigorous, 
are typically qualitative or semi-quantitative, and do 
not quantify the probability that if zero cases have been 
detected through the public health surveillance system 
over a period of time, there were truly zero cases in the 
population in the corresponding period.15

Probability-based methods for ascertaining infectious 
disease absence or elimination are widely used in veteri-
nary epidemiology to substantiate ‘freedom from disease’ 
in the context of international trade.16 One common 
approach applies scenario-tree modelling to estimate 
the probability that disease would be detected through 
surveillance if the disease is present in the population 
at or above a prespecified minimum prevalence.15 This 
allows estimation of the probability that if zero cases of 
disease are detected through surveillance, then the true 
disease prevalence in the population must be less than 
the prespecified minimum—which in practical terms, 
implies the absence of disease in the population. Unlike 
survey-based methods, scenario-tree modelling allows for 
estimation of the probability of elimination using data 
collected through the existing surveillance system (or 
with planned enhancements to support the demonstra-
tion of disease elimination), and estimation of the relative 
contribution of different surveillance activities to demon-
strating elimination. Furthermore, this approach can be 
used quantitatively to plan an elimination programme, 
including estimation of the number of time periods of 
zero detected cases required to reach an acceptable level 
of confidence that elimination has been achieved, as was 
recently applied to planning for elimination of a livestock 
disease in New Zealand.17 Scenario-tree-based methods 
have previously been applied to ascertain the absence 
or elimination of infectious diseases in human popula-
tions, including evaluations of poliovirus surveillance in 
Australia18 and the UK.19 These methods are also being 
explored in malaria elimination settings.20

WHAT THIS STUDY ADDS
	⇒ This study constructed a scenario-tree model to represent the 
dengue surveillance system in Yogyakarta city, including hospital-
based and clinic-based surveillance. The model was parameterised 
with risk factors for dengue, as well as the steps in the surveillance 
pathway, from healthcare seeking to notification of a positive case. 
This study suggests that with a combination of hospital-based sur-
veillance and enhanced clinic-based surveillance for clinical den-
gue cases, an acceptable level of confidence (80% probability) in 
the elimination of locally-acquired dengue in Yogyakarta city can be 
reached within 2 years of the last detected case. This suggests that 
routine clinic-based and hospital-based passive surveillance for 
dengue is sufficiently sensitive to plan for and confirm elimination 
of local dengue transmission in Yogyakarta city.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR 
POLICY

	⇒ The findings suggest that pragmatic demonstration of the elimina-
tion of locally acquired dengue can be reached in a shorter time-
frame than the alternative approach of convening an independent 
expert review panel, as commonly used for other infectious disease 
elimination programmes. The scenario-tree modelling framework 
offers a replicable, robust method for planning and assessing 
progress towards elimination of dengue as a public health prob-
lem following full implementation of the Wolbachia intervention 
and enhanced clinic-based dengue surveillance in Yogyakarta city, 
Indonesia. The framework can be readily expanded and adapted to 
different geographical settings where the Wolbachia intervention is 
also being implemented to control and eliminate dengue.
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The aim of this study was to develop a scenario-tree 
modelling framework to guide planning for the potential 
elimination of locally acquired dengue in Yogyakarta city, 
Indonesia. City-wide Wolbachia coverage of Yogyakarta 
city was completed in January 2021 following releases 
into the remaining untreated (control) areas.21 The 
feasibility of elimination of dengue as a public health 
problem through Wolbachia deployment, complemented 
by other vector control measures and enhanced clinical 
surveillance, is being evaluated in a clinical study that 
commenced in January 2023.

METHODS
Study design
The study design assumes that after full implementation 
of the Wolbachia intervention and other dengue control 
measures, there will be a period of time during which 
zero locally acquired dengue cases are detected through 
surveillance, which may be indicative of interruption 
of local dengue transmission. A scenario-tree model-
ling approach was used to estimate the sensitivity of the 
dengue surveillance system and the time required to 
demonstrate elimination of locally acquired dengue in 
Yogyakarta city, should the reported incidence of dengue 
decrease to zero in the future.

Study setting
Yogyakarta city is the capital city of Yogyakarta Special 
Province, on the island of Java in Indonesia. It has an 
estimated population size of 373 589 inhabitants.22 
The healthcare system in Yogyakarta city comprises the 
public healthcare system, including primary healthcare 
centres (‘puskesmas’) and public hospitals, and the 
private healthcare sector. Public and private hospitals are 
required to notify suspected or confirmed dengue cases 
to the national surveillance system, via the Yogyakarta 
City Health Office (CHO). Dengue is suspected based on 
a clinical case definition for dengue fever (DF) or dengue 
haemorrhagic fever (DHF; ICD-10 codes A90 (DF) and 
A91 (DHF); International Classification of Diseases 10th 
revision). The clinical case definition used is as per the 
national guideline, which refers to the clinical case defi-
nition used in the 2011 WHO South East Asia regional 
guidelines.23 At present, some suspected cases are tested 
for dengue virus infection (using immunochromato-
graphic rapid diagnostics tests that detect dengue virus 
non-structural protein 1 (DENV NS1) antigen and IgM/
IgG antibodies as part of routine clinical management or 
RT-qPCR or NS1 antigen ELISA through participation 
in research); most are diagnosed and notified based on 
clinical presentation only. Between 2006 and 2016, the 
incidence of dengue case notifications averaged 211 per 
100 000 population per year in Yogyakarta.24 These esti-
mates are likely to considerably underestimate the true 
incidence of dengue in the population, given the poten-
tial for incomplete compliance with reporting require-
ments, ambulatory cases are not recorded,25 and prior to 

2017, only DHF cases, not all dengue cases, were notifi-
able. Additionally, an unknown proportion of clinically 
diagnosed cases is likely to be false positives, as dengue 
symptoms are similar to other endemic febrile infectious 
diseases.

Description of dengue elimination intervention
wMel-infected A. aegypti mosquitoes have been released 
throughout all residential areas of Yogyakarta city in a 
phased approach, beginning in August 2016 with a quasi-
experimental trial26 and concluding in January 2021 with 
the completion of releases throughout the untreated 
arm of the Applying Wolbachia to Eliminate Dengue 
(AWED) cluster randomised trial (​ClinicalTrials.​gov 
NCT03055585).9 Approval to release Wolbachia mosqui-
toes was obtained from the provincial and city govern-
ments of Yogyakarta prior to releases.

A prospective postimplementation study commenced 
in January 2023 and will run for up to 3 years, to evaluate 
the long-term public health impact of citywide Wolba-
chia deployments and the potential elimination of local 
dengue transmission in Yogyakarta city. A ‘dengue case’ 
will be defined as an individual with symptomatic, viro-
logically confirmed dengue infection, resident in Yogya-
karta city and without a documented recent travel history 
outside of Yogyakarta. The case definition does not 
include asymptomatic dengue virus infections given that 
(1) elimination of dengue ‘as a public health problem’ 
is the relevant goal rather than complete interruption of 
transmission; (2) no routine surveillance is in place or 
planned for asymptomatic infections; and (3) any chains 
of transmission associated with asymptomatic infections 
would be expected to lead to at least one symptomatic 
dengue case, which could then be detected through 
surveillance.

Recognising the limitations of hospital-based dengue 
surveillance, this postimplementation study includes 
enhanced clinic-based surveillance for dengue among 
patients presenting with acute febrile illness, to support 
the demonstration of dengue elimination. Thirteen of 
the 18 puskesmas in Yogyakarta were selected to partic-
ipate in the enhanced clinic-based surveillance based on 
enrolment data from a previous cluster randomised trial,9 
and are estimated to account for approximately 85% of 
all puskesmas presentations for acute febrile illness. All 
patients aged 3–45 years and currently residing in Yogya-
karta city who present to these puskesmas with an acute 
febrile illness of 1–4 days duration and no localising signs 
suggestive of a specific diagnosis will be invited to enrol, 
and a venous blood sample and demographic data will be 
collected from consenting participants. Patient samples 
will be tested for the presence of dengue virus using 
RT-qPCR and NS1 antigen ELISA in a research labora-
tory, and patients positive by PCR and/or NS1 ELISA 
will be classified as virologically confirmed dengue cases. 
Puskesmas and other outpatient health facilities do not 
currently routinely report dengue cases to the CHO 
surveillance system, but in the enhanced clinic-based 
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surveillance study a custom-built data management 
system will record enrolment data including patients’ resi-
dential address, and laboratory diagnostic results. In the 
immediate term, no change will be made to the existing 
hospital-based dengue surveillance system. However, as 
part of a future elimination programme, resources would 
be reallocated to enable follow-up and virological confir-
mation of each notified dengue case to reduce the false 
positive rate to zero. The potential for infection to have 
been acquired outside Yogyakarta city will be assessed in 
the enhanced clinic-based surveillance by recording at 
enrolment whether the patient had travelled outside the 
city in the past 10 days, and in the CHO hospital-based 
surveillance from a field in the case notification form that 
records recent travel history. While not a highly accurate 
measure—and currently recorded incompletely in the 
CHO surveillance—it is assumed that in an elimination 
context, detection of suspected locally acquired dengue 
would lead to further investigations to resolve the case 

status and determine whether elimination has likely been 
achieved.

Scenario-tree modelling framework
A scenario tree is a schematic tree structure of nodes and 
branches which can be used to describe and assist in the 
analysis of complex surveillance systems, while accounting 
for heterogeneity in the population risk structure. Risk 
nodes represent the probability of infection in different 
subgroups. Detection nodes represent key events, actions 
or tests that contribute to an infected individual’s detec-
tion in the surveillance process (e.g, that a person attends 
a clinic; a sample is collected; or that a positive test result 
is notified). Node probabilities can be estimated from 
data where available, or informed by expert judgement. 
The tree structure depicts the various pathways by which 
an infected individual in the population may be detected, 
and defines the probabilities associated with each step in 
the detection process.15 27

Figure 1  Scenario-tree model for the detection of locally acquired, symptomatic, virologically confirmed dengue cases 
through the public health surveillance system in Yogyakarta city, Indonesia. The scenario-tree model represents the planned 
structure of the surveillance system in the context of a prospective dengue elimination study. This includes an enhanced clinic-
based surveillance component at primary health facilities (puskesmas), as well as strengthening the hospital-based surveillance 
system through introduction of virological testing for all suspected dengue cases. The rectangle nodes represent risk nodes: 
the probability of being a symptomatic dengue case varies by age and gender. The oval nodes represent detection nodes: key 
events, actions, or tests that contribute to an infected individual’s detection in the surveillance process. The triangular nodes 
represent pathways by which cases escape detection.
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A scenario-tree model was developed to describe and 
analyse the feasibility of demonstrating the elimination 
of locally-acquired dengue in Yogyakarta city, using the 
existing hospital-based surveillance component supple-
mented with an enhanced primary care surveillance 
component (figure  1). The model includes age and 
gender as risk factors for being a symptomatic dengue 
case. Detection nodes include the probability of first 
seeking care at different types of health facilities (public 
hospital, puskesmas participating in enhanced dengue 
surveillance, or other/no healthcare seeking), proba-
bility of sample collection, probability of sample testing, 
diagnostic test sensitivity and probability of case recording 
and notification.

Data sources and model parameterisation
Risk nodes
Population data for Yogyakarta city, stratified by gender 
(male/female) and age group (under 5, 5–14, 15–29, 
and 30 years and over), were obtained from the 2020 
census data20 (table 1). Relative risks of locally acquired 
symptomatic dengue were estimated by gender and age 
group based on data from the AWED trial, supplied by 
the study authors (unpublished data) (table 1).

Detection nodes
Parameter distributions were derived from data collected 
as part of the AWED trial in Yogyakarta city, or estimated 
by expert opinion if no other data sources were available, 
as specified. Experts consulted were local clinicians and 
researchers working on the AWED trial,10 25 who were 
familiar with the dengue surveillance system in Yogyakarta 
city and provided input through group discussions.

The probability of seeking healthcare was stratified by 
age group (table 2). There was no evidence from AWED 
trial data to support stratification of healthcare seeking 
by gender. Other case detection factors (from sampling 
to case notification) were assumed to be affected by 
whether a case first seeks healthcare at a primary care 
clinic participating in the enhanced dengue surveil-
lance programme or first seeks healthcare at hospital. 

Cases seeking healthcare were estimated to be three 
times more likely to present at clinics participating in 
enhanced dengue surveillance, compared with seeking 
healthcare at a hospital (without having attended a 
clinic participating in the enhanced dengue surveil-
lance programme). Approximately 80% of patients with 
dengue seeking healthcare at clinics participating in 
enhanced dengue surveillance are expected to consent 
to blood sampling for dengue testing, based on AWED 
data. In contrast, clinically diagnosed patients with 
dengue in hospitals were judged to be half as likely to be 
sampled for dengue testing, given the context of routine 
clinical management. The coordination of primary care 
clinic-based enhanced dengue surveillance by dedicated 
study staff and testing at a research laboratory means that 
all collected samples are expected to be tested and have 
results recorded in the study database, whereas there may 
be some gaps in these steps within the routine hospital 
surveillance system. Samples collected at clinics partic-
ipating in enhanced dengue surveillance will be tested 
according to a using a highly sensitive combination of 
RT-qPCR and dengue NS1 ELISA, compared with the 
less sensitive NS1 ELISA or rapid diagnostic test (RDT) 
used in hospital laboratories, with sensitivity values for 
NS1 ELISA and RDTs derived from validation studies.28 29 
RT-qPCR is considered the gold-standard reference assay 
and was assigned a sensitivity of 0.95 to allow for infre-
quent DENV infections with a viral load below the limit 
of detection (table 2).

Parameter inputs for each step in the detection cascade 
were estimated as either fixed values or as pert distri-
butions (minimum, most likely and maximum values) 
(table  2). Pert distributions are considered useful for 
incorporating expert opinion into a model, where there 
are inadequate data to parameterise a distribution.24

Surveillance sensitivity
The scenario-tree model was first used to calculate the 
sensitivity of the surveillance system. Surveillance system 
sensitivity is defined as the probability that at least one 

Table 1  Population level risk factors for locally acquired symptomatic dengue, including estimated relative risk values and 
population size in each risk stratum

Gender Relative risk Age Relative risk* Population size

Female 1 Under 5 1 11 126

5–14 2 24 619

15–29 0.75 45 107

30 and over 0.1 110 718

Male 1.1 Under 5 1 11 569

5–14 2 25 326

15–29 0.75 45 835

30 and over 0.1 99 289

*The relative risks of symptomatic dengue in different age and gender groups were derived from data collected as part of the Applying 
Wolbachia to Eliminate Dengue trial.
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dengue case would be detected through dengue surveil-
lance if dengue cases are present in the population at 
a given prevalence, known as the ‘design prevalence’. 
Design prevalence was set at a single dengue case in the 
population and converted to a proportion (P*) of the 
total population.

Model calculations used or adapted standard formulae 
as described by15 and subsequent methodological devel-
opments,17 27 30 31 as follows:

Adjusted risk
For each successive risk factor, adjusted risks (AR) for 
each risk group were calculated as:

	﻿‍
ARi =

RRi∑ n
i=1RRi × PPri ‍�

(1)

where RRi is relative risk for the ith risk category and PPRi 
is the population proportion of the ith risk category, for 
the preceding risk group in the scenario tree. Thus, for 
gender, population proportions are for the whole popu-
lation and for age category they are for the respective 
genders.

Effective probability of infection
Effective probability of infection was calculated for each 
risk stratum representing all eight combinations of 
gender and age category as the product of the respective 
adjusted risks for each risk factor and the design preva-
lence (P*):

	﻿‍ EPIi,j = ARi × ARj × P∗‍� (2)

where P* is the design prevalence and Ari and ARj are 
adjusted risks for the relevant levels of gender and age 
category, respectively.

Unit sensitivity
Unit sensitivity (probability that a dengue case would be 
detected if they were in the respective risk stratum) was 
estimated for each of the eight risk strata as the product 
of the relevant detection probabilities for a person in that 
stratum.

Component and system sensitivity
Component sensitivities for puskesmas and hospitals 
were calculated separately as:

	﻿‍
CSe = 1 −

∏
i,j

(1 − Unitei,j)EPIi,j×Ni,j

‍�
(3)

where Ni,j is the population size for the ith gender and 
jth age category and UnitSe is the unit sensitivity for the 
relevant stratum for puskesmas and hospital, respectively.

Overall system (population) sensitivity (SSe) was then 
calculated as:

	﻿‍ SSe = 1 − (1 − CSepuskesmas) × (1 − CSehospital)‍� (4)

Confidence in elimination
Second, the scenario-tree model allows for testing the 
hypothesis that locally acquired dengue has been elimi-
nated, if a period of time passes during which zero cases 
are detected through surveillance. The null hypoth-
esis was that dengue is present at or above the design 

Table 2  Parameter values for factors affecting the detection of locally acquired clinical dengue infection

Detection node Detection stratum Distribution type Most likely value (min, max)

Probability of seeking 
healthcare

Under 5 years of age* Pert 0.430 (0.419, 0.432)

5–14 years of age* 0.381 (0.377, 0.385)

15–29 years of age* 0.336 (0.334, 0.339)

30 years of age and older* 0.336 (0.334, 0.339)

Probability of seeking 
healthcare at a public 
health facility participating 
in dengue surveillance

Probability of first seeking healthcare at puskesmas 
participating in the enhanced dengue surveillance†

Pert 0.424 (0.339, 0.509)

Probability of seeking healthcare at hospital, without 
first presenting at puskesmas participating in the 
enhanced dengue surveillance‡

0.144 (0.086, 0.173)

Probability of being tested 
for dengue at a puskesmas 
participating in enhanced 
dengue surveillance:

Probability of being sampled‡ Pert 0.8 (0.7, 0.9)

Probability of samples being tested for dengue‡ Fixed 1.000

Probability of a positive test result§ 0.95

Probability of a positive test result being recorded in 
the study database‡

*

Probability of being tested 
for dengue at a public 
hospital

Probability of being sampled* Pert 0.4 (0.3, 0.6)

Probability of samples being tested for dengue† 0.951 (0.949, 1)

Probability of a positive test result 0.7 (0.6, 0.8)

Probability of a positive test result being notified† 0.8 (0.7, 0.9)

*Data on formal healthcare seeking sourced from 12

†Indicates variables with values derived through expert opinion.
‡Indicates data sourced from the Applying Wolbachia to Eliminate Dengue trial.
§Indicates manufacturer-estimated diagnostic test sensitivity.
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prevalence. The alternative hypothesis was that dengue 
cases, if present, occur at a prevalence lower than the 
design prevalence. A suitably low design prevalence 
is chosen such that the inference can be made that if 
dengue occurs at a prevalence lower than the design 
prevalence, then dengue has been eliminated as a ‘public 
health problem’. The level of evidence for the alternative 
hypothesis is a function of the sensitivity of the surveil-
lance system (SSe), the number of successive time periods 
with zero reported cases, and the risk of (re-)introduc-
tion of dengue into the population in each time period.

Confidence of elimination (PFree) was calculated for 
each time period in two steps. First, a discounted prior 
confidence (Priort) was calculated based on the confi-
dence of elimination for the previous time period (PFreet-

1), discounted for the probability that locally acquired 
dengue recurred during the time period (PRecur):
	﻿‍ Priort = 1 − (1 − PFreet−1 + PRecurt − ((1 − PFreet−1) × PRecurt))‍
� (5)
Noting that for the first time period, PFreet-1 was set at 0.5, 
indicating an uninformed opinion. The probability of 
recurrence is the probability that one or more cases of 
locally acquired symptomatic dengue will occur during a 
time period, in a population in which dengue cases had 
previously been eliminated. Recurrence of local dengue 
transmission after prior elimination may occur due to 
an imported dengue case leading to local transmission. 
Three separate values (1%, 2%–5%) for probability of 
recurrence per month were modelled as a sensitivity anal-
ysis to reflect the risk of sporadic imported dengue cases 
initiating local transmission chain in a vector population 
with stable wMel introgression, and hence suppressed 
dengue transmission potential.

Finally, PFreet was calculated as:

	﻿‍ PFreet = Priort
(1−SSe×(1−Priort))‍� (6)

SSe was assumed to be the same across all time periods, 
because it is a probabilistic calculation for future plan-
ning purposes and not based on the actual number of 
possible dengue cases detected by the surveillance system 
each month. For interpretation, an estimated 80% or 
higher probability of dengue elimination was considered 
an acceptable level of evidence for the purposes of ascer-
taining dengue elimination for this framework.

Sensitivity analyses
Several separate simulations were compared with explore 
the potential impacts of changes in key model parame-
ters, including a reduction in number of primary care 
clinics participating in enhanced surveillance, as well as 
modest but realistic improvements to different steps in 
the detection cascade in clinics and hospitals. The simu-
lations are described in online supplemental table 1.

Model implementation
The model was developed and implemented in the R 
software environment, V.4.0.3,32 including the R pack-
ages epiR,33 mc2d,34 gplots35 and RColorBrewer.36 The 

time step for the analysis was 1 month, consistent with 
the reporting frequency for the dengue surveillance 
system in Yogyakarta city. The analysis was run for 60 time 
steps (60 months; 5 years). As described, key inputs were 
entered as probability distributions and the model was 
run for 10 000 iterations to generate estimates of system 
sensitivity per month and confidence of dengue elimina-
tion in the population over 60 simulated months.

Patient and public involvement statement
As this study involved the development of a modelling 
framework based on existing data sources, and did not 
require the collection of new data from research partici-
pants, patients were not involved in the development of 
the research question, study design or outcome meas-
ures. The outcomes of this work will be used to evaluate 
the evidence for the elimination of dengue in Yogyakarta 
in 2023–2025, the findings of which will be disseminated 
to health professionals and the public in Yogyakarta via 
the Yogyakarta CHO.

RESULTS
Unit sensitivity
Median unit sensitivity estimates varied between age 
group strata, from 0.108 to 0.138 for primary care clinic 
presentations and 0.013 to 0.016 for hospital presenta-
tions per month. Higher values were estimated for the 
under 5 age group, with the lowest values in the 15–29 
and over 30 age groups (online supplemental table 2).

Surveillance system sensitivity
For the default simulation, median surveillance system 
sensitivity was 0.131 (95% PI 0.111 to 0.152) per month. 
Median component sensitivities were 0.118 (95% PI 
0.099 to 0.139) per month for clinics participating in the 
enhanced dengue surveillance programme and 0.014 
(95% PI 0.010 to 0.020) per month for public hospital 
surveillance (figure 2).

The alternative simulations investigated produced rela-
tively small changes in median system sensitivity (online 
supplemental table 1). The largest change in system 
sensitivity induced by a change in a single parameter was 
observed for Simulation 2 (a reduction in probability 
of presenting to clinics participating in the enhanced 
surveillance programme by 20%), which reduced surveil-
lance system sensitivity from 0.131 to 0.105. Simulation 7 
(representing multiple improvements in the surveillance 
system) resulted in an increase in median system sensi-
tivity to 0.162.

Confidence of elimination
For a probability of recurrence of local transmission 
of 1% per month, median confidence in dengue elim-
ination reached 80% after 13 months of zero detected 
dengue cases and 90% after 25 months and plateaued 
at approximately 93% after 44 months (figure 3). For a 
probability of recurrence of 2%, median confidence of 
dengue elimination of 80% was reached after 19 months 

https://dx.doi.org/10.1136/bmjgh-2023-013313
https://dx.doi.org/10.1136/bmjgh-2023-013313
https://dx.doi.org/10.1136/bmjgh-2023-013313
https://dx.doi.org/10.1136/bmjgh-2023-013313
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and plateaued at approximately 86% after 42 months. For 
a probability of recurrence of 5%, median confidence of 
dengue elimination never reached 80%, plateauing at 
approximately 64% after 33 months.

Sensitivity analyses
The sensitivity analyses mostly resulted in minor changes 
in the trajectory of confidence of elimination over time 

Figure 2  Box and whisker plot of component sensitivities for puskesmas-based enhanced dengue surveillance (CSe_
puskesmas) and hospital surveillance for dengue (CSe_hospital), and overall surveillance system sensitivity for dengue cases 
(SSe), per month.

Figure 3  Median confidence of dengue elimination over 60 months, for probability of recurrence (PRecur) of 1%, 2% and 5% 
per month. PRecur: probability of recurrence of local dengue transmission in a single time period (1 month). Reference lines for 
level of confidence of elimination are plotted at 80% confidence (green dashed line), and 95% confidence (red reference line).
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(online supplemental figure 1). However, for simulation 
2 (reduced number of clinics participating in enhanced 
surveillance), the median confidence in dengue elimi-
nation reaching 80% was extended to approximately 18 
months of zero reported cases; whereas in simulation 7 (a 
combination of modest improvements to the surveillance 
system), it was reduced to within 10 months.

DISCUSSION
Feasibility of demonstrating dengue elimination in Yogyakarta 
city
This study suggests that with a combination of hospital-
based surveillance and enhanced primary care clinic-
based surveillance for dengue, an acceptable level of 
confidence (80% probability) in the elimination of locally 
acquired dengue can be reached within 24 months. 
Potentially, it could be reached in as few as 13 months, 
if the high Wolbachia coverage and virus-blocking activity 
is sustained such that the risk of resumption of local 
transmission after a period of local elimination is 1% or 
lower. Estimates for the probability of recurrence of local 
transmission arising from an imported case in an other-
wise dengue-free population could be obtained through 
entomological and other studies of transmission poten-
tial. Of note, these results suggest that pragmatic demon-
stration of the elimination of locally acquired dengue 
can be reached in a shorter timeframe than the alter-
native approach of convening an independent expert 
review panel, as commonly used for other infectious 
disease elimination programmes.14 However, it must be 
noted that given the surveillance components and detec-
tion node parameter values included in the model, it 
would not be possible to reach 95% confidence in elim-
ination of locally acquired dengue. This more stringent 
threshold has been proposed where demonstration of 
infectious disease elimination is used to guide decision-
making about cessation of disease control activities.13 In 
Yogyakarta city, it is unlikely that dengue control activi-
ties would be halted even if elimination appears to have 
been reached, as the city remains susceptible to imported 
cases.

Increasing the surveillance system sensitivity could 
shorten the time to first ascertainment of elimination 
of dengue and increase the level of confidence in elim-
ination. The nodes in the scenario tree with the lowest 
probability estimates represent the greatest opportuni-
ties to have a substantial impact through interventions. 
In addition to modest improvements to surveillance data 
collection and reporting modelled as part of the sensi-
tivity analysis (online supplemental table 1), surveillance 
system sensitivity could be further improved through 
increasing the probability of care-seeking at clinics partic-
ipating in enhanced surveillance, which would require a 
comprehensive community engagement strategy as part 
of a dengue elimination programme. In addition, inte-
grating private healthcare sector outpatient facilities into 

the dengue surveillance network would further increase 
the sensitivity of surveillance.

A key assumption of scenario-tree modelling is that 
surveillance system specificity is 100%. This does not 
imply that diagnostic tests for dengue must be 100% 
specific—rather, that in an elimination context, all 
test-positive cases will be further investigated to resolve 
their status as true positive or false positive cases. For 
dengue, this would include follow-up virological testing 
for all clinically diagnosed cases, as well as reliably 
distinguishing local from imported cases through travel 
history questionnaires and other data sources. Though 
challenging to consistently implement in practice, espe-
cially in lower resource settings, this approach reflects 
how suspected cases for other infectious diseases that are 
believed to have been eliminated are investigated, such 
as poliovirus.19 Therefore, the scenario-tree modelling 
framework presented here is relevant for a dengue elim-
ination programme with adequate resources allocated to 
follow-up and resolve the status of all suspected dengue 
cases.

Comparison to surveillance sensitivity for other infectious 
diseases
The dengue surveillance system sensitivity in Yogyakarta 
city, with the planned addition of enhanced clinic-based 
surveillance, was estimated at 0.131 (95% PI 0.111 to 
0.152) per month. As the use of scenario-tree model-
ling to estimate confidence in elimination of disease in 
human populations is an emerging methodology, it is 
difficult to directly compare the findings of this study 
to others in the literature. For example, the estimated 
median monthly sensitivity of clinical surveillance for 
wild poliovirus infection among children aged less than 
15 years in Australia was estimated at 0.082 (95% PI 
0.053 to 0.121).18 In the UK, clinical poliovirus surveil-
lance system sensitivity was estimated at 0.00324 (95% CI 
0.00177 to 0.00481) per month for wild-type poliovirus 
and 0.000336 (95% CI 0.000160 to 0.000641) per month 
for vaccine-derived poliovirus infection.19 However, in 
these two studies, the case definition referred to any 
poliovirus infection, including asymptomatic infection, 
whereas the dengue framework adopts a more pragmatic 
definition of elimination focused on clinical cases.

Another study applied the scenario-tree modelling 
approach to estimate the sensitivity of surveillance for 
leptospirosis in Ecuador, where leptospirosis is endemic.37 
This study estimated surveillance sensitivity at substan-
tially higher design prevalence than used here (ranging 
from 1% to 30% across three geographic regions), consis-
tent with the goal of monitoring an endemic disease 
rather than demonstrating elimination. This study 
reported surveillance system sensitivities ranging from 
0.29 (95% PI 0.02 to 0.82) to 0.85 (95% PI 0.41 to 0.99). 
As surveillance sensitivity is defined as the probability of 
detecting at least one case at a given design prevalence, 
higher surveillance system sensitivities are expected as 
design prevalence increases.

https://dx.doi.org/10.1136/bmjgh-2023-013313
https://dx.doi.org/10.1136/bmjgh-2023-013313


10 Bannister-Tyrrell M, et al. BMJ Glob Health 2023;8:e013313. doi:10.1136/bmjgh-2023-013313

BMJ Global Health

A recent study aimed to establish a framework for esti-
mating surveillance sensitivity for clinical malaria cases in 
the context of a malaria elimination target in two districts 
in Indonesia, including one district in Yogyakarta prov-
ince.38 This study estimated parameters for the malaria 
case detection cascade from survey and interview data in 
the study area, but did not present an overall estimate 
of surveillance system sensitivity. Estimates of the prob-
ability of seeking care averaged 0.09 (± 0.05 sd) and the 
probability of testing averaged 0.16 (± 0.29 sd). The lower 
care-seeking estimates compared with the present study 
likely reflect disparities in access to healthcare between 
urban residents in Yogyakarta city and rural residents in 
malaria-endemic areas, with care seeking in the malaria 
study related to availability of antimalarial drugs, antima-
larial drug stockouts and travel time to health facilities.38

Strengths and limitations
This is the first study to establish a framework for plan-
ning and demonstrating dengue elimination, with param-
eter inputs that can be readily obtained from routinely 
collected data or expert opinion from programme 
managers. The framework can be adapted to support 
planning for dengue elimination as evidence-based inter-
ventions including new dengue vaccines and Wolbachia 
are implemented at increasing scale. Where current 
surveillance activities and coverage are inadequate to 
support demonstrating elimination, the framework high-
lights key points in the surveillance cascade to target to 
improve surveillance system sensitivity overall, which 
may vary across settings. It is also notable that this study 
demonstrates the value of applying methods originally 
developed in veterinary epidemiology to human health 
topics, which is consistent with the increasing recogni-
tion of the importance of a One Health approach for 
addressing global health challenges.

A limitation of this study is that most parameter 
inputs (except for age variations in healthcare seeking 
behaviour) were derived from expert opinion, as no 
alternative data sources were available. Though consid-
ered a suitable method for eliciting parameter values in 
scenario-tree modelling,15 the parameter values derived 
from expert opinion should be empirically validated as 
part of the next phase of the dengue elimination research 
in Yogyakarta city. The model presented herein can 
then be re-run with empirical data to refine the output 
estimates.

A second limitation is that the model only considers 
age and gender as risk factors for dengue. Other socio-
demographic risk factors, such as house construction 
or outdoor occupation, may be relevant to include if 
population-level data sources become available. Fine-
scale spatial risk and detection nodes were considered 
for inclusion in the model, but the lack of reliable data to 
distinguish dengue-related risk factors between city areas, 
and challenges taking cross-city movements into account, 
resulted in the exclusion of spatial area from the model. 
This limits the generalisability of the current framework 

to larger geographical areas, where spatial differences are 
more pronounced (e.g, differences in healthcare seeking 
between urban and rural areas).

A further limitation is that the model does not allow for 
parameter values to vary over time within a simulation, 
which affects the interpretation of confidence in elimi-
nation over longer time periods. Additionally, the feasi-
bility and accuracy of classifying imported versus locally 
acquired cases may impact the validity of the model. At 
present, a case is classified as an imported case based on 
a history of travel outside Yogyakarta province in the past 
2 weeks and the absence of recently reported cases in 
the local area. However, in the context of an elimination 
programme, the classification of local versus imported 
cases should be strengthened through more rigorous 
methods, such as genomic sequencing.

CONCLUSION
The scenario-tree modelling framework offers a repli-
cable, robust method for planning and assessing progress 
towards elimination of dengue as a public health 
problem following full implementation of the Wolbachia 
intervention and enhanced clinic-based dengue surveil-
lance in Yogyakarta city, Indonesia. The framework can 
be readily expanded and adapted to other geographic 
settings where the Wolbachia intervention—and in future, 
dengue vaccines—are implemented to control and elim-
inate dengue.
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