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EXECUTIVE SUMMARY
The ongoing burden of malaria, together with increasing rates of insecticide resistance, has
motivated research into new ways of controlling the dominant vectors of malaria in Africa,
including genetic control techniques to suppress or replace mosquito populations. A common concern with genetic control methods is that transgenesis might somehow adversely
alter the ability of genetically modified mosquitoes to transmit pathogens.
The objective of this study is to develop a structured process for excluding or including,
and subsequently prioritising, target and non-target pathogens for the purposes of scoping
risk assessments for contained use or field releases in sub-Saharan Africa of genetically
modified mosquitoes. The study distinguishes four categories of pathogens:
1. target pathogens, defined as the four species of malaria-causing protozoa that are biologically transmitted to humans in Africa by mosquitoes in the An. gambiae complex:
Plasmodium falciparum, P. ovale, P. vivax and P. malariae.
2. non-target pathogens transmitted by An. gambiae s. l. mosquitoes, defined as
pathogens other than target pathogens that are known to be biologically or mechanically transmitted to humans or livestock in Africa by mosquitoes in the An. gambiae
complex. Examples include Wuchereria bancrofti and o’nyong’nyong virus.
3. non-target pathogens transmitted by other mosquitoes, defined as pathogens other
than target pathogens that are known to be biologically or mechanically transmitted
to humans or livestock in Africa by mosquitoes that are not part of the An. gambiae
complex, such as dengue virus.
4. novel pathogens, defined as pathogens for which there is currently no evidence of
transmission by mosquitoes, such as Ebola virus or HIV. Novel pathogens are not
included within this study.
The prioritisation methodology developed here incorporates a two-step process that first
systematically identifies all target and non-target pathogens - i.e. all pathogens in the first
three categories described above. This list was compiled by reviewing the Centers for Disease Control and Prevention (CDC) arbovirus catalogue, the World Organisation for Animal
Health (OIE) terrestrial manual and the scientific literature. This initial analysis identified
83 bacteria, viruses, parasites or nematodes that are known, or thought, to be transmitted
to humans or livestock by mosquitoes in Africa, including 17 pathogens that are known or
thought to be transmitted by mosquitoes in the An. gambiae complex. These 17 pathogens
were subjected to a more detailed review, during which 6 were excluded on the grounds that
there was insufficient empirical evidence to support vector competence by An. gambiae s.
l. mosquitoes, leaving 11 “within-scope” pathogens.
The within-scope pathogens were prioritised by considering three key attributes that are
commonly used to rank communicable and severe emerging diseases: (i) efficiency of
transmission to humans or livestock; (ii) difficulty of treatment; and, (iii) severity of impact.
The prioritisation used a customised web application to remotely elicit loss (utility) under
an elicitation scenario aligned to the African Union’s 2063 goals. Ten experts chosen on
the basis of their impartiality and expertise in key subject matter areas such as medical
entomology and epidemiology completed the elicitation. Multi-Attribute Utility Theory was
used as the basis of the analysis because: a) its elicitation load is considerably lower than
that associated with other population prioritisation methods; b) it is a mathematically rigor2 | CSIRO Pathogen Prioritisation Final Report

ous theory for expressing strengths of preferences across options with uncertain attributes;
and, c) it is able to capture the possibility that attributes are not equally important, and that
combinations of different attributes may have an additive, sub-additive, or super-additive
(synergistic) effect on the overall impact of a pathogen. The remote elicitation also collected information on the availability of laboratory assays of vector competence for each
within-scope pathogen, and if the capacity/capability to conduct these assays exists currently within Africa.
Of the 11 pathogens known to be transmitted in Africa by mosquitoes in the An. gambiae
complex, this analysis ranked P. falciparum as the most severe and easily transmitted, and
overall identified it as the worst of the within-scope pathogens. The two most important
pathogens after P. falciparum were identified to be Rift Valley fever virus (RVFV) and W.
bancrofti. Both pathogens were again ranked relatively highly for infection severity and
transmission efficiency, and RVFV was also identified as the most difficult to treat from
among the group of within-scope pathogens.
P. vivax was ranked as the fourth most important pathogen in this analysis. It ranked as
the 5th most important pathogen across each of the three key attributes but there was
considerable disagreement between the experts’ elicited loss for this pathogen. P. ovale,
Ngari virus and P. malariae were ranked 5th, 6th and 7th respectively. Ngari virus attracted
the lowest relative rank for transmission efficiency, whilst P. malariae was ranked 9th for
infection severity.
O’nyong-nyong virus, Bwamba virus, Rickettsia felis and Tataguine virus ranked 8th, 9th,
10th and 11th respectively. Bwamba virus and Tataguine virus were ranked as having the
lowest relative infection severities of all the within-scope pathogens. Ricketsia felis was
ranked as the easiest to treat within the group, and as having the second lowest relative
transmission efficiency. O’nyong-nyong virus was ranked as the third most difficult pathogen
to treat. Its overall low rank reflects its relatively low ranking for infection severity (6th) and
transmission efficiency (7th).
The highest response to questions about assay availability occurred for P. falciparum. 70%
of experts answered, all stated that an assay was available, but were divided on whether or
not there was the capacity or capability to perform the assay in Africa. Rift Valley fever virus
also attracted a high (70%) response rate, with all but one expert suggesting that an assay
for vector competence was available, but only 3 indicated that the capacity/capability exists
to perform the assay in Africa. Vector competence assays for Arboviruses are well established, and described by one expert as “straightforward”. The bio-containment facilities for
infected insects that are necessary to perform these assays, however, may be limited in
Africa.
There was less certainty about the availability of assay methods for Wucheraria bancrofti,
the causative agent of lymphatic filariasis. Advice provided by a non-participating expert
suggests that a membrane feeding assay is likely to be unavailable but that insights into
the potential for increased transmission can be gained by testing mosquito responses to
intrathoracic injections of microfilariae of a related parasite Brugia malayi.
In summary, this analysis identifies P. falciparum, Rift Valley fever virus and W. bancrofti
as the three most important pathogens from among the 11 pathogens identified as withinscope, followed by P. vivax. The WHO estimates that P. vivax contributes less than 1%
CSIRO Pathogen Prioritisation Final Report | 3

of the total malaria cases in Africa, although recent evidence suggests this may be an
underestimate in certain conditions. It is worth considering therefore if this pathogen should
be included in any future analysis of vector competence changes in transgenic An. gambiae
s.l. mosquitoes, particularly if the costs associated with conducting the assay to test for such
changes are low.
Rift Valley fever virus’ second place ranking reflects its impact on human and animal mortality, livestock markets, trade and food security. The elicitation scenario, however, does not
address the relative rates of transmission between different mosquito species. This issue is
relevant to Rift Valley fever virus because it is thought to be primarily spread by mosquitoes
in the Aedes and Culex genera, whereas the other priority pathogens identified here are
primarily spread by An. gambiae s.l. Hence any change in vector competence of genetically
modified mosquitoes in the An. gambiae complex for this pathogen should not necessarily
lead to a marked increase in the prevalence of Rift Valley fever.
This study aims to rank pathogens to help scope future risk assessments. It uses loss
to quantify the relative human health and socio-economic impacts of a defined set of
pathogens, under an elicitation scenario deemed appropriate for the study goals. Zero loss
in this analysis is defined by the attributes of the best-case pathogens from among the set
of within-scope pathogens. It does not equate to no impact and the results of this analysis
should not be interpreted as some form of scaled estimate of the impact of the pathogens
in Africa, as might be required for a cost-benefit analysis of an intervention strategy.
The analysis isolates three critical attributes of vector-borne pathogens, and then uses
these attributes to scale a defined set of pathogens in terms of the probability that they
are the worst (highest loss) or best (lowest loss) pathogen from amongst this set. Each
pathogen’s scaling is interpretable, the process is transparent, accommodates experts’ uncertainty and is generic enough to be relevant to any type of genetic control strategy. The
losses reported here, however, are only relevant in the context of comparisons between
pathogens within this defined set.
Each pathogen’s position on the scale is one of several considerations that bio-safety authorities might consider when determining the scope of a risk assessment for a particular
genetic control strategy. Other considerations that could be relevant include the predicted
spatio-temporal footprint of the genetic control strategy, the concerns of communities, stakeholders and publics, the proportion of transmission attributable to different species, and the
extent and success of eradication campaigns, using other types of control tools, such as
the Global Programme to Eliminate Lymphatic Filariasis (GPELF). These considerations
must necessarily take place on a case-by-case basis. The value of this analysis is that it
provides a transparent rationale for ranking the most relevant pathogens to help analysts
and decision makers decide what pathogens to include in a risk assessment.
By not restricting the initial review of mosquito transmitted pathogens to mosquitoes in the
An. gambiae complex, it becomes possible to consider what pathogens may need to be
considered in future studies if the target mosquito species were to change. An. funestus, for
example, is known or thought to transmit all of the 11 pathogens identified for An. gambiae
s. l., except Rift Valley fever virus and Ngari virus, but in addition is known or thought to
transmit Bunyamwera virus, chikungunya virus, Nyando virus, Orungo virus, Pongola virus
and Semliki Forest virus. We believe other analysts working in related contexts will find this
initial review a useful contribution.
4 | CSIRO Pathogen Prioritisation Final Report

1

INTRODUCTION
KEY POINTS
1. The ongoing burden of malaria, together with increasing rates of insecticide
resistance, has motivated research into novel methods of controlling the dominant vectors of malaria in Africa. These novel methods include genetic control
techniques such as the use of gene drives to suppress or replace mosquito
populations.
2. A common concern with genetic control methods is that transgenesis might
somehow increase the ability of genetically modified mosquitoes to transmit
pathogens.
3. This study distinguishes four types of pathogens: (i) target pathogens, defined
as the four different species of malaria-causing protozoa that are biologically
transmitted to humans in Africa by mosquitoes in the An. gambiae complex; (ii)
non-target pathogens transmitted by An. gambiae s. l. mosquitoes in Africa;
(iii) non-target pathogens transmitted by other mosquitoes in Africa; and, (iv)
novel pathogens - that is pathogens that are not known to be transmitted by
mosquitoes.
4. The objective of this study is to develop a structured process for excluding or
including, and subsequently prioritising, target and non-target pathogens - i.e
types (i) to (iii) - for the purposes of scoping risk assessments for contained use
or field releases in sub-Saharan Africa of genetically modified mosquitoes.
5. Novel pathogens - type (iv) - are not included within this study.
6. The prioritisation procedure used in this analysis is based on expert beliefs
because there is currently no suitable alternative (empirical) way to measure
the impact of mosquito-borne pathogens on human health and socio-economic
well being.
7. The pathogen prioritisation methodology developed here is consistent with
recent “best practice” recommendations for ranking communicable disease
threats (O’Brien et al., 2016).
8. The methodology also emulates the prioritisation process developed by the
World Health Organisation (WHO) to prioritise severe emerging diseases (Mehand et al., 2018). In particular it incorporates a two-step process that first
systematically identifies all target and non-target pathogens transmitted by
mosquitoes in Africa from which a short list of within-scope pathogens are
identified and carried forward into a transparent, repeatable, prioritisation procedure.
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1.1

Project background and objectives

Contemporary malaria control interventions – insecticide treated bed nets, indoor residual spraying and artemisinin based combination therapy – have dramatically reduced the
burden of malaria in Africa (Bhatt et al., 2015). Despite this progress, however, malaria
continues to exert a considerable toll causing 451,000 and 435,000 deaths globally in 2016
and 2017 respectively, with just over 90% of this mortality occurring in Africa (World Health
Organisation, 2018b).
The on-going malaria burden, together with increasing rates of insecticide resistance in
malarial vector mosquitoes (Wiebe et al., 2017), has motivated proposals to develop additional control strategies, including genetic methods such as gene-drives to modify Anopheles stephensi (Gantz et al., 2015) and suppress Anopheles gambiae populations (Hammond et al., 2015). To date gene-drive based control methods have been developed under
carefully controlled laboratory conditions but may at some point move to field trials.
Scientists have identified a number of potential harmful outcomes that may occur if genedrive modified mosquitoes are released into wild populations (see for example Roberts
et al., 2017; Hayes et al., 2018a). Various hazards have also been identified in committee
reports (NASEM, 2016), workshop reports (Drinkwater et al., 2014), at consultative meetings on the use of gene drive technology, and so-called “self-” or “soft-” governance documents that address genetically modified mosquitoes (Benedict et al., 2008; UNEP, 2010;
WHO-TDR and FNIH, 2014; UNEP, 2016; James et al., 2018).
A commonly cited hazard is the possibility that genetic modification will alter the way in
which transgenic mosquitoes spread pathogens. Benedict et al. (2008), for example, identify an increase in vectorial capacity1 or vector competence2 of mosquitoes as a potentially
important unintentional effect of transgenesis. UNEP (2010) and UNEP (2016) note that
mosquitoes transmit several pathogens to human beings and livestock, and the creation of
a transgenic mosquito in which the capacity for transmission of one of these pathogens has
been modified, may enhance its ability to transmit other pathogens. Similarly, James et al.
(2018) identify changes in the vectorial capacity for Plasmodium or other pathogens carried
by Anopheles gambiae as a prominent safety consideration.
The possibility that transgenesis might somehow increase the vectorial capacity or vector
competence for target or non-target pathogens raises the question of how to appropriately
determine the scope of a risk assessment in order to adequately address this hazard. The
objective of this project is to develop a structured process for excluding or including, and
subsequently prioritising, pathogens for the purpose of scoping risk assessments for contained use or field releases in sub-Saharan Africa of genetically modified mosquitoes.
This analysis is designed to support risk assessments that are being conducted by CSIRO
for contained use and field release of genetically modified An. gambiae and An. coluzzii
mosquitoes.

1.2

Project scope and exposure pathways

The project scope of work is divided into two main tasks: a) develop a methodology to
prioritise pathogens; and, b) demonstrate the method and its outcomes by applying the
1

A numerical index of the potential for a mosquito population to transmit a pathogen
The genetic capability of a mosquito to serve as a host for the complete development and/or replication
of a pathogen
2
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method within a defined context. The first task focusses on how to identify target and nontarget pathogens, and how to prioritise a short list of pathogens. The second task focuses
on how to apply the prioritisation methodology within the project’s resource constraints.
The study is focused on human and livestock pathogens that occur in Africa. It therefore
excludes:
• viruses such as Eilat virus (EILV), Anopheles associated C virus (AACV), Anopheles
C virus (AnCV), An. gambiae densovirus (AgDNV) and Anopheles cypovirus (AnCPV) that cannot infect or replicate in vertebrate cells (Ren et al., 2014; Nasar et al.,
2012); and,
• pathogens such as Francisella tularensis (rabbit fever), Dirofilaria immitis (dog heartworm), Dermatobia hominis (human botfly), Ross river virus, equine encephalitis
viruses (eastern, western and Venezuelan), other encephalitis viruses (such as Japanese,
Murray Valley and St. Louis)
• Plasmodium knowlesi and other sylvatic forms of malaria (such as P. cynomolgi and
P. brasilianum) that are known to be transmitted between mosquitoes and humans
but are not presently recorded in Africa.
Vertebrates - in this context humans or livestock - can be infected by pathogens through
direct contact, ingestion of contaminated water or food, or by inhalation of contaminated
air. Direct contact includes contact with infected vectors via their feeding or defecation
behaviour (Edman, 2000). The scope of this analysis is restricted to direct contact with
mosquito vectors.
The transmission of pathogens between humans (or livestock) and mosquitoes via direct
contact can occur in two different ways: biologically or mechanically. The defining characteristics of biological transmission is that it involves either: a) reproduction and growth of
the pathogen population within the vector (propagative transmission); b) pathogen life-stage
development within the vector but without reproduction (cyclo-development transmission);
or, c) both life-stage development and reproduction within vector (cyclo-propagative transmission) (Edman, 2000).
Mechanical transmission is defined as the transmission of a pathogen from an infected
host or contaminated substrate to a susceptible host without any biological association
between the pathogen and vector (Foil and Gorham, 2000). In the context of this project, the
most relevant type of mechanical transmission is direct wherein the pathogen is transferred
directly between hosts, rather than indirect transmission wherein the infected host acquires
the pathogen from an intermediate substrate. The spread of myxomatosis virus by the
contamination of, and subsequent transfer by, the mouth parts of female mosquitoes is a
relevant example of direct transmission (Table 2.1).
A complicating factor in this context is that female mosquitoes can ingest many types
of pathogens from infected human or livestock blood-meals. It is possible therefore for
pathogens that are not biologically or mechanically transmitted by mosquitoes to be nonetheless isolated from them during an investigation. The isolation of a pathogen from a mosquito
is not therefore a sufficient basis for determining vector competence. Additional evidence
that points to the maintenance or replication within the mosquito, and subsequent transmission to a susceptible host, is necessary to establish competence.
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At this point it is important to acknowledge that this prioritisation process will help identify
pathogens that should be considered in a risk assessment for the release or contained use
of genetically modified mosquitoes in the An. gambiae complex in sub-Saharan Africa, but
it should not be the sole basis for determining which pathogens are addressed in any given
assessment.
Decision makers considering the risks associated with the contained use or field release
of genetically modified mosquitoes should engage with affected communities, stakeholders
and broader public (NASEM, 2016). This engagement should help inter alia to frame and
define the risks that are to be assessed, and through this process may identify pathogens
that are of concern to them but are excluded by the criteria used in this analysis.
1.2.1 Target and non-target pathogens
This study aims to prioritise target and non-target pathogens for the purposes of scoping
risk assessments of new genetic control strategies for malaria vectors in Africa. The study
distinguishes target and non-target pathogens, as follows:
1. target pathogens are defined as the four different species of malaria-causing protozoa that are biologically transmitted to humans in Africa by mosquitoes in the An.
gambiae complex.
2. non-target pathogens transmitted by An. gambiae s. l., defined as pathogens
other than target pathogens that are known to be biologically or mechanically transmitted to humans or livestock in Africa by mosquitoes in the An. gambiae complex.
Well known examples include W. bancrofti and o’nyong’nyong virus.
3. non-target pathogens transmitted by other mosquitoes, defined as pathogens
other than target pathogens that are known to be biologically or mechanically transmitted to humans or livestock in Africa by mosquitoes that are not part of the An.
gambiae complex, such as dengue.
The study seeks to identify all target and non-target pathogens - i.e. all the pathogen categories described above, but the scope of the prioritisation step is limited to those pathogens
that are transmitted by mosquitoes in the An. gambiae complex - i.e. the first two categories
described above.
1.2.2 Novel pathogens
In addition to target and non-target pathogens, the study recognises that stakeholders or
community groups may express concerns about the possibility of transgenic mosquitoes
transmitting pathogens that are not currently known to be vectored by mosquitoes - such
as Ebola, hepatitis C or HIV. We define these pathogens as novel (or new) pathogens to
reflect the fact that currently there is no evidence to suggest that they can be vectored by
mosquitoes, and are not therefore within the project scope.
For example, during engagement activities conducted as a pre-cursor to a risk assessment
for small-scale field trials of genetically modified, Dominant Sterile Male (DSM) mosquitoes,
community members expressed concerns around the possibility that the DSM mosquitoes
may vector novel pathogens such as hepatitis and Ebola (Hayes et al., 2018b). This hazard is also reflected in the outcomes of the problem formulation workshops for gene drive
mosquitoes organised by the New Partnership for Africa’s Development (Teem et al., 2019).
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Hemataphagous arthropods such as mosquitoes and ticks have been suspected of transmitting Ebola for many years, but all of the field screening studies and laboratory transmission experiments conducted to date indicate that they are not competent vectors (Dutto
et al., 2016). Mosquitoes are also known to be incompetent vectors of HIV because their
gut does not contain the T cells that HIV needs to replicate, the virus does not survive long
in the mosquito and HIV has a low infectivity rate (Iqbal, 1999).
Similarly, whilst hepatitis C has been shown capable of replication under experimental conditions in an Ae. pseudoscutellaris cell line (Germi et al., 2001), as well as Ae. aegypti
and Ae. albopictus cell lines (Fallecker et al., 2017), the geographical and seasonal distribution of hepatitis C infections are not considered to be consistent with a mosquito vector
https://www.sciencemag.org/news/2001/06/hepatitis-c-mosquito-bite,
and hepatitis C has not been shown to be transmitted by mosquitoes or other insects
https://www.cdc.gov/hepatitis/hcv/cfaq.htm#C8.
Ebola, HIV and hepatitis C are therefore considered as novel pathogens and are excluded
from this study. This analysis does not, however, preclude the possibility that regulatory
authorities, responding to concerns expressed by affected communities, stakeholders or
the broader public, may request that these (or any other) novel pathogens be included
within the scope of a risk assessment, or that genetically modified mosquitoes are tested
for vector competence against these pathogens, assuming such testing is in fact feasible
for the pathogen concerned.

1.3

Framework for pathogen prioritisation

The basic methodology for pathogen prioritisation developed here is consistent with the process and “best practice” recommendations identified by O’Brien et al. (2016) following their
review of 14 studies (and 5 different methodologies) that ranked communicable disease
threats. Their process and recommendations are based on the common components of
each of the studies, and begins with a planning stage, that considers the objectives in light
of the project resources, and ends with an evaluation of the ranked pathogens (Figure 1.1).
The methodology developed here also emulates the prioritisation process developed by the
World Health Organisation (WHO) to prioritise severe emerging diseases (Mehand et al.,
2018). In particular it incorporates a two-step process that seeks first to systematically
identify all pathogens that are within the project’s scope, that are then carried forwarded in
the second step into a transparent, repeatable, prioritisation methodology. In this analysis
we use Multi-Attribute Utility Theory to rank pathogens rather than the Analytical Hierarchy
Process (Section 3), but in all other respects our approach is almost identical.
In our analysis the second prioritisation step takes places via a three-phase, remote elicitation. The elicitation is structured around (and preceded by) the identification of three key
criteria that reflect epidemiologically important attributes of the pathogens (Figure 1.1). In
the first phase of the elicitation each pathogen is scored against each of these criteria. In
the second phase, experts are asked to score scenarios that entail different levels of each
attribute to gauge their relative importance, and in the third phase additional information is
gathered on the availability of vector competence assays.
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Figure 1.1: Schematic overview of the pathogen prioritisation process The “best practice”

approach for ranking communicable disease threats developed by O’Brien et al. (2016), is shown in grey. The
equivalent steps in the pathogen prioritisation process developed in this analysis are shown in blue, including
reference to the applicable sections of this report.
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More generally the process used in the analysis readily aligns with the first five of the seven
chronological steps for decision making in environmental policy described by Mukherjee
et al. (2018). Specifically the baseline information and problem definition (steps 1 and 2)
are addressed in Section 1, the options are identified (step 3) in Section 2, options are
prioritised and ranked (step 4) in Section 3 in order to identify a consensus (step 5) that is
presented in Section 4. The last two steps (Implement and Evaluate) would be conducted
through the risk assessment studies that this analysis is designed to support.

1.4

Rationale for an expert-based process

The prioritisation procedure used in this analysis is based on expert beliefs because there is
no suitable alternative (empirical) way to measure the impact of mosquito-borne pathogens
on human health and socio-economic well being. Prior to choosing an expert-based approach, the study investigated a possible empirically-based alternative using the estimated
Disability Adjusted Life Years (DALYs) attributable to each pathogen.
DALYs represent the sum of years life lost, defined as the difference between observed
mortality and a normative life-expectancy, and the years lived with a disability, accounting for
the severity of different non-fatal disabilities (Murray et al., 1996). They have been estimated
for 315 causes of death and disability, for 195 countries (Kassebaum et al., 2016), and are
reported annually by the Global Health Data Exchange (http://ghdx.healthdata.org/).
Figure 1.2, for example, shows the estimated DALYs attributed to the mosquito-borne
pathogens malaria, lymphatic filariasis and dengue in Burkina Faso, Mali and Uganda in
2016. These estimates are drawn from the Global Health Data Exchange which reports individual estimates for pathogens such as malaria, lymphatic filariasis and dengue. A large
number of other mosquito-borne viral fevers and other rickettsioses, however, are grouped
with other types of fevers and maladies under the general heading of “other neglected tropical diseases” (Hotez et al., 2014).
Unfortunately it is not possible to identify the contribution of individual pathogens grouped
under the heading “other neglected tropical diseases”. The DALY’s attributable to his group
are an order of magnitude lower than malaria, but are still significantly higher than (for
example) lymphatic filariasis and dengue in Burkina Faso and Uganda (Figure 1.2). Without
additional information, however, it is not possible to compare and thereby rank individual
pathogens.
DALYs also only measure direct impacts on human health and, for example, do not consider the economic impact of pathogens that results from detrimental effects on school
attendance and child development, agriculture and overall economic productivity (Hotez
et al., 2014). For these reasons any prioritisation based solely on DALYs would likely significantly underestimate of the overall impact of mosquito-borne zoonotic pathogens, such as
Rift Valley fever virus, that have a direct economic impact as well as a human health impact.
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Figure 1.2: Number of Disability Adjusted Life Years (DALYs) estimated to be attributable to
mosquito borne pathogens in Burkina Faso, Mali and Uganda in 2016. Data were sourced from

the Global Health Data Exchange (http://ghdx.healthdata.org/). The estimated value is shown (black
dot) together with the 95% confidence interval (coloured bars). Malaria, lymphatic filariasis and dengue are
examples of mosquito-borne pathogens that are individually identifiable in the databaase. This figure shows
the dramatic difference in health impacts of these three diseases. Fevers and diseases attributable to many
other mosquitoe-borne viruses and rickettsia, however, are grouped under the heading “Other neglected tropical diseases”. Note that DALYs measure only direct health loss and, for example, do not consider the economic impact of pathogens that results from detrimental effects on school attendance and child development,
agriculture and overall economic productivity (Hotez et al., 2014).
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2

METHODS
KEY POINTS
1. The first step in the prioritisation process, to include or exclude pathogens from
the analysis, is to review the field and laboratory evidence that indicates that
mosquitoes in the An. gambiae complex act as a competent vector for the
pathogen.
2. To maintain adaptability the analysis commenced by identifying target and nontarget pathogens that are biologically or mechanically transmitted to humans or
live-stock in Africa by mosquitoes of any species.
3. Target and non-target pathogens were identified by reviewing the CDC arbovirus catalogue, the OIE terrestrial manual and the scientific literature.
4. The review identified 83 bacteria, viruses, parasites or nematodes that are
known, or thought, to be transmitted to humans or livestock by mosquitoes
in Africa, including 17 pathogens that are known or thought to be transmitted
by mosquitoes in the An. gambiae complex.
5. These 17 pathogens were subjected to a more detailed review, during which
6 were excluded on the grounds that there was insufficient empirical evidence
to support vector competence by An. gambiae s. l. mosquitoes, leaving 11
pathogens within scope.
6. The within-scope pathogens were prioritised by considered three key attributes
that are commonly used to rank communicable and severe emerging diseases:
(i) efficiency of transmission to humans or livestock; (ii) difficulty of treatment;
and, (iii) severity of impact.
7. The prioritisation used a customised web application to remotely elicit loss (utility) from ten experts chosen on the basis of their expertise in key subject matter
areas such as medical entomology and epidemiology.
8. Multi-Attribute Utility Theory was used as the basis of the analysis because: a)
its elicitation load is considerably lower than that associated with other population prioritisation methods; b) it is a mathematically rigorous theory for expressing strengths of preferences across options with uncertain attributes; and, c) it
is able to capture the possibility that attributes are not equally important, and
that combinations of different attributes may have an additive, sub-additive, or
super-additive (synergistic) effect on the overall impact of a pathogen.
9. The remote elicitation also collected information on the availability of laboratory assays of vector competence for each within-scope pathogen, and if the
capacity/capability to conduct these assays exists currently within Africa.
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2.1

Pathogen identification and prioritisation

2.1.1 Initial review of the evidence base
The first screening step in the prioritisation process, to include or exclude pathogens from
the analysis, is to review the field and laboratory evidence that indicates that mosquitoes in
the An. gambiae complex act as a competent vector for the pathogen. The An. gambiae
complex consists of 8 morphologically similar species (Appendix A). It is unlikely that vector
competence for any given pathogen is consistent across the complex, hence this initial
review sought evidence for competence in any member of the complex.
Furthermore, the complex represents only a small proportion of the species within the
Anopheles genus, which in total contains 475 formally recognised species and more than
50 unnamed members of species complexes (http://mosquito-taxonomic-invento
ry.info/genus-anopheles-meigen-1818). The genus also contains other important
vectors of human malaria that do not form part of the An. gambiae complex, such as An.
funestus in Africa and An. stephensi. It would therefore be advantageous if the pathogen
prioritisation methodology were adaptable in order to make it applicable to other mosquito
species or groups. For this reason, the analysis commenced by identifying pathogens that
are biologically or mechanically transmitted to humans or live-stock in Africa by mosquitoes
of any species. Three primary sources of information were used in this initial review:
• the online version (https://wwwn.cdc.gov/arbocat/) and 1985 hard copy of the
Centers for Disease Control and Prevention (CDC) arbovirus catalogue.
• the World Organisation for Animal Health (OIE) terrestrial manual (http://www.oi

e.int/en/international-standard-setting/terrestrial-manual/accessonline/) and technical disease cards (http://www.oie.int/en/animal-health
-in-the-world/technical-disease-cards/).
• the scientific literature.
The United States Centers for Disease Control and Prevention maintains a list of viruses
transmitted by arthropods that are actually or potentially infectious to humans or domestic
animals (https://wwwn.cdc.gov/arbocat/). The catalogue warns, however, that its
registration criteria are liberally interpreted3 , and a limited number of viruses of vertebrates
that are not normally transmitted by arthropods, but which may be of particular interest to
arbovirologists for a variety of reasons, may also be registered.
The 1985 hard copy of the catalogue provides a number of summary tables, including a
tabulation of viruses by continent. We used this table to identify all arboviruses recorded
from Africa, and then cross-referenced each record against the electronic record on the
online version (which does not provide the same geographical classification) to identify if
the arbovirus was associated with mosquitoes, and if so with what species.
To identify livestock pathogens, we searched all 34 of the OIE Technical disease cards
for the word “mosquito”, and then where necessary cross-referenced positive hits with the
CDC arbovirus catalogue (in the case of a virus) or searched the Internet (in the case of
other pathogens or otherwise not listed by the CDC) to confirm the mosquito species and
occurrence locations. We repeated this process for the 77 bird, cattle, horse, rabbit, goat3

Viruses which are antigenically related to known arthropod-transmitted viruses or which have other characteristics suggesting that they belong in this category of viruses are accepted for registration.
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antelope, sheep, pig and other pathogens listed in Chapters 3.3 to 3.9 inclusive in the OIE
terrestrial manual.
During the review we also referred to several types of scientific literature, including general texts on medical entomology (such as Eldridge and Edman, 2000) and infectious diseases (for example American Academy of Pediatrics, 2006), as well dedicated systematic
reviews of mosquito-borne arboviruses (most notably Minkeu and Vernick, 2018; Braack
et al., 2018). In many instances we also referred to texts on specific pathogens, for example Collins and Jeffery (2005, 2007) for information on Plasmodium ovale and Plasmodium
malariae respectively, and Battle et al. (2012) for Plasmodium vivax.
From this review we identified 83 bacteria, viruses, parasites or nematodes that are known,
or thought to be, transmitted by mosquitoes in Africa, including 17 for which mosquitoes in
the An. gambiae complex are known or thought to be competent vectors (Table 2.1).
2.1.2 Within-scope pathogens
As noted above, the first-pass pathogen identification and selection procedure identified 17
pathogens that are considered to be potentially within the scope. These pathogens were
subsequently subject to a more detailed analysis, to confirm that the An. gambiae complex
acts as a competent vector for the pathogen, prior to finalising the within scope list for
prioritisation. The first pass was wide-ranging and brought in various sources including the
open-ended criteria for potential vector competence as documented by the CDC arbovirus
catalogue. This second pass looked for additional peer-reviewed literature that presented
evidence for vector competence by An. gambiae s.l. During this second pass a further 6
pathogens were excluded, leaving 11 pathogens within scope (Table 2.2).
The second pass found very little further information (beyond reports of their isolation) for
Barur and Orungo viruses. The CDC Arbovirus catalogue lists An. gambiae mosquitoes
as one of the possible hosts of Barur virus. In the original citation, however, Johnson et al.
(1977) reports that only a single isolation of Barur virus was discovered among a pool of
100 Mansonia uniformis mosquitoes. We were unable to find any other reports that suggest
An. gambiae mosquitoes are competent vectors for Barur virus.
Orungu virus is listed in the CDC Arbovirus catalogue as being isolated from An. gambiae
mosquitoes collected in the Central African Republic at some time prior to 1976. Mohd
et al. (2014), however, report that the virus was first isolated in Uganda in 1959 from An.
funestus mosquitoes but conclude from a phylogenetic analysis of cell attachment proteins
that it is likely vectored by Culicoides rather than mosquitoes.
Cleton et al. (2012) identify Bwamba, Ilesha, Ngari and Tataguine viruses as “medically
important travel-related arboviruses”. Ilesha virus is listed in the CDC Arbovirus catalogue
as being isolated from An. gambiae mosquitoes collected in the Central African Republic
at some time prior to 1969. Gonzalez and Georges (1988) note that there is very little field
information for this virus, but Dilcher et al. (2013) and Braack et al. (2018) cite several references describing isolations of the virus from Cameroon, Central African Republic, Ghana,
Niger, Nigeria, Senegal, Uganda, Kenya, Burundi and Madagascar. The vector, however, is
not mentioned in any of the abstracts of those articles that are available via PubMed. Ilesha
has therefore been excluded from the scope of this study as we have been unable to verify
An. gambiae as a competent vector.
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Table 2.1: Bacteria, viruses, parasites and nematodes that are, or may be, transmitted to
humans or livestock by mosquitoes in Africa. This table is based on mosquito-borne pathogens

identified by Metselaar et al. (1974)(M), White (1974)(abbreviation in Source column: W), Turell and Knudson
(1987)(T), Morvan et al. (1994)(MD), Eldridge and Edman (2000)(EE), Foil and Gorham (2000)(F), Lutwama
et al. (2002)(LR), Collins and Jeffery (2005)(CJ5), Vanlandingham et al. (2005)(V), American Academy of
Pediatrics (2006)(AAP), Collins and Jeffery (2007)(CJ7), Seufi and Galal (2010)(SF), Battle et al. (2012)(BR),
Sinka et al. (2012)(S), Ledermann et al. (2014)(L), Faulde et al. (2014)(FRK), Odhiambo et al. (2014)(O),
Dieme et al. (2015)(D), Epelboin et al. (2017)(E), Mossel et al. (2017)(MC), Minkeu and Vernick (2018)(MV),
Diallo et al. (2018)(D), Braack et al. (2018)(B), the CDC Arbovirus catalogue (https://wwwn.cdc.gov/arb
ocat/) and the OIE terrestrial manual (http://www.oie.int/en/international-standard-setting/te
rrestrial-manual/access-online/) and technical disease cards (http://www.oie.int/en/animalhealth-in-the-world/technical-disease-cards/). Bacteria, viruses, parasites and nematodes known
to be transmitted by, or reportedly isolated from, mosquitoes in the An. gambiae complex are shown in bold
text.

Abbr.

Name

Mosquito hosts

AHSV

African Horsesickness

Arbovirus of the genus Orbivirus. Mosquitoes of the genus
Culex (Cx.), Anopheles (An.) and Aedes (Ae.) listed by OIE
as providing ”occasional mode of transmission”. Mosquitoes,
however, are not listed by CDC as a vector

OIE

AM

Anaplasma
marginale

Rickettsial bacterium. Etiological agent of Anaplasmosis
in cattle. Mechanical transmission by mosquitoes in the
Psorophora genus reported (but unable to verify original citation)

EE,
OIE

AKAV

Akabane virus

Probable arbovirus.
niorhynchus

tritae-

CDC,
OIE

AMTV

Arumowot virus

Possible arbovirus. Isolated from Cx. antennatus, Cx. rubinotus and Mansonia (M.) uniformis. Cx. albiventris also reported
as a host

CDC,
B

BA

Bacillus
thracis

Bacteria. Etiological agent of anthrax. Mechanical transmission shown experimentally for Ae. aegypti and Ae. taeniorhynchus

EE, T

BAGV

Bagaza virus

Possible arbovirus. Isolated from several species of Culex
mosquitoes.

CDC,
B

BANV

Banzi virus

Arbovirus. Wild and experimental transmission shown for several species of Culex mosquitoes and also isolated from M.
africana. Cx. rubinotus reported as main host

CDC,
B

BATV

Batai virus

Probable arbovirus. Isolated from several species of Culex and
Aedes mosquitoes, as well as An. subpicutus, An. tesellatus
and An. maculipennis

CDC,
B, MV

BARV

Barur virus

Possible arbovirus. Possibly transmitted by An. gambiae, Cx.
antennatus and M. uniformis.

CDC,
V

an-

Source

Isolated from pool of Cx.

Continued on next page
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Table 2.1 – continued from previous page
Abbr.

Name

Mosquito hosts

Source

BBKV

Babanki virus

Probable arbovirus. Isolated from Aedes, Culex and Mansonia
species, as well as An. brohieri and An. squamosus. Aedes
spp. reported as main hosts

CDC,
B

BEFV

Bovine
Ephemeral
fever virus

Possible arbovirus. Isolated in the wild from An. bancroftii.
Aedes and Culex spp. noted as vectors. Viral replication under experimental conditions shown in Ae. vigilax, Cx. quinquefasciatus and Cx. annulirostris

CDC,
EE, V

BGIV

Bangui virus

Possible arbovirus. Detected in An. pharoensis

MV

BGNV

Bangoran virus

Possible arbovirus. Isolated from Cx. perfuscus

CDC

BIAV

Bobia virus

Possible arbovirus. Isolated from Cx. tigripes

CDC

BIRV

Birao virus

Possible arbovirus. Isolated from An. pharoensis and An.
squamosus

CDC

BM

Brucella
melitensis

Bacteria. Disease of domesticated animals, also zoonotic.
Mechanical transmission shown experimentally by unknown
mosquitoes

EE

BOTV

Botambi virus

Possible arbovirus. Isolated from Cx. guiarti

CDC

BOUV

Bouboui virus

Possible arbovirus. Isolated from An. paludis, Ae. africanus
and Ae. furcifer taylori

CDC,
B

BTKV

Boteke virus

Possible arbovirus. Isolated from M. maculipennis. Coquillettidia maculipennis reported as the principal vector

CDC,
L

BUNV

Bunyamwera
virus

Arbovirus. Isolated from several species of Aedes and
Culex mosquitoes, as well as M. uniformis, M. africana and
Eretmapodites (Er.) subsimphezpes. Experimental transmission demonstrated in Aedes and Culex species, An. quadrimaculatus and and An. gambiae. Aedes spp. reported as
main vectors but An. funestus also noted as a host

CDC,
EE,
BACS,
M, O

BWAV

Bwamba virus

Probable arbovirus. Isolated from An. gambiae s. l., An. funestus, An. coustani, M. uniformis and Ae. furcifer. Main
vectors reported as An. gambiae and An. funestus. Experimentally infected in Ae. aegypti, An. quadrimaculatus and Cx.
quinquefasciatus

CDC,
LR,
MV,
W, B

CPV

Camelpox virus

Arbovirus. Causes disease in camels but can also be transmitted to humans. Endemic in Africa. Predominately spread
by camel ticks but other potential vectors including mosquitoes
(species not listed) noted

OIE

Continued on next page
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Table 2.1 – continued from previous page
Abbr.

Name

Mosquito hosts

Source

CHIKV

Chikungunya
virus

Arbovirus.
Known to be transmitted by Aedes spp.
mosquitoes. Ae. albopictus acknowledged as the most important global vector. Experimental competence demonstrated
in many Aedes spp. but also in An. albimanus, M. africana,
Cx. horridus and Er. chrysogaster. Known to naturally infect
a large number of Aedes spp. as well as some Culex spp.
and Anopheles spp., specifically An. coustani, An. funestus,
An. domicola and An. rufipes. Also isolated from M. africana
and Coquillettidia fuscopennata. Reported as isolated from
An. gambiae in 1955

CDC,
D,
MV,
EE,
W, B,
F

CHPV

Chandipura
virus

Arbovirus. Experimental transmission to mice demonstrated
with orally infected Ae. albopictus, Ae. aegypti, An. stephensi
and Cx. quinquefasciatus

CDC

CVOV

Calovo virus

Probable arbovirus. Isolated from An. maculipennis and Ae.
punctor. Also experimentally infected in Ae. australis and An.
maculipennis

CDC

DENV

Dengue (Types
1-4) virus

Arbovirus. Primarily transmitted by Ae. aegypti, but also isolated from Ae. niveus, Ae. albopictus, An. introlatus (formerly
Anopheles balabacensis introlatus) and Cx. tritaeniorhynchus.
Experimental infection also demonstrated in Ae. scutellari
complex. Ae. aegypti noted as the primary vector in urban
areas while Ae. albopictus considered to be the primary vector in peri-urban and rural environments

CDC,
B,
EE, E

DUGV

Dugbe virus

Probable arbovirus. Isolated from pool of gravid Ae. aegypti

CDC

ER

Erysipelothrix
rhusiopathiae

Bacterium. Etiological agent of Erysipelas in animals. Possibly
mechanically transmitted by mosquitoes

EE, F

FPV

Fowlpox virus

Avipoxvirus, mechanically transmitted by various species of
Culex mosquitoes and Ae. aegypti

EE

GERV

Germiston
virus

Arbovirus. Isolated from Cx. rubinotus and also possibly Cx.
theileri

CDC,
B

GOMV

Gomoka virus

Possible arbovirus. Isolated from An. paludis and Cx. perfuscus

CDC

ILEV

Ilesha virus

Probable arbovirus. Isolated from An. gambiae. Experimental
transmission demonstrated in Ae. aegypti

CDC,
MD,
BACS,
MV, B

INGV

Ingwavuma

Arbovirus. Isolated from Cx. neavei, Cx. guiarti and Ae. circumluteolus. Experimental transmission demonstrated in Cx.
quinquefasciatus

CDC

Continued on next page
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Table 2.1 – continued from previous page
Abbr.

Name

Mosquito hosts

Source

ITV

Israel
turkey
meningoencephalitis

Probable arbovirus. Experimental transmission demonstrated
in Cx. molestus and Ae. aegypti

CDC

KAMV

Kamese virus

Possible arbovirus. Isolated from Cx. annulioris, Cx. pruina
and Cx. tigripes

CDC,
B

LEBV

Lebombo virus

Probably arbovirus. Isolated from M. africana and Ae. circumluteolus. Experimental infection also demonstrated in Cx.
quinquefasciatus

CDC,
EE

LF

Wuchereria
bancrofti
(lymphatic
filariasis)

Filarial nematode. Transmitted by the bite of infected species
of various genera of mosquitoes, including Culex, Aedes and
Mansonia. Main vectors in Africa are An. gambiae s. l. and
An. funestus

EE,
AAP

LSDV

Lumpy skin disease virus

Principal means of transmission is thought to be mechanical
by arthropod vector. No specific vector identified to date, but
mosquitoes (e.g. Cx. mirificens and Ae. natrionus) implicated

EE,
OIE,
F

MALPF

P. falciparum
(malaria)

Plasmodium parasite. In Africa An. gambiae s. l. and An.
funestus considered to be dominant vectors. Also transmitted
in Africa by An. moucheti, An. nili and An. pharoensis. An.
stephensi shown to be vector in an unusual urban outbreak.

W,
AAP,
EE,
S,
FRK

MALPV

P.
vivax
(malaria)

Plasmodium parasite. In Africa An. gambiae s. l. and An.
funestus considered to be dominant vectors

AAP,
EE,
BR

MALPO

P.
ovale
(malaria)

Plasmodium parasite. In Africa An. gambiae and An. funestus are natural vectors. Experimental transmission to humans
demonstrated with An. astroparvus. Experimental infection
demonstrated in An. albimanus, An. quadrimaculatus, An.
freeborni, An. maculatus, An. subpictus, An. stephensi and
An. balabacensis balabacensis

AAP,
EE,
CJ5

MALPM

P.
malariae
(malaria)

Plasmodium parasite.
Experimental infection has been
demonstrated in 32 species of Anopheline mosquitoes, including An. gambiae and An. arabiensis. Transmission to humans
reported in 9 of these species

AAP,
EE,
CJ7

MALV

Malakal virus

Possible arbovirus. Isolated from M. uniformis. Experimental
infection failed in Ae. aegypti

CDC

MBGV

Marburg virus

Probably not arbovirus. Shown to replicate in Ae. aegypti
mosquitoes after experimental intrathoracic inoculation

CDC

MBUV

Mburo virus

Novel orthobunyavirus isolated from Coquillettidia metallica

MC

Continued on next page
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Table 2.1 – continued from previous page
Abbr.

Name

Mosquito hosts

Source

MIDV

Middelburg
virus

Arbovirus. Isolated from various species of Aedes mosquitoes
and M. africana. Experimental transmission demonstrated in
Ae. caballus

CDC,
B

MOSV

Mossuril virus

Possible arbovirus. Isolated from numerous Culex species and
Ae. abnormalis. Experimental infection failed in Cx. quinquefasciatus and Ae. aegypti

CDC,
B

MPOV

M’Poko virus

Possible arbovirus. Isolated from various species of Culex
mosquitoes

CDC

MYXV

Myxoma virus

Poxvrius. Known to be mechanically transmitted on the mouthparts of biting arthropods, including mosquitoes, and detected
in An. maculipennis

MV, F

NDOV

Nyando virus

Probable arbovirus. Isolated from An. funestus and Ae.
dalzieli. Experimentally infected in, but not transmitted by, Ae.
aegypti

CDC,
B, MV

NDUV

Ndumu virus

Probable arbovirus. Isolated from various species of Aedes
mosquitoes, Cx. rubinotus and Mansonia uniformis. Experimental transmission demonstrated in Ae. aegypti

CDC,
B

NKOV

Nkolbisson
virus

Possible arbovirus.
Isolated from mosquitoes in the
Eretmapodites, Culex and Aedes genera

CDC

NOLAV

Nola virus

Arbovirus. Isolated from Cx. perfuscus. Experimental transmission demonstrated in Ae. aegypti

CDC

NRIV

Ngari virus

Probable arbovirus. Isolated from An. gambiae, An. mascarensis, An. funestus, An. pharoensis, as well as Ae. mcintoshi, Ae. argenteopunctatus, Ae. neoafricanus, Ae. vittatus
and Ae. simpsoni

CDC,
B, MV

NTAV

Ntaya virus

Probable arbovirus. Isolated from mosquitoes in the Culex
genus and from a pool of mixed species of mosquitoes. Successfully inoculated and maintained in Ae. aegypti, Cx. tarsalis
and Cx. quinquefasciatus

CDC,
B

OKOV

Okola virus

Possible arbovirus. Isolated from Er. chrysogaster

CDC

OLIV

Olifantsvlei
virus

Possible arbovirus. Isolated from Cx. pipiens, Cx. poicilipes
and M. uniformis. Experimental inoculation and viral reproduction shown in Cx. fatigans and Cx. univittatus

CDC

ONNV

O’nyongnyong virus

Arbovirus. Isolated from An. gambiae and An. funestus. Also
experimentally infected in An. quadrimaculatus, Ae. aegypti
and Cx. quinquefasciatus

CDC,
EE,
W

OUBV

Oubangui virus

Possible arbovirus. Isolated from Cx. guiarti

CDC
Continued on next page
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Table 2.1 – continued from previous page
Abbr.

Name

Mosquito hosts

Source

ORUV

Orungo virus

Probable arbovirus. Isolated from An. gambiae, An. funestus,
Ae. aegypti, Ae. dentatus and Cx. perfuscus. Experimental
infection demonstrated in Ae. albopictus and Ae. aegypti

CDC,
MV,
EE

PATAV

Pata virus

Possible arbovirus. Isolated from Ae. palpalis and Ae. tarsalis

CDC

PGAV

Pongola virus

Arbovirus. Isolated from mosquitoes in the Mansonia, Aedes
and Anopheles genera, including An. funestus and An. coustani. Experimental transmission demonstrated in Ae. circumluteolus

CDC,
B, M

RF

Rickettsia felis

Intracellular bacterium. Isolated from various species of
Anopheles mosquitoes, including An. gambiae, An. funestus, An. arabiensis, An. pharoensis, An. ziemanni as well Ae.
luteocephalus and M. uniformis. Experimental transmission
demonstrated in An. gambiae

D

RVFV

Rift
Valley
fever virus

Arbovirus. Isolated from Er. chrysogaster, Er. quinquevittatus,
various Aedes (possible mechanical transmission) and Culex
mosquito species, as well as An. squamosus, An. coustani,
M. africana and M. uniformis. Transmitted experimentally by
Ae. caspius, Ae. aegypti and Cx. pipiens. Other anopheline
species such as An. arabiensis, An. rufipes, An. pharoensis,
An. rhodesiensis and An. christyi, implicated in transmission
during epizootics and epidemics

CDC,
B,
MV, T,
SF, M

SANV

Sango virus

Possible arbovirus. Isolated from M. uniformis

CDC,
M

SFV

Semliki Forest
virus

Arbovirus.
Isolated from multiple species of Aedes
mosquitoes, as well as Er. grahami, An. coustani and An.
funestus. Laboratory infection demonstrated in some Aedes
and Culex species, as well as An. albimanus, An. quadrimaculatus, An. stephensi, An. freeborni, An. sundaicus and An.
labranchia

CDC,
B,
MV, M

SHOV

Shokwe virus

Probable arbovirus. Isolated from various species of Aedes
mosquitoes as well as M. africana, possibly M. uniformis and
An. brohieri

CDC,
M

SHUV

Shuni virus

Possible arbovirus. Isolated from Cx. theileri

CDC,
B

SIMV

Simbu virus

Probable arbovirus. Isolated from multiple species of Aedes
mosquitoes, as well as Er. chrysogaster and Coquillettidia
fraseri. Experimental inoculation successful in Ae. aegypti and
Cx. quinquefasciatus

CDC

Continued on next page
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Table 2.1 – continued from previous page
Abbr.

Name

Mosquito hosts

Source

SINV

Sindbis virus

Arbovirus. Isolated from multiple mosquito hosts, primarily
in the Culex genus, but also from some Aedes species, An.
pharoensis and M. fuscopennata. Experimental transmission
shown in An. albimanus and Ae. aegypti.

CDC,
B, MV

SPOV

Spondweni
virus

Arbovirus.
Isolated from various Aedes, Mansonia and
Eretmapodites species, as well as Cx. neavei. Experimental
transmission demonstrated in Ae. circumluteolus

CDC,
B

SUNV

Sunguru virus

Possible novel arbovirus experimentally shown to infect the
body of An. gambiae mosquitoes but without dissemination
to the salivary glands

L

TAHV

Tahyna virus

Arbovirus. Isolated from (and experimentally transmitted in)
various species of mosquitoes in the Aedes and Culex genera.
Also isolated from pools of An. hyrcanus

CDC,
MV, M

TATV

Tataguine
virus

Probable arbovirus. Isolated from An. gambiae, An. funestus,
M. aurites and Culex species

CDC,
MV,
W

TPV

Tanapox virus

Poxvirus known to be mechanically transmitted to humans.
Probably transmitted by mosquitoes

EE, F

USUV

Usutu virus

Possible arbovirus. Isolated from several species of Culex and
Aedes mosquitoes, An. maculipennis, M. africana and Coquillettidia aurites. Experimental infection demonstrated in Cx.
neavei

CDC,
B

VSV

Vesicular stomatitis
virus
(New Jersey)

Possible arbovirus. Limited to the Americas but previously reported from South Africa. Mechanical transmission by Aedes
species noted

CDC,
T, F,
OIE

WSLV

Wesselsbron
virus

Arbovirus. Isolated from many species of Aedes mosquitoes,
An. coustani and M. uniformis. Ae. caballus and Ae. circumluteolus identified as the primary vectors. Experimental infection
also shown in Cx. quinquefasciatus and Cx. zombaensis.

CDC,
B, MV

WITV

Witwatersrand
virus

Arbovirus. Isolated from, and experimentally infected in, Cx.
rubinotus

CDC,
B

WNV

West Nile Virus

Arbovirus. Isolated from various species of mosquito in the
Culex genus, but also reported in An. pauliani, An. coustani,
Cq. metallica, An. subpictus, Ae. cantans and An. maculipennis

CDC,
B,
MV,
EE

YATAV

Yata virus

Possible arbovirus. Isolated from M. uniformis

CDC
Continued on next page
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Table 2.1 – continued from previous page
Abbr.

Name

YFV

Yellow
Virus

Fever

ZIKAV

Zika virus

Mosquito hosts

Source

Arbovirus. Isolated from, and experimentally infected in, various species in the Aedes genus. Main vectors in Africa noted
as Ae. aegypti, Ae. africanus, Ae. furcifer/taylori, Ae. luteocephalus, Ae. metallicus, Ae. vittatus and Ae. opok.
Also isolated from Hemagogus leucocelaenus and Sabethes
chloropterus. Speculative mechanical transmission

CDC,
B, EE

Arbovirus. Isolated from Ae. aegypti, Ae. africanus, Ae. albopictus and Ae luteocephalus. First three of these noted as
the primary vectors. Reported to naturally infect a large number of mosquitoes in Africa, particularly Aedes spp., but also
Cx. perfuscus, M. uniformis, An. coustani and An. gambiae

CDC,
D, E,
B
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Table 2.2: Summary of the competent vector determination (Comp?) for pathogens associated with mosquitoes in the An. gambiae complex. The initial review and analysis (documented

in Table 2.1) identified 17 pathogens that: (i) are known to be transmitted to humans by mosquitoes in the
An. gambiae complex; or (ii) have been reported as isolated from, or experimentally infectious in, these
mosquitoes. This table summarises the rationale for including (or excluding) these pathogens in a subsequent prioritisation procedure.

Name
Barur virus

Comp?

Brief description

No

Reported as isolated from An. gambiae in the CDC arbovirus catalogue.
Johnson et al. (1977), however, indicates that it was only isolated from M.
uniformis. Also recently reported as a tick-borne virus (see for example Shi
et al., 2018). Unable to find any information to confirm infectivity and vector
competence in An. gambiae complex mosquitoes

Bunyamwera No
virus

Odhiambo et al. (2014) experimentally demonstrate vector competence in
An. gambiae mosquitoes but the CDC arbovirus catalogue, and other systematic reviews, do not identify An. gambiae as a natural host. Unable to
find any other reports of isolations in natural populations of An. gambiae

Bwamba
virus

Orthobunyavirus widespread across Africa. An. gambiae considered to be
one of the main vectors (Lutwama et al., 2002). One of the most common
arthropod-borne disease in Africa despite low rates of diagnosis (Braack
et al., 2018). Identified by World Health Organisation (2017a) as a potential
epidemic threat but upon examination insufficient information found to warrant its inclusion in the 2017 annual review of emerging diseases. It is not
mentioned in the subsequent 2018 annual review. In humans causes a relatively severe but non-fatal fever lasting 4–5 days (Gonzalez and Georges,
1988)

Yes

Chikungunya No
virus

Alphavirus that in humans causes sudden onset of fever, severe joint pain
(arthralgia), rash, headache, and other symptoms including photophobia
and vomiting. Generally associated with high morbidity and occasional
mortality. Shown experimentally by Vanlandingham et al. (2005) to be not
infectious to G3 strain An. gambiae mosquitoes

Ilesha virus

No

Orthobunyavirus whose infections are described as ”characteristically mild”
(Gonzalez and Georges, 1988), but also reported as the cause of fatal
haemorrhagic fever and fatal meningo-encephalitis (Morvan et al., 1994).
Numerous citations describe isolations from humans and livestock but none
appear to identify the vector. Unable to confirm infectivity and vector competence in An. gambiae complex mosquitoes

Lymphatic
filariasis

Yes

Known to be transmitted by mosquitoes in the An. gambiae complex.
Causes a painful and profoundly disfiguring disease commonly known as
Elephantiasis, most usually caused by infection with Wuchereria bancrofti
(Lok et al., 2000). In 2017 more than 38 million people worldwide were
estimated or reported to be infected (World Health Organisation, 2017b)
Continued on next page
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Table 2.2 – continued from previous page
Name

Comp?

Brief description

P.
falciparum
(malaria)

Yes

Known to be transmitted by mosquitoes in the An. gambiae complex. Accounts for 99% of malaria cases in the WHO African Region, as well as
in the majority of cases in the WHO regions of South-East Asia (63%), the
Eastern Mediterranean (69%) and the Western Pacific (72%) (World Health
Organisation, 2018b)

P.
vivax
(malaria)

Yes

Mosquitoes in the An. gambiae complex incriminated as vectors through
the detection of P. vivax circumsporozoite proteins in wild-caught specimens (Battle et al., 2012). Accounts for 0.3% of malaria cases in Africa,
but the predominant parasite in the WHO Region of the Americas, causing
74% of malaria cases (World Health Organisation, 2018b)

P.
ovale
(malaria)

Yes

Known to naturally infect An. gambiae mosquitoes (Collins and Jeffery,
2005). Endemic throughout sub-Saharan Africa but reported rates of prevalence are generally low (less than 10%). Causes milder forms of malaria
with a low parasitaemia (Collins and Jeffery, 2005). Reports of severe
malaria due to P. ovale infections are rare but may be under-reported (Strydom et al., 2014)

P. malariae
(malaria)

Yes

Experimental infection demonstrated in An. gambiae mosquitoes, its distribution coincides with P. falciparum and in endemic areas of Africa infections of P. malariae are mixed with P. falciparum (Collins and Jeffery,
2007). Found worldwide, but often referred to as ”benign malaria” because
the symptoms it causes are not as serious as those produced by P. falciparum or P. vivax (https://scientistsagainstmalaria.net/parasit
e/plasmodium-malariae)

Ngari virus

Yes

Orthobunyavirus that causes potentially fatal haemorrhagic fever. Febrile
cases in humans have been previously misdiagnosed as malaria or Rift
Valley fever virus (Braack et al., 2018). Single isolation reported from An.
gambiae complex mosquitoes collected in the Senegal River Basin (Gordon et al., 1992). Odhiambo et al. (2014) demonstrate experimental infectivity and transmission by bite to mice

O’nyongnyong virus

Yes

Alphavirus that causes fever, severe joint and back pain, lymphadenopathy
and an irritating rash in humans. Classified by the World Health Organisation as a potential emerging vector-borne disease for which global data are
currently limited (World Health Organisation, 2017b). Unusual among the
alphaviruses in that it is primarily transmitted by anopheline mosquitoes.
An. gambiae vector competence experimentally confirmed by Vanlandingham et al. (2005)
Continued on next page
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Table 2.2 – continued from previous page
Name

Comp?

Brief description

Orungo
virus

No

Orbivirus reportedly isolated from An. gambiae in 1976. The human symptoms of Orungo virus infection are fever, headaches, muscle pains (myalgia), nausea, and vomiting. Also infects other vertebrates such as sheep,
monkeys and cows (Minkeu and Vernick, 2018). Unable to verify competence in An. gambiae and Mohd et al. (2014) conclude that it is Culicoides
rather than mosquito-borne

Rickettsia
felis

Yes

Emergent rickettsial pathogen that causes a typhus- or dengue-like illness
in humans, hence infections may be misdiagnosed and under-reported
(Pérez-Osorio et al., 2008). Present in cat flea populations across the
world. Identified as an important cause of unexplained fever in subSaharan Africa (Dieme et al., 2015). Classified by the World Health Organisation as a potential emerging vector-borne disease for which global data
are currently limited (World Health Organisation, 2017b). Isolated from An.
gambiae s.s. in 2012 (Socolovschi et al., 2012) and experimental transmission to mice demonstrated in 2015 (Dieme et al., 2015)

Rift Valley
fever virus

Yes

Phlebovirus that usually presents in an epizootic form over large areas following heavy rains and sustained flooding. Causes abortion and neonatal
mortality primarily in sheep, goats and cattle. Transmission to humans usually occurs through contact with infected livestock, although transmission to
humans can occur following bites by infected mosquitoes. An. arabiensis
identified as a competent vector (Seufi and Galal, 2010). In humans causes
symptoms that vary from a mild flu-like illness to lethal haemorrhagic fever.
There have been nine severe outbreaks of RVFV in humans across Africa
since 2000 (https://www.who.int/en/news-room/fact-sheets/det
ail/rift-valley-fever)

Tataguine
virus

Yes

Orthobunyavirus first reported as isolated from An. gambiae in 1968
(Salaun et al., 1968). Thought to be widespread throughout Africa, having
been implicated in cases of febrile illnesses throughout sub-Saharan Africa,
mainly Senegal, Nigeria, Cameroon, Ethiopia, and the Central African Republic (Simo Tchetgna et al., 2019). Usually causes a generally mild illness
and may therefore be under-reported (Fagbami and Tomori, 1981). An.
gambiae reported by White (1974) to be a major natural vector

Zika virus

No

Mosquito-borne flavivirus that can also be directly transmitted between humans. Can cause severe symptoms such as Guillain-Barre syndrome in
adults and developmental abnormalities in newborns and infants referred
to as congenital Zika syndrome. Laboratory strains of An. gambiae shown
experimentally to be refractory to Zika virus infection (Dodson and Rasgon,
2017)
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Odhiambo et al. (2014) report that An. gambiae mosquitoes developed disseminated infections after feeding on rabbit blood infected with Bunyamwera virus, and that these infected
mosquitoes were able to transmit the virus when allowed to feed on suckling mice. Neither the CDC Arbovirus catalogue, nor the systematic reviews conducted by Braack et al.
(2018) and Minkeu and Vernick (2018), however, identify An. gambiae as a Bunyamwera
virus host, and we were unable to find any reports of the isolation of the virus from An.
gambiae mosquitoes in the wild.
White (1974) suggests inter alia that Lumsden (1953) provides evidence for chikungunya
being isolated from mosquitoes in the An. gambiae complex, and Diallo et al. (2018) further
implicates mosquitoes in the complex, stating that “no study has clearly demonstrated that
An. gambiae does not have the capacity to transmit chikungunya”. Lumsden (1953) reports
that the virus was isolated from Anopheles spp. but concludes that their field evidence
indicates that these mosquitoes were not important in the transmission of the virus, and
Vanlandingham et al. (2005) confirm experimentally the generally held view that mosquitoes
in the An. gambiae complex are refractory to infection by chikungunya virus (Higgs and
Vanlandingham, 2018).
An. gambiae is listed by Braack et al. (2018) as one of a large number of natural hosts
of Zika virus. Diallo et al. (2018) states that An. gambiae is occasionally associated
with Zika. Epelboin et al. (2017) notes that Zika has been isolated from An. gambiae
mosquitoes collected in Senegal, but also cite experimental evidence which indicates that
these mosquitoes are not competent vectors of Zika virus (Dodson and Rasgon, 2017).

2.2

Prioritisation of within scope pathogens

2.2.1 Attributes that influence decisions
In a recent review of fourteen communicable disease risk ranking studies, O’Brien et al.
(2016) identify a “common core of key communicable disease concepts” that are used to
prioritise diseases, namely: how easily the disease is spread; the reliability of diagnostic
testing; how easy it is to treat the disease; and, the impact of infection. These concepts
are the attributes of diseases that are most commonly used by experts when ranking their
importance. Put another way they are the key criteria that guide decisions about which
diseases are the most important.
These key concepts are also evident in the three most important attributes identified by
the WHO prioritisation of emerging infectious diseases (Mehand et al., 2018), namely the
rate of transmission to humans; the availability of medical counter measures (diagnosis and
treatment); and, the severity of infection. These three attributes represent less than half of
all the attributes used by the WHO to prioritise emerging diseases, but together account for
more than two thirds (32%, 22% and 15% respectively) of the total criteria weights.
The pathogen attributes (referred to as impact metrics in the elicitation) used in this analysis
reflect the same key concepts, adjusted for our specific context:
• Efficiency of transmission to humans or livestock. This attribute addresses the
Entomological Inoculation Rate (EIR), which is the daily number of infectious mosquito
bites per person. The EIR reflects four key factors of mosquito-borne pathogens: (1)
the probability that an uninfected and susceptible host becomes infected after being
bitten by an infected mosquito, (2) the probability that an uninfected and susceptible
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mosquito becomes infected after biting an infected host, (3) the expected lifespan of
an infected mosquito, and, (4) the expected daily number of bites on a host made by
a mosquito (Smith and Ellis McKenzie, 2004).
• Difficulty of treatment. This attribute addresses the time required for a newly infected human or animal host to be discovered and correctly identified given the current level of medical and veterinary surveillance in sub-Saharan Africa, and then adequately treated such that it is removed from the pathogen transmission cycle.
• Severity of infection. This attribute addresses the level of severity experienced by
an infected human or animal host and includes both morbidity and mortality.
These three attributes are expected to be the most important determinants of a pathogen’s
impact on human health and socio-economic well-being. They are not, however, expected
to be equally important or necessarily act independently.
When using these attributes to prioritise pathogens it is therefore important that the prioritisation method is capable of: (i) making relative evaluations among pathogens for each
attribute; (ii) evaluating the attributes themselves with respect to their influence or contribution to the overall impact of the pathogen; and (iii) capturing the effect of potential interactions between the attributes that may lead to an additive, sub-additive or super-additive
(synergistic) effect on overall impact. Furthermore, the prioritisation method must also: (iv)
possess internal consistency and mathematical rigour; and finally (v) be achievable using
(in this case) remote elicitation of human experts.
In addition to these requirements, the rationale for this project requires that the prioritisation
method also gather additional information on the availability of laboratory assays for any
prioritised pathogens, and current capacity within sub-Saharan Africa to perform these assays. The objective in this case is to describe the practical aspects of assessing variations
in vector competence for each of the pathogens across the An. gambiae species complex
because this is an important practical consideration when scoping subsequent risk assessment studies.
2.2.2 Spatial and temporal scope of the elicitation scenario
The spatial scope of the elicitation includes all countries within the African region as defined
by the United Nations geoscheme that are within the range of Anopheles gambiae s.l.
The spatial scope therefore includes the range of Anopheles gambiae s.l. on the African
continent and also island countries or territories of the African region where Anopheles
gambiae s.l. is present, such as Madagascar, Mauritius, Comoros and São Tomé and
Prı́ncipe and Cabo Verde (see Figure 2.1, Appendix F). The temporal scope extends from
2020 until 2063, which corresponds to the time frame of aspirations defined by African
Union Agenda 2063.
For each pathogen the elicitation envisages a hypothetical scenario in which a single infectious human is introduced into a susceptible (uninfected) population. The single infectious
case may occur anywhere in the spatial scope sometime in the year 2020, including within
urban, peri-urban or rural environments. The formulation of this scenario is designed to
focus attention on the impact of each pathogen on a population that lacks immunity or premunition. The scenario thereby places the evaluation of each pathogen on an equal basis.
In this study overall impact is defined as the pathogen’s effect on the ability of countries
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within the spatial scope to reach the African Union Agenda 2063 Aspiration 1:“A Prosperous Africa, based on Inclusive Growth and Sustainable Development”, and UN Sustainable
Development Goal 3: “Healthy and well-nourished citizens” with a priority area in health and
nutrition. This priority area is here interpreted to include potential impacts on food security
due to effects on livestock and trade as well as human health metrics such as Disability
Adjusted Life Years (DALYs).
2.2.3 Prioritisation method
Many methods have been developed to support decision makers specify preferences and
make choices from among a set of alternatives. These methods are often (roughly) grouped
under the heading of Multi-Criteria Decision Making (MCDM) methods (Velasquez, 2013).
Two of the most popular and widely applied methods are the Analytical Hierarchy Process
(AHP) (Saaty, 1987, 1988, 1990) and Multi-Attribute Utility Theory (MAUT) (Keeney and
Raiffa, 1993).
This study considered both approaches in detail prior to choosing MAUT because in the
context of this application:
• the elicitation load - that is the number of responses required of each expert - is
substantially lower with MAUT (37 responses) than with the AHP (168 responses)
(Appendix B). A customised version of the AHP, with a lower elicitation load, has
been used in a similar application (Mehand et al., 2018), but this approach prevents
the analyst from applying AHP’s internal consistency checks (Appendix C).
• MAUT allows for the possibility that attributes may not be preferentially mutually independent. In this context this means that a pathogen that, for example, is thought to
have a high transmission efficiency and also a high infection severity may be thought
to produce a multiplicative or super-additive overall impact on the ability to achieve
aspirations of the African Union. This possibility cannot be captured using other methods such as AHP (Kamenetzky, 1982; Guitouni and Martel, 1998).
• with MAUT each expert is asked to identify a worst-case pathogen associated with
loss 1, and a best-case pathogen associated with loss 0. The loss associated with
intermediate pathogens is identified through an approach known as the “standardgamble”.4 By expressing preferences with a probabilistic interpretation, the standard
gamble is better aligned to the inherently uncertain nature of this analysis.
In choosing MAUT we recognised that it may take more time for experts to comprehend the
standard gamble, than the semantically defined 1 to 9 scale used by AHP. Taken together,
however, we judged that the facets of MAUT summarised above provided a compelling case
for its use in favour of AHP.

4

The standard gamble measures the loss (or disutility) associated with an intermediate scenario by observing the willingness to accept a worst-case scenario. In this application experts are asked to choose between a
scenario that entails the certain introduction of an intermediate pathogen on the one hand, and an alternative
uncertain scenario that entails the introduction of the worst-case pathogen with probability p or the best-case
pathogen with probability 1 − p. It can be shown with elementary mathematics that the loss associated with
the intermediate pathogen is the value of p at which the expert is indifferent to the certain and uncertain
alternatives (see Appendix B).
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2.2.4 Remote elicitation
To conduct the expert elicitation remotely the project team developed a customised web application (app). The app was built using R/Shiny and JavaScript and hosted on ShinyApps.io
(https://www.shinyapps.io/). This combination allowed the fast development of the
user interface and deployment of the web app, as well as utilising ShinyApps.io capability
to easily scale with increasing expert numbers and resource demands.
To access the app experts were provided with a unique web link. The back-end of the app
was designed so no personally identifiable information was stored or referenced. Instead
each expert was assigned a unique code by the elicitation organiser which was incorporated
into their web link. This code served two functions, identifying the expert and serving as a
password so that access to the app was restricted to those with the supplied unique link. At
each stage of the elicitation the expert’s answers were stored in an Amazon S3 bucket. The
expert’s progress was also logged and time-stamped which allowed organisers to monitor
the project completion and was useful when providing support/help for experts.
Ethics approval to conduct the remote elicitation was provided by CSIRO’s Social Science
Human Research Ethics Committee in accordance with the Australian National Statement
on Ethical Conduct in Human Research (2007) updated 2018. Each expert’s consent to
participate in the elicitation was gained via a consent form dialogue box provided at the
very beginning of the elicitation.
2.2.5 Identification of experts
The project team identified potential experts by screening the expertise field of the InfraVec2
(https://infravec2.eu/) database for the following keywords – ”Epidemiology”, ”Protozoa diseases”, ”Rickettsiales diseases”, ”Virology”, ”Medical Entomology”, ”Madidcine Entomology5 ”, ”wildlife diseases”, ”Outbreak response and preparedness” – and by contacting
experts who were known to work in relevant fields by the project team or staff at FNIH,
including experts from Africa. In some instances experts who were unable to contribute to
the project suggested alternative people who we subsequently contacted. In the end the
project team invited a total of 67 experts to participate in the elicitation. Our email invitations received 14 responses (approximately 21% response rate) of which 12 agreed to
participate. Of these, 10 experts managed to complete the elicitation prior to the end of the
project.
The experts involved in the study are impartial, have diverse backgrounds and no known
links to any initiatives that are currently developing genetic control techniques for malaria
in Africa. The experts’ participation in this study was approved by CSIRO’s Social Science
Human Research Ethics Committee in accordance with the Australian National Statement
on Ethical Conduct in Human Research (2007) updated 2018.
2.2.6 Implementation
Prior to beginning the elicitation each expert read a general introduction (Appendix F) and
completed a short, guided tutorial that explains how to complete the elicitation and associated key concepts, such as the meaning of the standard gamble, for an intuitive everyday
setting, namely the loss associated with two common ailments (sprained ankle, common
cold) compared to a more serious injury (broken leg).
5

This is a separate category in the expertise field that may reflect a spelling error in a French translation of
medical
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The elicitation proper begins with a first phase, broken into three parts (one part for each
attribute), that requires each expert to identify the worst and best case pathogen (Figure 2.1). Having chosen the extremes the expert is invited to drag-and-drop the nine remaining pathogens between these two extremes on the unit interval (Figure 2.2) On each
occasion the expert is provided with information on the standard gamble (labelled standard
comparison) compared to the extremes, and a local comparison between the pathogen and
those immediately adjacent to it (Figure 2.3). This process is repeated for each of the three
pathogen attributes (impact metrics).
The second phase of the elicitation requires each expert to assess the relative importance
of the attributes against a metric of “overall impact”. The worst case in this phase is defined
by imagining a pathogen with the transmission efficiency of the most efficiently transmitted pathogen identified in Phase 1, the difficulty of treatment of the most difficult to treat
pathogen identified in Phase 1, and the severity of impact of the most severe pathogen
identified in Phase 1. So, for example, if in Phase 1 the expert had identified P. falciparum
as the most easily transmitted pathogen, Rift Valley fever virus as the most severe pathogen
and Ngari virus as the most difficult to treat, the worst-case pathogen in Phase 2 would be
an imaginary pathogen with the transmission properties of (P. falciparum), the severity of
Rift Valley fever virus and the treatment characteristics of Ngari virus.
The best case is identified in a similar fashion using those pathogens identified as best
cases against the three attributes in the first phase. Once again the imaginary pathogen
with all of the best-case characteristics is assigned zero loss, and the imaginary pathogen
with all of the worst-case characteristics is assigned loss of one. Having identified the
two extremes the expert is invited to drag and drop hypothetical pathogens with different
combinations of the best and worst case characteristics on the unit interval (Figure 2.4).
In the third and final phase the expert is asked to identify if laboratory assays are available
for each of the real pathogens scored in Phase 1, and comment on the capacity to conduct such assays in Africa. This information is collected by allowing the expert to select
cases such as “Yes”, “No” or “Unknown” for assay availability, together with any additional
comments that may wish to make in this context.
The pre-elicitation document provided to each expert (Appendix F) also described the background and rationale for the project, the within-scope pathogens and how they were identified, the spatial scope and scenario used to contextualize the elicitation, the attributes i.e. the metrics against which pathogens were being assessed, and the three phases of the
elicitation.
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Figure 2.1: Screen capture showing the beginning of Phase 1a of the remote elicitation.

This figure shows what an expert participating in the study would encounter at the start of the online elicitation
process (Phase 1a). Each of the two columns contain the names of the 11 pathogens (listed in no particular
order) they will be assessing for transmission efficiency. The expert is invited to choose the best case and
worst case pathogen, where the lowest transmission efficiency corresponds to the best-case pathogen and
the highest transmission efficiency corresponds to the worst-case pathogen. This exemplary screen capture
also shows other features such as the progress bar (lower right), help buttons, email contact and link to the
pre-elicitation document (upper right), and a reminder of the scenario and spatial scope of the elicitation (text
box towards the top of the page).
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Figure 2.2: Screen capture demonstrating the middle of Phase 1a of the remote elicitation.

This is the next screen that an expert would encounter once they have made their choice of best and worst
case pathogen in terms of transmission efficiency. In this example, P. falciparum has been selected as the
worst case and o’nyong-nyong virus as the best case pathogen. The next step is for the expert to drag and
drop each of the remaining pathogens (in the yellow ”sand-box” below the line) on to the unit interval shown
by the horizontal line. The unit interval shows the probability p at which the expert is indifferent to the two
scenarios presented in the “standard gamble” (Appendix B). Notice that the button allowing the expert to
progress to second part of the first phase (Phase 1b) is currently greyed out (bottom left).
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Figure 2.3: Screen capture demonstrating the completion of Phase 1a of the remote elicitation. The figure shows what happens after an expert has placed all of the pathogens on the unit interval

between the best and worst case. In this instance Bwamba virus is highlighted in dark grey, and the text boxes
to the left and right of the sand box show the standard comparison between the worst case and best case
(left) and the local comparison between Bwamba virus and its nearest neighbours (right). These text boxes
correspond to the definition of loss in terms of probabilities of attaining the best or worst cases, that is, the
lowest or highest transmission efficiencies among the set of considered pathogens. The x–axis is scalable
such that the expert is allowed to zoom into subintervals, which for example would help in placing pathogens
with near–zero probabilities. Notice that the expert is now able to progress to the next part (Phase 1b) using
the next step button (lower left) that is no longer greyed out. In this case, Phase 1b requires the expert to
repeat the preceding steps for the next attribute (metric).
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Figure 2.4: Screen capture demonstrating the middle of Phase 2 of the remote elicitation.

This figure shows that when measured against the metric of “overall impact”, a hypothetical pathogen with
the transmission efficiency of Rickettsia felis (from Phase 1a), the treatment difficulty of o’nyong’nyong (from
Phase 1b) and infection severity of malaria P. vivax (from phase 1c) is identified as the worst case based
on the expert’s response in Phase 1. Note that this worst case is equivalent to a hypothetical pathogen that
possesses the highest impacts for each of the three attributes, which is noted by the ’HHH’ at the right end
of the horizontal line. Similarly the best case is identified as a hypothetical pathogen with the transmission
efficiency of Tatuine virus, the difficulty of treatment of Rift Valley fever virus and the infection severity of Rickettsia felis. Note that this best case is equivalent to a hypothetical pathogen that possess the lowest impact for
each if the three attributes, which is noted by the ’LLL’ at the left end of the horizontal line. This demonstration
shows the process of taking intermediate cases, such as a hypothetical pathogen with a worst case (highest)
transmission efficiency but best case (lowest) treatment difficulty and best case (lowest) infection severity, out
of the sand-box and placing them on the unit interval between the two extremes; this combination of attributes
is denoted by ’HLL’.
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3

RESULTS
KEY POINTS
1. Of the 11 pathogens known to be transmitted in Africa by mosquitoes in the
An. gambiae complex, P. falciparum was ranked as the most severe and easily
transmitted pathogen and the 6th most difficult pathogen to treat. After, allowing
for the possibility of super-additive interactions between the three attributes, P.
falciparum was identified as the worst of the within-scope pathogens.
2. The two most important pathogens after P. falciparum are Rift Valley fever virus
(RVFV) and W. bancrofti (lymphatic filariasis). Both pathogens were again
ranked relatively highly for infection severity and transmission efficiency.
3. P. vivax was ranked as the fifth most important pathogen for all three attributes
leading to an overall fourth place multi-attribute rank. P. ovale, Ngari virus and
P. malariae were ranked 5th, 6th and 7th respectively.
4. O’nyong-nyong virus, Bwamba virus, Rickettsia felis and Tataguine virus attracted multi-attribute ranks of 8th, 9th, 10th and 11th respectively.
5. In Phase 3 the highest response rate occurred for P. falciparum where only
three experts either failed to respond or provided a “don’t know” answer. All
experts who answered stated that an assay was available, but were divided
on whether or not there was the capacity or capability to perform the assay in
Africa.
6. Rift Valley fever virus also attracted a high (70%) response rate in Phase 3,
with all but one expert suggesting that an assay for vector competence was
available, but only 3 indicated that the capacity/capability exists to perform the
assay in Africa.
7. The availability of an assay for W. bancrofti attracted the lowest number of responses during the elicitation (30%). Advice provided by a non-participating
expert suggests that a membrane feeding assay is likely to be unavailable but
that insights into the potential for increased transmission can be gained by testing mosquito responses to intrathoracic injections of microfilariae of a related
parasite Brugia malayi.
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3.1

Priority pathogens

The results of the prioritisation process, presented in terms of the relative rank of each of the
11 within-scope pathogens, for each attribute and overall multi-attribute, are summarised
in Table 3.1. The ranks are calculated from the elicited loss for each pathogen by attribute
and multi-attribute, presented in Appendix E.
Table 3.1: Summary of the prioritisation of within-scope pathogens presented as relative
ranks for each attribute and multi-attribute, ordered in descending order of overall multiattribute rank. Ranks for each of the individual attributes are drawn from Tables E.1, E.2
and E.3.
Pathogen

Multiattribute

Transmission
efficiency

Treatment
difficulty

Infection
severity

P. falciparum

1

1

6

1

Rift Valley fever virus

2

4

1

2

W. bancrofti

3

3

7

3

P. vivax

4

5

5

5

P. ovale

5

6

8

7

Ngari virus

6

11

2

4

P. malariae

7

2

10

9

O’nyong-nyong virus

8

7

3

6

Bwamba virus

9

8

4

10

Rickettsia felis

10

10

11

8

Tataguine virus

11

9

9

11

Of the 11 pathogens known to be transmitted in Africa by mosquitoes in the An. gambiae
complex, P. falciparum was ranked as the most severe and easily transmitted pathogen and
the 6th most difficult pathogen to treat. After, allowing for the possibility of super-additive
interactions between the three attributes, P. falciparum was identified as the worst of the
within-scope pathogens.
Note that the multi-attribute rank may not be immediately obvious from the individual attribute ranks, because the individual attribute scaling constants used in the calculation of
multi-attribute loss are interdependent. This means that the difference in loss between two
pathogens for any individual attribute does not necessarily lead to a similarly sized difference in their multi-linear loss (Appendix D).
The two most important pathogens after P. falciparum are Rift Valley fever virus (RVFV) and
W. bancrofti. Both pathogens were again ranked relatively highly for infection severity and
transmission efficiency, with RVFV ranked 2nd and 4th respectively against these attributes,
and W. bancrofti ranked third for both attributes. RVFV was also identified as the most
difficult to treat from among the group of within-scope pathogens, whilst W. bancrofti was
ranked 7th. The fact that RVFV and W. bancrofti were overall ranked 2nd and 3rd may
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indicate that experts placed higher weight (either individually or in combination) on the
severity of infection and transmission efficiency attributes.
P. vivax was ranked as the fifth most important pathogen for all three attributes (but with
some disagreement between the experts’ elicited loss), leading to an overall fourth place
multi-attribute rank. P. ovale, Ngari virus and P. malariae were ranked 5th, 6th and 7th
respectively. Ngari virus attracted the lowest relative rank for transmission efficiency, whilst
P. malariae was ranked as the second easiest (10th) pathogen to treat and the third most
benign pathogen (ranked 9th for infection severity).
O’nyong-nyong virus, Bwamba virus, Rickettsia felis and Tataguine virus attracted multiattribute ranks of 8th, 9th, 10th and 11th respectively. Bwamba virus and Tataguine virus
were identified as the most benign of the 11 within-scope pathogens, having the lowest
relative infection severities ranks among the group. Ricketsia felis was ranked as the easiest
to treat within the group, and as having the second lowest relative transmission efficiency.
O’nyong-nyong virus was ranked as the third most difficult pathogen to treat. Its low multiattribute placing reflects its relatively low ranking for infection severity (6th) and transmission
efficiency (7th).

3.2

Assay availability and African capacity

In Phase 3 of the elicitation experts were invited to answer and comment on two questions:
(i) Is a laboratory assay of vector competence for this pathogen available?; and, (ii) If an
assay is available, is there capacity/capability to perform the assay in Africa?. The overall response rate to these questions varied depending on the question and the pathogen
concerned (Table 3.2).
The highest response rate occurred for P. falciparum where only three experts either failed
to respond or provided a “don’t know” answer (NR/DK in Table 3.2). For this pathogen all
experts stated that an assay was available, but were divided on whether or not there was the
capacity or capability to perform the assay in Africa. The other malaria parasites attracted
a slightly lower response rate - 60% for P. ovale and P. malariae, 50% for P. vivax - but in all
instances experts responded that an assay was available, but again were less sure about
African capacity.
Lefèvre et al. (2013) discusses three types of feeding assays (direct, standard membrane
and direct membrane) to test for Plasmodium vector competence in mosquitoes. The standard membrane feeding assay is well established and considered to be the “gold standard”
to test for malaria transmission reducing agents such as vaccines (Miura et al., 2016).
Rift Valley fever virus also attracted a high (70%) response rate in Phase 3, with all but
one expert suggesting that an assay for vector competence was available, but only 3 indicated that the capacity/capability exists to perform the assay in Africa. Vector competence
assays for all Arboviruses are well established, and described by one expert as “straightforward”. The assay usually involves offering mosquitoes an infectious blood-meal or infecting
mosquitoes by intrathoracic inoculation of the virus, followed by tests for viral particles in
the salivary glands, or subsequent transmission to suitable hosts such as suckling mice via
blood-feeding. The same expert warns, however, that bio-containment facilities for infected
insects are necessary to perform these assays and these may be limited in Africa.
The availability of an assay for W. bancrofti attracted the lowest number of responses during
the elicitation (30%) and hence appears to be least well understood of all the pathogens in
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Table 3.2: Summary of expert responses to Phase 3 of the pathogen prioritisation elicitation
(NR/DK is non-response or ”don’t know”)
Assay Available
Pathogen

Capacity/capability

Yes

No

NR/DK

Yes

No

NR/DK

P. falciparum

7

0

3

4

3

3

Rift Valley fever virus

6

1

3

3

4

3

W. bancrofti

3

0

7

2

1

7

P. vivax

5

0

5

3

2

5

P. ovale

4

0

6

3

1

6

Ngari virus

2

2

6

1

3

6

P. malariae

4

0

6

3

1

6

O’nyong’nyong virus

4

0

6

1

3

6

Bwamba virus

3

2

5

2

3

5

Rickettsia felis

3

1

6

2

2

6

Tataguine virus

3

2

5

2

3

5

this context. The following advice on this issue was provided by non-participant Lisa Reimer
(Liverpool School of Tropical Medicine): “Determining vector competence of An. gambiae
s. l. for W. bancrofti, the parasite most responsible for lymphatic filariasis in Africa, using
membrane feeding is not likely to be possible because of the lack of an efficient laboratory
model for infection and the increasing difficulty of obtaining wild isolates during nationwide
mass drug administration campaigns. However insights into the potential for increased
transmission can be gained by testing mosquito responses to intrathoracic injections of
microfilariae of a related parasite, Brugia malayi (Erickson et al., 2009) and by examining
specific anatomical characteristics that influence transmission (McGreevy et al., 1978)”.
One expert suggested the use of PCR-based methods to test for the presence of a pathogen
within a mosquito (see for example Zhang et al., 2019). Generally speaking we suspect
PCR assays will be available, or could be developed, for all the pathogens assessed here.
As noted previously, however, the presence of the pathogen within a mosquito is not sufficient to demonstrate vector competence, and additional information would be necessary,
such as documenting an increase in viral load within the salivary glands using qPCR (Marie
et al., 2013). The capability to conduct this type of analysis in Africa with high level of quality
assurance, however, is unclear.
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4

DISCUSSION
KEY POINTS
1. This project analysed the CDC catalogue, the OIE terrestrial manual and systematic reviews published in the scientific literature to compile an extensive list
of pathogens transmitted by mosquitoes in Africa. This list was used to identify
11 “within-scope” pathogens known to be transmitted by mosquitoes in the An.
gambiae complex.
2. The within scope pathogens were prioritised using Multi-Attribute Utility Theory,
implemented through a customised web-application, to help analysts and biosafety authorities scope future risk assessments.
3. The results of the analysis identify P. falciparum, Rift Valley fever virus and
W. bancrofti (in that order) as the highest priority pathogens on the basis of
transmission efficiency, treatment difficulty and infection severity.
4. P. falciparum is responsible for the vast majority of malaria cases in the WHO
African region and changes in vector competence can be detected using the
standard membrane feeding assay.
5. Rift Valley fever virus’ second place ranking likely reflects its impact on human
and animal mortality, livestock markets, trade and food security. It is only spread
by Anopheles mosquitoes, however, during major outbreaks, and the facilities
needed to perform vector competence assays for it may not be widely available
in Africa.
6. The principal vectors of W. bancrofti in Africa are mosquitoes in the An. gambiae complex and An. funestus. Assays to test for changes in vector competence for Wucheraria bancrofti, however, may need to be based on assays
using related parasites.
7. P. vivax was ranked fourth in this analysis. WHO estimates that P. vivax contributes less than 1% of the total malaria cases in Africa, although recent evidence suggests this may be an underestimate.
8. Other scoping-relevant considerations include: the predicted spatio-temporal
footprint of the genetic control strategy, the relative amount of disease transmission by other vectors, the extent and success of existing disease control
methods, and community concerns.
9. Having systematically identified all pathogens transmitted by mosquitoes in
Africa, the analysis also identifies pathogens that may need to be considered
if the target mosquito species were to change. An. funestus, for example, is
known or thought to transmit all of the “within-scope” pathogens, except Rift
Valley fever virus and Ngari virus, but also Bunyamwera virus, chikungunya,
Nyando virus, Orungo virus, Pongola virus and Semliki Forest virus.
10. In line with best-practise recommendations, this analysis should be periodically reviewed and updated to capture changes in, and our understanding of,
pathogens and the geographical range of their hosts.
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4.1

Review of mosquito transmitted pathogens in Africa

This project has drawn on three primary sources of information - the CDC catalogue, the
OIE terrestrial manual and systematic reviews published in the scientific literature - in order
to compile an extensive list of mosquito transmitted pathogens in Africa (Table 2.1). In conducting the review it became clear that no single source of information was adequate, and
that it was essential to cross-reference all three to develop the most complete picture possible. This issue is well exemplified by Rift Valley fever virus: the CDC catalogue does not
identify any Anopheles mosquitoes vectors, Braack et al. (2018) identifies An. squamosus,
whilst Minkeu and Vernick (2018) implicates six other species of Anopheles mosquitoes
including An. arabiensis.
We believe that other analysts and bio-safety authorities will find this review a useful contribution. Moreover, we feel that the costs associated with compiling, and importantly maintaining, such a list are outweighed by the benefits that such a list provides, particularly as
genetic control strategies are considered for other species: A well-maintained list could provide a rapid, transparent mechanism for identifying relevant pathogens on a case-by-case
basis as needed (see also Section 4.3). The list generated here, however, is restricted to
pathogens transmitted by mosquitoes in Africa and needs to be extended to other continents such as Asia if it is to be useful more generally.

4.2

Priority pathogens and the An. gambiae s.l. complex

The purpose of this analysis is to prioritise mosquito-borne pathogens to help guide future
risk assessment studies that seek to address the possibility that transgenesis might somehow increase the vector competence of genetically modified An. gambiae s. l. mosquitoes.
This study does not aim to quantify the human health or socio-economic impact of pathogens,
and its results should not be interpreted as some form of scaled estimate of the overall impact of the pathogens, as might be required for a cost-benefit analysis designed to identify
optimal intervention strategies. Loss in this analysis is defined with reference to the elicitation scenario and the attributes of a worst-case and best-case pathogen, chosen from
among 11 “within-scope” pathogens. Zero loss is defined relative to the attributes of the
best-case pathogen from among this set, under the elicitation scenario, and is not equivalent to a situation of no impact.
The elicitation scenario (introduction of a single infectious case) attempts to place each
pathogen on an even playing field. The analysis isolates three critical attributes of communicable diseases, and then uses these attributes to scale a defined set of pathogens in
terms of the probability at which an expert is indifferent to a scenario of introducing with
certainty an intermediate pathogen, and introducing with uncertainty a worst and best case
pathogen. Each pathogen’s scaling is interpretable, the process is transparent, accommodates experts’ uncertainty and generic enough to be relevant to any type of genetic control
strategy.
Each pathogen’s position on the scale, however, is only one of several considerations that
bio-safety authorities might consider when determining the scope of a risk assessment for
a particular genetic control strategy. Other possible considerations include:
• the spatio-temporal footprint of the control strategy and the extent to which genetically modified mosquitoes are predicted to overlap with the known distribution and
occurrence of pathogens and their respective hosts. For example, self-limiting control
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strategies with relatively small footprints are less likely to overlap in space or time
with an episodic pathogen such as Rift Valley fever virus (Anyamba et al., 2009), than
self-sustaining strategies.
• the concerns and demands of communities, stakeholders and publics who should be
consulted very early in the problem formulation phase of any risk assessment for a
genetic control strategy (Teem et al., 2019; James et al., 2018).
• the extent and success of available disease control methods and current eradication
campaigns, together with any future planned campaigns. For example, in 2017 the
Global Programme to Eliminate Lymphatic Filariasis (GPELF) successfully reduced
the prevalence of lymphatic filariasis in Egypt below target thresholds (World Health
Organisation, 2018a). The on-going effect of strategies such as the GPELF on the
prevalence of high priority pathogens (and their hosts) across sub-Saharan Africa
should form part of the continual review recommended in the best practise framework
for prioritising pathogen (Figure 1.1) and hence the scope of any risk assessment for
genetic control strategies.
These considerations must necessarily take place on a case-by-case basis. The value
of this analysis is that it provides a transparent rationale for focussing on the most relevant
pathogens, and then ranks them relative to each other to help analysts and decision makers
decide what pathogens to include in a risk assessment. For example, high profile pathogens
such as dengue were excluded from the analysis on the grounds that we were unable to
find any evidence to suggest that mosquitoes in the An. gambiae complex are competent
vectors (Table 2.1). This facet of the analysis highlights the importance of adopting a caseby-case approach to risk assessments for genetic control strategies.
The analysis identifies An. gambiae complex: P. falciparum, Rift Valley fever virus and W.
bancrofti, as the top three pathogens, in that order. P. falciparum is responsible for the
vast majority of malaria cases in the WHO African region, and is one of the four pathogens
defined as targets pathogens in this analysis. It’s status as the highest ranked pathogen
adds further confirmation (not that further confirmation is necessary) of the pressing need
to develop effective strategies to combat continued transmission of this pathogen.
Fortunately, the standard membrane feeding assay has already been identified as the “gold
standard” for testing the effect of interventions such as vaccines on the vector competence
of mosquitoes for human malaria parasites such as P. falciparum, and as such this assay
also provides a widely available mechanism to test for changes in vectorial capacity of
transgenic mosquitoes.
It is important to recognise that the elicitation scenario envisages the introduction of a
pathogen into a susceptible population in order to place the potential impact of each pathogen
on an equal footing. The scenario does not address the relative rates of transmission
between different mosquito species. This issue is relevant to Rift Valley fever virus because it is generally thought to be primarily spread by mosquitoes in the Aedes and Culex
genera, and only spread mechanically by Anopheles mosquitoes during major outbreaks
(https://www.who.int/en/news-room/fact-sheets/detail/rift-valley-fever).
Seufi and Galal (2010), however, detected Rift Valley fever virus in larvae and (predominately female) adult An. arabiensis mosquitoes, indicative of biological transmission, and
estimated that these mosquitoes transmitted Rift Valley fever at a rate that was somewhat
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lower than, but still comparable to, Aedes and Culex mosquitoes. In any event, the effect
of any potential change in the vector competence of Rift Valley fever virus in transgenic An.
gambiae s. l. mosquitoes needs to be viewed in light of the other species that are also
known to transmit this pathogen to humans and livestock in Africa.
Assays to test for any changes in the vector competence of arboviruses such as Rift Valley
fever virus are available, and like the standardised membrane feeding assay, are well established with accepted protocols. The results of the elicitation, however, suggest that the
capability to perform these assays in Africa may be limited by the availability of suitable biocontainment facilities. Rift Valley fever virus can spread through contact with infected animal
tissue and exposure to infectious aerosols. The CDC therefore recommends Biosafety level
(BSL) 3 containment 6 for any laboratory procedures with this virus (and also Ngari virus).
This restricts the number of facilities globally who would be capable of performing vector
competence assays for this virus.
The principal vectors of W. bancrofti in Africa are mosquitoes in the An. gambiae complex
and the An. funestus group (Eldridge and Edman, 2000; de Souza et al., 2012). On face
value, these results might seem to suggest that a change in the vector competence of
transgenic An. gambiae s. l. mosquitoes for Rift Valley fever virus could lead to more
substantial impacts on human health and socio-economic well-being than an equivalent
change to vectorial capacity of W. bancrofti.
The risk of this eventuality, however, actually depends on the relative contribution made
by An. gambiae s. l. mosquitoes to the number of new cases of these pathogens. For
W. bancrofti this contribution is much higher than Rift Valley fever virus and for this reason
(among others), the pathogen ranks alone are not sufficient to determine the implications
of any changes in vector competence.
An important issue with W. bancrofti in this context, is the difficulty associated with performing an assay to test for changes in vector competence. This issue warrants further analysis
given the importance of W. bancrofti in this analysis.
The fourth ranked pathogen identified in this study is P. vivax. The case for identifying this
as a high priority pathogen, however, is weakened by the fact that the WHO estimates that P.
vivax contributes less than 1% of the total malaria cases in Africa, although recent evidence
suggests that the relative proportions of infections due to P. vivax may be underestimated
in areas of relatively low transmission, and may become more prominent if the burden of P.
falciparum declines (Twohig et al., 2019).
So although the overall contribution of P. vivax to the malaria burden in Africa is much
smaller than that attributable to P. falciparum it may nonetheless be worth considering including this pathogen in any future analysis of vector competence changes in transgenic
An. gambiae s.l. mosquitoes, particularly if the costs associated with conducting the assay
to test for such changes are low.
6

Biosafety level 3 is recommended for agents with a known potential for aerosol transmission, for agents
that may cause serious and potentially lethal infections and that are indigenous or exotic in origin (United
States Department of Health and Human Services, 2009).
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4.3

Moving beyond An. gambiae s. l.

By not restricting the initial review of mosquito transmitted pathogens to mosquitoes in the
An. gambiae complex, it is possible to consider what pathogens may need to be considered
in future studies if the target mosquito species were to change. This might be necessary,
for example, because transgenic control techniques are being considered for alternative
malaria vectors such as An. stephensi (Gantz et al., 2015), or to provide a basis for considering the potential consequences if (hypothetically speaking) competitive release of a
sympatric species such as An. funestus were to occur due to a substantial reduction in the
abundance of An. gambiae s. l. mosquitoes.
Searching for the terms An. funestus and An. stephensi in Table 2.1 indicates a striking
difference between the number and types of pathogens that each species is thought to
transmit:
• An. funestus is known or thought to transmit all of the pathogens listed in Table 3.1,
except Rift Valley fever virus and Ngari virus. Also known or thought, however, to
transmit Bunyamwera virus, chikungunya virus, Nyando virus, Orungo virus, Pongola
virus and Semliki Forest virus.
• An. stephensi is known or thought to transmit none of the pathogens listed in Table 3.1 except for the four malaria parasites (records for transmission of P. vivax are
from India (Balabaskaran Nina et al., 2017)). It may also be capable of transmitting Chandipura virus which is known to occur in Nigeria but vector competence in
mosquitoes has only been demonstrated in laboratory trials.
This striking difference between the two species may be attributable to the fact that the
scope of this analysis is restricted to Africa, and that An. stephensi is a recent invader,
having only been discovered in the horn of Africa in 2013 (Faulde et al., 2014), rather than
to any inherent, significantly different, ability between the two species to transmit pathogens.
Nonetheless, if An. stephensi were to continue its spread in Africa (Takken and Lindsay,
2019), the high priority pathogens identified in this analysis could be relevant candidates for
vector competence studies.
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Appendix A

The Anopheles gambiae complex

The An. gambiae complex consists of eight species that are very difficult to distinguish
morphologically:
• An. amharicus - freshwater species, previously known as An. quadriannulatus sp.
B. Its distribution is restricted to Ethiopia, where it is strongly associated with animal
shelters or mixed human/animal dwellings. Females are rarely found in human only
dwellings and it is not known to transmit malaria parasites (Coetzee et al., 2013).
• An. arabiensis - likely ancestral species of the complex (Ayala and Coluzzi, 2005), anthropophilic and zoophilic, and one of the most important vectors of human malaria in
Africa. Freshwater species that is better adapted to more arid, xeric habitats than the
other two dominant malaria vectors (An. gambiae and An. funestus), as reflected by
its distribution that extends further north into the Sahel, east into Ethiopia, Kenya, the
Arabian peninsula and Somalia, and south into the desert and steppe environments
of Namibia, Botswana and southern Africa (Sinka et al., 2012).
• An. bwambae - extremely limited distribution, known only from the vicinity of the
Semliki Valley and Buranga hot springs in Uganda where it breeds in brackish waters
from the geothermal springs. Thought to contribute to the local transmission of human
malaria and lymphatic filariasis (White, 1985).
• An. coluzzii - anthropophilic, freshwater species, previously described as An. gambiae “M form”. One of the most important vectors of human malaria in Africa, distributed across sub-Saharan Africa from northern Senegal in the west to east-central
Africa, and south to coastal Angola. Typically breeds in more permanent water bodies
(typically irrigated sites) such as rice fields, reservoirs and drainage ditches (Coetzee
et al., 2013).
• An. gambiae sensu strictu - anthropophilic, freshwater species, previously described
as An. gambiae “S form”. One of the most important vectors of human malaria
in Africa, sympatric with An. coluzzii, but also extends into Madagascar. Typically
breeds in habitats that are ephemeral and rain-dependent (Coetzee et al., 2013).
• An. melas - brackish water, halophilic, sister species of An. bwambae with a narrow
coastal distribution confined to west African salt marsh and mangrove environments
(White, 1985; Ayala and Coluzzi, 2005). Appears to be an opportunistic biter, being
described as both anthropophilic and zoophilic (https://www.vectorbase.org/o
rganisms/anopheles-melas). Listed as a secondary dominant vector of human
malaria in Africa (Sinka et al., 2012).
• An. merus - halophilic species found in shallow brackish, tide-dependent pools and
marsh or swamp areas of the east African coast (https://www.vectorbase.org
/organisms/anopheles-merus). Listed as a secondary dominant vector of human
malaria in Africa (Sinka et al., 2012).
• An. quadriannulatus - zoophilic, exophilic, freshwater species, found in Southern
Africa. Not considered to be a vector of human malaria (https://www.vectorbase
.org/organisms/anopheles-quadriannulatus).
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Appendix B
B.1

Prioritisation methods

Analytical Hierarchy Process

The Analytical Hierarchy Process (AHP) is a three-stage prioritisation procedure. In stage
1 the analyst identifies the decision objective, a set of alternatives and the criteria that
influence their choices about the alternatives, and organises these into a hierarchy. Stage
2 requires the analyst to provide preference ratios for all possible pair-wise comparisons
within each level of the hierarchy. Stage 3 synthesizes the evaluations over all levels of
the hierarchy to produce: a) an overall preference across the set alternatives; and, b) a
measure of the analyst’s consistency during the evaluation process.
In Stage 2, the analyst begins by judging the relative priority of the decision criteria by
completing the upper triangle of a square, reciprocal, preference matrix C = [ci j ]. The
values in the matrix represent the strength of the analyst’s preference for criteria ci over
c j for all i, j = 1, · · · , nc criteria. The analyst’s preferences are expressed on a absolute
scale7 . Given nc criteria the analyst is required to express nc (n2c −1) preferences to complete
the strictly upper triangular entries of the matrix C . The lower triangular values are the
reciprocal of the upper values.
This process of creating a pair-wise preference matrix is repeated at each level of the
hierarchy. For most decision problems (including this one) the hierarchy has two levels
– decision criteria and alternatives. In this case the analyst must complete nc secondlevel pair-wise preference matrices A = [ai j ] that capture their preference for alternative ai
over alternative a j from the perspective of each criteria. Hence to complete the process
the analyst must provide an additional nc na (n2a −1) preferences where na is the number of
alternatives.
Two potential problems can arise when using AHP in practice. The first is that the elicitation
load rises rapidly as the number of criteria and alternatives increases. For example, a
two-level AHP applied to this analysis, with 3 prioritisation criteria at the first level and
11 alternative pathogens at the second level, would require an analyst to express 3(3−1)
+
2
11(11−1)
3 2 = 168 preferences.
The second potential problem is that the analyst may express contradictory or inconsistent
preferences. Contradictory preferences are evident by inspection. Consider for example,
preferences for the fruits: apples, bananas and oranges. If the analyst prefers apples over
bananas (a12 > 1), and bananas over oranges (a23 > 1), then they must also prefer apples
over oranges (a13 > 1). In this example a contradictory preference matrix would occur if
a13 < 1. Inconsistent preferences, however, are harder to detect.
If a pairwise preference matrix A satisfies the condition that ai,k ak, j = ai, j for all i, j, k = 1, · · · , n
then A is said to satisfy the condition of cardinal transitivity and is called consistent, otherwise A is inconsistent. Importantly, in virtually all real applications analysts are usually not
contradictory but neither are they totally consistent because they do not make perfectly consistent judgements. To address this issue Saaty (1990) developed a “Consistency Ratio”
(CR; refer to Appendix C) and suggested that the results of the analysis would be acceptable if the CR was sufficiently small (CR ≤ 10%), otherwise attempts should be made to
7

Absolute preferences in AHP are usually expressed on the scale ( 19 , 18 , 71 , · · · , 7, 8, 9) where ci j = 9 indicates that the analyst believes that criteria ci is “extremely more important” than alternative c j , whereas ci j = 17
indicates that criteria c j is “strongly more important” than ci
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improve the consistency of the analyst’s responses.
AHP is a popular MCDM method, and WHO’s decision to adopt this approach to prioritise
severe emerging diseases sets a strong precedence for this analysis. The WHO, however,
appear to be aware of the elicitation load AHP imposes on the analyst and their “custom”
application of AHP implements a relative (not absolute) preference scale that requires experts to place diseases on a scale of 0 to 10 using the slide-bar function of R Shiny (Mehand
et al., 2018). Under this approach the analyst is required to provide nc + nc na elicitations
where nc is the number of decision criteria and na is the number of alternatives (candidate severe diseases in their application). In our analysis this approach would reduce the
number of elicitations required from 168 to 36.
The WHO’s customised AHP methodology, however, creates by construction perfectly consistent preference matrices (Appendix C). The elicitation provides no mechanism to test the
consistency of the analyst’s response and the consistency analysis methods described by
Mehand et al. (2018) are redundant. For this reason, and because the elicitation load of the
usual AHP methodology is too onerous, we adopted a popular alternative - Multi-Attribute
Utility Theory - in this analysis because it has a very similar elicitation load to the WHO approach but with the additional advantages of being internally consistent and mathematically
rigorous.

B.2

Multi-Attribute Utility Theory

Whereas AHP is a descriptive approach (Saaty, 1990), a logically consistent and mathematical treatment of the impact caused by a disease requires the assignment of real numbers
to each consequence across different decision criteria, where criteria in this case correspond to different attributes or properties of pathogens. One of the most widely used ways
to achieve this is to specify “utilities” for the various consequences.
The theory of utility defines rational decision making in mathematical terms. The theory
developed from a set of axioms proposed by von Neumann and Morgenstern (1947). It is
important to note that the theory of utility does not necessarily describe human approaches
to decision making, which have no requirements of internal consistency or clarity of definitions. These latter two factors, however, are important for explaining and comparing elicited
preferences among consequences in a transparent way.
In this application, the target of interest is actually the negative of the utility function, which
is known as a loss function. That is, a pathogen that causes a large negative impact is
associated with a large loss, or equivalently a small utility. In the case of a negative stressor
it is more logical to think in terms of loss than utility, so that increasing impact is associated
with increasing loss. Although the choice between utility and loss is an important distinction
for interpretation, the theory of multi-attribute utility theory is otherwise unchanged.
A multi-attribute loss function is contributed by each expert that allows for antagonistic or
synergistic interaction among the attributes of the pathogens. Loss is reported on a normalised scale. The scale of loss is the unit interval where a value of 0 corresponds to a
pathogen with the least impact (smallest loss) and a value of 1 corresponds to a pathogen
with the greatest impact (biggest loss). There are two reasons for this normalisation. First,
it is an aid to elicitation as a clear definition of loss becomes available, where expected
losses can be made equivalent to probability statements that accommodate an expert’s
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uncertainty. This feature assists elicitation and provides interpretable results. The normalisation is described further in Section B.2.1. Second, the normalisation permits aggregation
of the expert opinion because of the common scaling. The aggregation is formally an average over the set of utility functions contributed by the experts, as described in Section
B.2.2.
In summary, the approach provides a measure of loss associated with the introduction of
each pathogen while incorporating interactions among pathogen attributes and permitting
aggregation over experts.
B.2.1 Multi-Attribute Loss Function
To begin, consider a single attribute that describes a property for a pathogen. For example,
x may correspond with the estimated basic reproduction number that describes the transmission potentials across the set of pathogens; the realised basic reproduction number
may be the consequence for transmission obtained by introducing the pathogen. A standard elicitation framework for loss (utility) as applied to a pathogen comparison proceeds as
follows. For a given attribute x, the expert selects the pathogen believed to cause the greatest impact x∗ and the pathogen believed to cause the least x∗ impact, which are assigned
the losses

l(x∗ ) = 1 and l(x∗ ) = 0.
The scaling of the losses between 0 and 1 translates the problem into a probabilistic elicitation that accommodates uncertainty in the expert’s response. The underlying attribute need
not be scaled between 0 and 1, however, and in fact may vary over orders of magnitude. For
example, the basic reproduction number may substantively vary by orders of magnitude. As
another example of an attribute, the difficulty of treatment is linked to the time required to
detect and treat an infected case, which may require days, weeks or even years.
Note that a loss of zero assigned to a pathogen does not correspond to no impact for
that pathogen; rather, the pathogen is believed to produce the least impact among the
set of considered pathogens. Similarly, a loss of one is not necessarily the pathogen with
greatest impact but instead the pathogen with greatest impact among the set of considered
pathogens. The loss function therefore does not say anything about the actual magnitudes
of loss, but that is acceptable for the purposes of this application that focuses on the relative
comparison among a well-defined set of pathogens.
For a new pathogen with attribute x, the expert is asked to choose between two possibilities:
1) the consequence x received for sure; or, 2) the lottery where the worst consequence is
received with probability p and the best consequence with probability 1 − p. The expert is
asked to assess the value of the chance p such that they are indifferent to the two options.
Then l(x) = pl(x∗ )+(1−p)l(x∗ ) = p, which is called the “standard gamble”. The normalisation
of loss to the [0, 1] scale provides the equivalent interpretation of the probability p as the
expected loss associated with the pathogen for this attribute. The loss l(x) is equivalent to
the expected loss of the standard gamble.
Here, the elicited loss (utility) for a pathogen is both a probability and expected value. This
is true because of the normalisation of the standard gamble to a [0, 1] scale. Note that an
expert that assigns a probability pi to the ith pathogen using the standard gamble could have
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equivalently said “I believe that the expected loss that arises from pathogen i is pi ”, where
the expected loss is defined by the standard gamble. Thinking in this way, the expert could
simply score pathogens based on expected loss in the unit interval. However, it’s generally
acknowledged that it’s typically simpler to think in terms of probability rather than expected
values. For example, estimating an expected value requires integration with respect to a
probability measure, so it does not avoid use of probability altogether. Even if the standard
gamble is not explicitly used during elicitation, the above interpretation in terms of expected
loss works because of the framing of loss in terms of the standard gamble normalised to
the [0, 1] scale.
The elicitation approach above and the expected loss interpretation is internally consistent.
Thus it is sometimes suggested that elicitation exercises adopt the following consistency
check, where from the fourth consequence onwards adjacent gambles may also be evaluated. Let the current elicitation consequence be denoted by xc with l(xc ) elicited by means
of the standard gamble. Let x− and x+ denote the consequences with increasing losses
x− = arg max x:l(x)<l(xc ) l(x) and x+ = arg min x:l(x)>l(xc ) l(x), where l(x− ) < l(xc ) < l(x+ ). No
problem is posed if these adjacent consequences are the same as l(x∗ ) or l(x∗ ). Then
the expert is indifferent to either the introduction of the pathogen with consequence xc ,
or the lottery where the pathogen with consequence l(x+ ) is introduced with probability
p0 = [l(xc ) − l(x− )]/[l(x+ ) − l(x− )] and the pathogen with consequence x− is introduced with
probability 1 − p0 .
In a multi-attribute situation, such as this application, the elicitation of loss must be repeated
for each of the (in this case three) attributes: x1 , x2 and x3 , where each attribute is as
described in Section 2.2.1, that is efficiency of transmission, difficulty of treatment and
severity of infection, respectively. An expert may place different weights on the effect of each
attribute on the overall consequence or impact of a pathogen. For example, the attribute
Severity of Infection may be thought to have a greater impact on the ability to attain the
stated aspirations of the African Union than Efficiency of Transmission.
Taking each attribute individually would result in an additive multi-attribute loss model. It is
easy to imagine, however, that interactions among attributes may be relevant. For example,
a pathogen that has high Efficiency of Transmission and also high Severity of Infection
may be thought to produce a multiplicative or super-additive overall impact on the ability
to achieve aspirations of the African Union. The elicitation procedure used in this study
accommodates such interactions by eliciting a multilinear loss (utility) function (Keeney and
Raiffa, 1993), that allows for additive, sub-additive or super-additive (synergistic) effects
among the attributes. See Appendix D for details.
To achieve this experts are also asked to compare the loss associated with hypothetical
pathogens corresponding to different combinations of the extremes of the three attributes.
The combinations chosen are the 2nc permutations where each attribute is considered at its
lowest and highest consequence (see Appendix F), and where nc is the number of criteria
(attributes). Two of these combinations are fixed as the best case (zero values of loss for all
three attributes) and worst case (loss equal to one for all three attributes) so that the overall
elicitation load is 2nc + nc na − 2 = 37 in this particular application, where na is the number of
alternative pathogens considered.
An important feature of the multilinear loss function is that it accommodates the possibility of the aforementioned interactions among attributes, such as synergistic or antagonistic
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effects that may be important for the pathogen attributes. By allowing for these interactions, the multilinear loss of a pathogen is a complicated function of the conditional losses
elicited for each attribute. This means that a change in the value of loss for a particular
attribute does not in general produce a similar change in the value of the multilinear loss
(see Appendix D).
The multilinear loss li for the ith pathogen has a clear probabilistic interpretation: The overall
impact caused by the introduction of the ith pathogen is equivalent to an uncertain scenario
where the hypothetical worst case pathogen, which has a loss of one for all three attributes,
is introduced with probability li and the hypothetical best case pathogen, which has zero loss
for all three attributes, is introduced with probability 1 − li . Up to this point, the contribution
made by each expert is completely independent of the contributions made by the alternative
experts. The next section presents the method for aggregating loss across the elicitations
contributed by the experts.
B.2.2 Aggregated Loss
The aggregated loss among experts is considered by a weighted average of the elicited
multi-attribute utility functions elicited from each expert (Keeney and Raiffa, 1993), where
the weights sum to one (Keeney, 1976). The weight assigned to an expert is interpretable
as the probability that the multi-linear loss function contributed by the expert applies. In
this application, each expert is given equal weighting in the aggregated utility function. The
weighted average is appropriate because the scaling of the loss is normalised to the unit
interval and so comparable across experts.
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Appendix C
C.1

AHP CR and WHO method

AHP consistency ratio

In developing the AHP methodology Saaty (1990) recognised that analysts may make
“small errors in judgement” when estimating the preference ratios of different alternatives.
He therefore proposed a consistency index (CI)

CI =

λmax − n
,
n−1

(C.1)

CI
,
RI

(C.2)

and a consistency ratio (CR),

CR =

where the random index (RI) is the average value of (CI) for reciprocal square matrices,
generated via random allocations of AHP’s absolute preference scales.
Saaty (1990) shows that if a reciprocal square preference matrix A is perfectly consistent
then its maximum eigenvalue λmax is equal to the order of the matrix n - i.e. the number
of alternatives. In this situation the CI is 0. If the matrix is inconsistent then λmax > n and
the CI > 1. The intuition behind the CR is that if the analyst’s preferences are in some way
close to random, and thereby arbitrary and inconsistent, then they should not be trusted.
Hence he suggests that an analyst’s inconsistencies are acceptably small if CR ≤ 0.1.

C.2

WHO’s customised methodology

The WHO’s customised AHP methodology requires the analyst to provide a vector d1 , · · · , d p
of relative scores (for each decision criteria) on a sliding scale from 0 to 10. This approach
reduces the elicitation load considerably over the standard AHP approach. The methodology, however, continues to use AHP’s reciprocal square (absolute) preference matrix A
in its subsequent calculations. To complete this matrix the methodology uses the following
equation (Mehand et al., 2018, Technical Appendix 5)





A = 



a11
..
.
a p1






ai j = 1





· · · a1p 




 ai j = di − d j + 1
. . . ..  where 
. 





ai j = 1−(d1i −d j )





· · · a pp




ai j = na

if i = j
if di − d j ≥ 0
if di − d j ≤ 0
if

(C.3)

di = 0 or d j = 0

and where di , d j are the relative scores given to diseases i and j respectively, and p is the
total number of alternative emerging severe diseases being considered. This algorithm,
however, leads to a preference matrix with a maximum eigen value that always equals
the matrix order, and hence has a CI = 0 even for arbitrary, random matrices that are by
definition inconsistent.

60 | CSIRO Pathogen Prioritisation Final Report

Appendix D

Multilinear Loss Function

From Section B.2, let x1 , x2 and x3 denote the consequences associated with introducing a
pathogen for the three different attributes, and let l1 (x1 ), l2 (x2 ) and l3 (x3 ) denote the losses
for each attribute, respectively, as contributed by an expert. Interpreting Theorem 6.3 of
Keeney and Raiffa (1993) for the multilinear utility function in terms of loss produces the
expert’s multilinear loss function,


 3
  3

X
 X X
l(x) =  wi li (xi ) + 
wi j li (xi )l j (x j ) + w123 l1 (x1 )l2 (x2 )l3 (x3 ),
i=1

i=1

j>i

where x = [x1 , x2 , x3 ]> . In the above equation, li (xi ) is a conditional loss function for the ith
attribute such that l(xi∗ ) = 0 and l(xi∗ ) = 1. These are the best and worst pathogens, in the
sense that introduction of these pathogens is predicted to produce the lowest and highest
loss, respectively, in terms of the ith attribute, which are elicited in Phase 1 (Appendix F).
For each expert, the multilinear loss function is normalised such that l(x1∗ , x2∗ , x3∗ ) = 0
and l(x1∗ , x2∗ , x3∗ ) = 1. These correspond to the best and worst hypothetical pathogens that
possess the lowest loss across all three attributes and the highest loss across all three
attributes, respectively, which are defined in Phase 2 based on the outcomes of Phase 1
(Appendix F). As in Phase 1, loss is again bounded on the unit interval, [0, 1]. The scaling
constants are defined by,

wi = l(xi∗ , x j∗ , xk∗ )
wi j = l(xi∗ , x∗j , xk∗ ) − wi − w j
w123 = l(x1∗ , x1∗ , x1∗ ) − w12 − w13 − w23 − w1 − w2 − w3 .
It is important to note from the above equations that the scaling constants are interdependent, which complicates interpretation. Thus an increase in loss of a pathogen along one
attribute does not necessarily lead to a similarly sized increase in the multilinear loss. Some
of the weights nevertheless have a restrictive interpretation. For example, the scaling constant wi corresponds to a change from a hypothetical pathogen with the lowest impact for
all three attributes to a hypothetical pathogen with the highest impact for the ith attribute and
lowest impact for the remaining two attributes. However, these weights nevertheless cannot
be interpreted as a relative weighting of the importance of the three attributes.
Keeney and Raiffa (1993) provide examples that illustrate how the scaling constants do not
provide a relative ranking of the constituent attributes. The essential difficulty is that the
attributes are considered solely across the range defined by the set of pathogens. For example, even if the weights suggest a low weighting w1 for transmission efficiency, an expansion of the set of pathogens to consider an alternative pathogen with higher transmission
efficiency then previously considered might lead to a higher value for w1 . In other words, if
the pathogens produce similar consequences for the ith attribute then the elicited value for
wi could be smaller than w j or wk or both even if the ith attribute is the most important of the
three.
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Appendix E
E.1

Elicited loss

Attributes

Tables E.1, E.2 and E.3 show the elicited loss by expert (labelled E1 to E10) for each of
the three attributes used in the prioritisation process: transmission efficiency, treatment
difficulty and infection severity. The elicited loss enables us to identify the rank order of
each pathogen when assessed against each of the attributes. The pathogens are therefore
ranked in each table in descending order of average (across the experts) loss.
Elicited loss values of 1 and 0, identify the worst-case and best-case pathogens respectively. From Table E.1, for example, it can be seen that 8 of 10 experts who participated in
the study identified P. falciparum as the most transmissible pathogen of the 11 within-scope
pathogens, but their opinions on the least transmissible pathogen were more divergent.
A similar pattern of divergent views around infection severity is evident in Table E.3. Rift
Valley fever virus was identified as the worst-case pathogen for this attribute by 4 of the
experts, P. falciparum by 3 of the experts, Ngari virus by 2 experts and W. bancrofti by one
expert. Where P. falciparum is identified as an intermediate pathogen - that is not the worst
or best - the elicited loss is relatively high for all experts except one, hence on the basis of
average loss it is identified as the most severe pathogen.
Intermediate pathogens have (in the expert’s opinion) levels of each attribute such that the
expert is indifferent to the situation of receiving the intermediate pathogen with certainty, or
the worst-case pathogen with probability p and best-case pathogen with probability 1 − p.
The elicited loss for these intermediate pathogens is this probability p.
In the customized web-application used to conduct the elicitation the x-axis was deliberately made to be scalable (see Figure 2.3) so experts could zoom into subintervals. This
would allow an expert to place intermediate pathogens very close to, for example, zero,
and thereby express orders of magnitude differences (up to a seven significant figures) in
elicited loss between pathogens. There is , however, no evidence of this behaviour in the
data. Since the elicitation was run remotely we are unable to confirm to what extent experts
where aware of this facility as they completed the analysis.

E.2

Multi-attribute loss

Table E.4 shows the elicited multi-attribute loss from each of the experts who participated
in the study, together with the average loss. Zero loss in this analysis does not equate to
no impact and these results should not be interpreted as a scaled estimate of the impact
of the pathogens in Africa. These results again enable us to identify the rank order of each
pathogen and the pathogens are therefore ranked from highest to lowest average multiattribute loss in order to identify each pathogen’s overall priority.
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Table E.1: Elicited loss by experts (E1 to E10) for the attribute, Efficiency of transmission,
presented in descending order of average loss.
Average

E1

E2

E3

E4

E5

E6

E7

E8

E9

E10

Malaria (P. falciparum)

0.942

0.961

1.000

1.000

1.000

1.000

1.000

0.456

1.000

1.000

1.000

Malaria (P. malariae)

0.646

0.044

0.476

0.573

0.701

0.900

0.891

0.361

0.918

0.900

0.701

Lymphatic filariasis

0.590

0.371

0.701

0.732

0.601

0.500

0.699

0.207

0.801

0.786

0.500

Rift Valley Fever

0.547

1.000

0.804

0.879

0.204

0.559

0.351

0.536

0.690

0.062

0.385

Malaria (P. vivax)

0.527

0.482

0.901

0.944

0.799

0.000

0.232

0.429

0.551

0.028

0.900

Malaria (P.ovale)

0.464

0.000

0.600

0.620

0.904

0.200

0.473

0.318

0.627

0.102

0.798

Onyong-nyong

0.381

0.102

0.080

0.098

0.089

0.346

0.504

1.000

0.492

0.500

0.600

Bwamba

0.360

0.031

0.159

0.122

0.400

0.794

0.131

0.967

0.390

0.402

0.200

Tataguine

0.357

0.018

0.000

0.069

0.302

0.847

0.061

0.924

0.222

0.838

0.286

Rickettsia felis

0.284

0.594

0.349

0.000

0.000

0.687

0.599

0.000

0.514

0.000

0.100

Ngari

0.192

0.005

0.254

0.036

0.500

0.447

0.000

0.595

0.000

0.080

0.000

Table E.2: Elicited loss by experts (E1 to E10) for the attribute, Difficulty of treatment,
presented in descending order of average loss.
Average

E1

E2

E3

E4

E5

E6

E7

E8

E9

E10

Rift Valley Fever

0.767

1.000

0.200

1.000

1.000

0.869

1.000

1.000

1.000

0.102

0.499

Ngari

0.665

0.953

0.098

0.946

0.500

1.000

0.855

1.000

0.943

0.248

0.104

Onyong-nyong

0.602

0.972

0.599

0.927

0.101

0.402

0.801

1.000

0.314

0.501

0.401

Bwamba

0.573

0.894

0.000

0.894

0.301

0.202

0.950

1.000

0.837

0.549

0.101

Malaria (P. vivax)

0.549

0.500

0.748

0.000

0.901

0.076

0.106

0.480

0.821

0.860

1.000

Malaria (P. falciparum)

0.541

0.901

0.901

0.044

0.800

0.194

0.000

0.704

0.761

0.202

0.900

Lymphatic filariasis

0.491

0.399

1.000

0.020

0.601

0.000

0.503

0.768

0.121

0.902

0.600

Malaria (P.ovale)

0.483

0.376

0.684

0.056

0.702

0.133

0.347

0.111

0.716

1.000

0.700

Tataguine

0.473

0.921

0.334

0.969

0.199

0.299

0.901

1.000

0.000

0.000

0.102

Malaria (P. malariae)

0.379

0.362

0.826

0.087

0.000

0.142

0.301

0.158

0.764

0.352

0.798

Rickettsia felis

0.243

0.000

0.498

0.008

0.401

0.588

0.199

0.000

0.434

0.300

0.000
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Table E.3: Elicited loss by experts (E1 to E10) for the attribute, Severity of infection, presented in descending order of average loss.
Average

E1

E2

E3

E4

E5

E6

E7

E8

E9

E10

Malaria (P. falciparum)

0.884

0.958

0.899

1.000

0.802

0.773

1.000

0.932

0.975

0.500

1.000

Rift Valley Fever

0.862

1.000

0.801

0.968

1.000

0.832

0.970

1.000

1.000

0.304

0.746

Lymphatic filariasis

0.762

0.972

1.000

0.825

0.700

0.500

0.765

0.964

0.388

0.907

0.599

Ngari

0.667

0.976

0.178

0.746

0.902

1.000

0.000

0.892

0.915

1.000

0.062

Malaria (P. vivax)

0.665

0.471

0.705

0.875

0.601

0.664

0.546

0.689

0.764

0.400

0.936

Onyong-nyong

0.479

0.889

0.359

0.328

0.401

0.714

0.199

0.542

0.255

0.601

0.499

Malaria (P.ovale)

0.439

0.076

0.528

0.786

0.501

0.106

0.252

0.602

0.804

0.435

0.302

Rickettsia felis

0.379

0.479

0.265

0.284

0.102

0.300

0.600

0.476

0.522

0.701

0.061

Malaria (P. malariae)

0.315

0.000

0.619

0.713

0.000

0.000

0.307

0.551

0.195

0.468

0.301

Bwamba

0.293

0.501

0.000

0.179

0.301

0.214

0.153

0.060

0.503

0.955

0.062

Tataguine

0.081

0.029

0.087

0.000

0.202

0.396

0.098

0.000

0.000

0.000

0.000

Table E.4: Elicited multi-attribute loss by experts (E1 to E10) presented in descending order
of average multi-attribute loss
Average

E1

E2

E3

E4

E5

E6

E7

E8

E9

E10

Malaria (P. falciparum)

0.855

0.885

0.969

0.885

0.894

0.736

0.901

0.716

0.955

0.648

0.965

Rift Valley Fever

0.762

1.000

0.705

0.916

0.923

0.726

0.718

0.931

0.973

0.134

0.596

Lymphatic filariasis

0.687

0.462

0.850

0.671

0.712

0.429

0.664

0.732

0.807

0.920

0.623

Malaria (P. vivax)

0.624

0.294

0.859

0.814

0.845

0.287

0.329

0.475

0.870

0.505

0.964

Malaria (P.ovale)

0.494

0.051

0.638

0.595

0.761

0.197

0.258

0.263

0.874

0.615

0.694

Ngari

0.493

0.574

0.227

0.321

0.718

0.725

0.160

0.870

0.865

0.410

0.058

Malaria (P. malariae)

0.484

0.025

0.613

0.551

0.211

0.581

0.366

0.268

0.892

0.646

0.684

Onyong-nyong

0.460

0.568

0.254

0.252

0.238

0.508

0.305

0.710

0.621

0.586

0.563

Bwamba

0.386

0.316

0.102

0.226

0.385

0.569

0.256

0.398

0.760

0.693

0.156

Rickettsia felis

0.325

0.176

0.382

0.073

0.242

0.633

0.482

0.142

0.727

0.318

0.074

Tataguine

0.252

0.070

0.073

0.155

0.269

0.651

0.215

0.351

0.221

0.336

0.178
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Structured Prioritisation of Pathogens
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in Africa: Pre-Elicitation Document
CSIRO Data61 Ecological and Environmental Risk
October 30, 2019
Prepared for the Foundations of the National Institutes of Health
Preparatory material for expert elicitation session
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Commonwealth Scientific and Industrial Research Organisation (CSIRO)
Castray Esplanade, Battery Point 7000, Tasmania, Australia
Telephone : +61 3 6232 5222

Copyright and disclaimer
c 2019 CSIRO To the extent permitted by law, all rights are reserved and no part of this publication covered by copyright may be reproduced or copied in any form or by any means except
with the written permission of CSIRO.

Important disclaimer
CSIRO advises that the information contained in this publication comprises general statements
based on scientific research. The reader is advised and needs to be aware that such information
may be incomplete or unable to be used in any specific situation. No reliance or actions must
therefore be made on that information without seeking prior expert professional, scientific and
technical advice. To the extent permitted by law, CSIRO (including its employees and consultants) excludes all liability to any person for any consequences, including but not limited to all
losses, damages, costs, expenses and any other compensation, arising directly or indirectly from
using this publication (in part or in whole) and any information or material contained in it.

66 | CSIRO Pathogen Prioritisation Final Report

Contents
Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1

1 Welcome to the expert elicitation session . . . . . . . . . . . . . . . . . . . . .

2

2 Pathogens vectored by Anopheles gambiae s.l. in Africa . . . . . . . . . . . . .

4

3 Elicitation Session Information . . . . . . . . . . . . . . . . . . . . . . . . . . .

9

4 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

18

Structured Prioritisation of Pathogens: Pre-Elicitation Document | i

CSIRO Pathogen Prioritisation Final Report | 67

ii | Structured Prioritisation of Pathogens: Pre-Elicitation Document

68 | CSIRO Pathogen Prioritisation Final Report

Background
Contemporary malaria control interventions – insecticide treated bed nets, indoor residual spraying and artemisinin based combination therapy – have dramatically reduced the
burden of malaria in Africa (Bhatt et al., 2015). Despite this progress, however, malaria
continues to exert a considerable toll causing 451,000 and 435,000 deaths globally in 2016
and 2017 respectively, with just over 90% of this mortality occurring in Africa (World Health
Organisation, 2018).
The on-going malaria burden, together with increasing rates of insecticide resistance in
malarial vector mosquitoes (Wiebe et al., 2017a), has motivated proposals to develop alternative control strategies, including genetic methods such as gene-drives to modify Anopheles stephensi (Gantz et al., 2015) and suppress Anopheles gambiae populations (Hammond
et al., 2015). To date gene-drive based control methods have been developed under carefully controlled laboratory conditions but may at some point move to field trials.
Scientists have identified a number of potential harmful outcomes that may occur if genedrive modified mosquitoes are released into wild populations (see for example Roberts et al.,
2017; Hayes et al., 2018). Various hazards have also been identified in committee reports
(NASEM, 2016), workshop reports (Drinkwater et al., 2014), at consultative meetings on
the use of gene drive technology and so-called “self-” or “soft-” governance documents that
address genetically modified mosquitoes (Benedict et al., 2008; UNEP, 2010; WHO-TDR
&FNIH, 2014; UNEP, 2016; James et al., 2018).
A commonly cited hazard is the possibility that genetic modification will alter the way in
which transgenic mosquitoes spread pathogens. Benedict et al. (2008), for example, identify
an increase in vectorial capacity1 or vector competence2 of non-target pathogens as a potentially important unintentional effect of transgenesis. UNEP (2010) and UNEP (2016) note
that mosquitoes transmit several pathogens to human beings and animals, and the creation
of a transgenic mosquito in which the capacity for transmission of one of these pathogens
has been modified, may enhance its ability to transmit other pathogens. Similarly, James
et al. (2018) identify changes in the vectorial capacity of Plasmodium or other pathogens
carried by Anopheles gambiae as a prominent safety consideration.
The possibility that transgenesis might somehow alter the vectorial capacity or vector
competence of target or non-target pathogens raises the question of how to appropriately
determine the scope of a risk assessment in order to adequately address this hazard. The
objective of this project is to develop a structured process for excluding or including, and
subsequently prioritising, pathogens for the purposes of scoping risk assessments for contained use or field releases in sub-Saharan Africa of genetically modified mosquitoes.
This analysis is designed to support risk assessments that are being conducted by
CSIRO for contained use and release of genetically modified An. gambiae and An. coluzzii
mosquitoes. For the purposes of this analysis target pathogens are defined as the four different species of malaria-causing protozoa that occur in Africa. Non-target pathogens are
defined as all other pathogens that are known to be transmitted to humans or animals by
mosquitoes in the An. gambiae complex.

1

A numerical index of the potential for a mosquito population to transmit a pathogen
The genetic capability of a mosquito to serve as a host for the complete development and/or replication of a
pathogen
2
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1

Welcome to the expert elicitation session

This document provides information about expert elicitation process. Details are provided on the
overall approach and methods. It should be read before beginning the web-based remote elicitation session and in conjunction with the on-line tutorial. Please contact the CSIRO facilitators
if you have further questions or would like to request information about specific details.

Goal of this elicitation
The goal of this elicitation is to prioritise pathogens vectored by Anopheles gambiae sensu lato
in the African region. Ten pathogens have been identified in Table 2.1. Some of these are rare,
and in some cases not much is known about them. Others have a great deal of associated
information with respect to transmission rates, severity and clinical responses. Each pathogen is
given a summary description in Table 2.1. This elicitation session compares the consequences
of a novel case introduced into a susceptible population.
The elicitation session will use a structured approach to document your expert assessment
based on your domain experience, your expertise, theory and scientific literature. We will record
any commentary that you wish to document while contributing your assessment. The method deliberately allows for uncertainty that may arise from knowledge gaps or variability for the impacts
of each pathogen.

Remote session expectations
The elicitation session has been designed to tackle a challenging problem, and it depends on
collaboration and cooperation with you, the expert. This cooperative effort is made more challenging by the remote elicitation. This document will:

• Give an overview of how to participate

• Provide a detailed breakdown of each step

• Provide defined concepts and scenarios to assist in the prioritisation.

For this session, you will be asked to contribute your knowledge and expertise while responding
to presented scenarios. The elicitation stages are as follows:
1. Read and agree to the participant information sheet,
2. Review project brief given in this document: scope, description and background,
3. Education on expert elicitation: if helpful, additional supporting details of a technical nature
are found in the information boxes in this document,
4. Start elicitation session: you will be provided with a personal link to the web-based elicitation.
The goal is to elicit a probabilistic description that is a reasonable approximation of your beliefs
after reading this document, which includes a description of 10 pathogens. You are welcome to
conduct further research on any or all of these pathogens if you desire, but you are not required to
do so: This project seeks to summarise your comparison of these pathogens given your current
state of knowledge, and deliberately allows for uncertainty in your response.
This cooperative effort requires us to work within the confines of a model while seeking to describe your opinion. You will be given opportunity to trial out responses, and revise as necessary
given graphical and numerical feedback. We will always ask for your confirmation before finalising any given response.
2 | Structured Prioritisation of Pathogens: Pre-Elicitation Document
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Please read through this document in conjunction with the elicitation session. To support the
remote elicitation we have set up a web application complete with tutorial for your use. The
tutorial is available at the start of the elicitation session, a link to which has been provided to you.
During the elicitation session, the web application provides real-time graphical and numerical
feedback to you, so that you can compare your assessments with previous answers as you
progress. This process is demonstrated in the instructional tutorial.
If after reading through this document and working through the tutorial you have further questions
then please contact us via email at: ElicitationSupport@csiro.au. It is likely that other participants
will have similar questions to you, and so we will be updating a Frequently Asked Question page
which is accessible via a link provided in the online elicitation. Please also refer to this FAQ link
for further information.
A couple of guidelines to remember while participating in this remote elicitation session:

• Practice patience. The problem is new and challenging. It will take some thought and work

to assess, which can take time. Occasionally, points will need to be considered again (and
even again).

• Assessing expert opinion is a communication exercise, and please email us if you are
unsure about what’s being asked of you. We much prefer to address any confusion as it
arises. Our email addresses were provided in the invitation email sent to you previously.

Thank you for agreeing to participate!
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2

Pathogens vectored by Anopheles gambiae s.l. in Africa

The An. gambiae species complex
The An. gambiae species complex, or An. gambiae sensu lato (s.l.), consists of eight species
that are very difficult to distinguish morphologically:

• An. amharicus - freshwater species, previously known as An. quadriannulatus sp. B. Its

distribution is restricted to Ethiopia, where it is strongly associated with animal shelters or
mixed human/animal dwellings. Females are rarely found in human only dwellings and it
is not known to transmit malaria parasites (Coetzee et al., 2013).

• An. arabiensis - likely ancestral species of the complex (Ayala and Coluzzi, 2005), and

one of the most important vectors of human malaria in Africa. Freshwater species that is
better adapted to more arid, xeric habitats than the other two dominant malaria vectors
(An. gambiae and An. funestus), as reflected by its distribution that extends further north
into the Sahel, east into Ethiopia, Kenya, the Arabian peninsula and Somalia, and south
into the desert and steppe environments of Namibia, Botswana and southern Africa (Sinka
et al., 2012).

• An. bwambae - extremely limited distribution, known only from the vicinity of the Semliki

Valley and Buranga hot springs in Uganda where it breeds in brackish waters from the
geothermal springs. Thought to contribute to the local transmission of human malaria and
lymphatic filariasis (White, 1985).

• An. coluzzii - anthropophilic, freshwater species, previously described as An. gambiae “M

form”. One of the most important vectors of human malaria in Africa, distributed across
sub-Saharan Africa from northern Senegal in the west to east-central Africa, and south to
coastal Angola. Typically breeds in more permanent water bodies (typically irrigated sites)
such as rice fields, reservoirs and drainage ditches (Coetzee et al., 2013).

• An. gambiae sensu stricto - anthropophilic, freshwater species, previously described as

An. gambiae “S form”. One of the most important vectors of human malaria in Africa,
sympatric with An. coluzzii, but also extends into Madagascar. Typically breeds in habitats
that are ephemeral and rain-dependent (Coetzee et al., 2013).

• An. melas - brackish water, halophilic, sister species of An. bwambae with a narrow

coastal distribution confined to west African saltmarsh and mangrove environments (White,
1985; Ayala and Coluzzi, 2005). Appears to be an opportunistic biter, being described as
both anthropophilic and zoophilic (https://www.vectorbase.org/organisms/
anopheles-melas). Listed as a secondary dominant vector of human malaria in Africa
(Sinka et al., 2012).

• An. merus - halophilic species found in shallow brackish, tide-dependent pools and marsh
or swamp areas of the east African coast (https://www.vectorbase.org/organisms/
anopheles-merus). Listed as a secondary dominant vector of human malaria in Africa
(Sinka et al., 2012).

• An. quadriannulatus - zoophilic, exophilic, freshwater species, found in Southern Africa.
Not considered to be a vector of human malaria (https://www.vectorbase.org/
organisms/anopheles-quadriannulatus).
A current estimate of the range of Anopheles gambiae s.l. is given in Figure 2.1. This estimated
range will define the spatial scope of the elicitation session as detailed below in Section 3.
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Figure 2.1: The shaded area gives the mean modelled relative probability of occurrence for
Anopheles gambiae s.l. (Wiebe et al., 2017b) as updated by the Malaria Atlas Project, accessed
23 July 2019 from https://map.ox.ac.uk/. Within the shaded area, white gives an estimated zero probability of presence for the Anopheles gambiae species complex and black gives
an estimated probability of one for presence of the Anopheles gambiae species complex. The
spatial scope is defined by the range of Anopheles gambiae s.l. on the African continent and
also offshore islands of the African region where Anopheles gambiae s.l. is present such as
Mauritius, Madagascar, Comoros and São Tomé and Prı́ncipe. Although not visible on the map
above, Anopheles gambiae s.l. is also present in Cabo Verde (DePina et al., 2018).
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Pathogens for consideration
The pathogens considered in scope for this study are those that satisfied both of the following
criteria:
1. Empirical evidence, from the field of laboratory, which indicates that mosquitoes in the An.
gambiae species complex act as competent vectors and transmit the pathogen; and,
2. The pathogen is present in Africa.
These pathogens are described in Table 2.1. The study is focused on human and animal
pathogens that occur in Africa. It therefore excludes:

• viruses such as Eilat virus (EILV), Anopheles associated C virus (AACV), Anopheles C

virus (AnCV), An. gambiae Densovirus (AgDNV) and Anopheles cypovirus (AnCPV) that
cannot infect or replicate in vertebrate cells (Ren et al., 2014; Nasar et al., 2012); and,

• pathogens such as rabbit fever (Francisella tularensis), dog heartworm (Dirofilaria immi-

tis), the human botfly (Dermatobia hominis), Ross river virus, equine encephalitis viruses
(Eastern, Western and Venezuelan), other encephalitis viruses (e.g., Japanese, Murray
Valley and St Louis) and Plasmodium knowlesi that are known to be transmitted between
mosquitoes and humans but are not presently recorded in Africa.
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Table 2.1: Pathogens that meet the criteria for inclusion in the pathogen prioritisation.
Name
Bwamba

Lymphatic filariasis

Malaria (Plasmodium falciparum)

Malaria (Plasmodium vivax)

Malaria (Plasmodium ovale)

Malaria (Plasmodium malariae)

Ngari

O’nyong-nyong

Brief description
Orthobunyavirus widespread across Africa. An. gambiae considered to be one
of the main vectors (Lutwama et al., 2002). One of the most common arthropodborne disease in Africa despite low rates of diagnosis (Braack et al., 2018).
Identified by World Health Organisation (2017a) as a potential epidemic threat
but upon examination insufficient information found to warrant its inclusion in the
2017 annual review of emerging diseases. It is not mentioned in the subsequent
2018 annual review. In humans causes a relatively severe but non-fatal fever
lasting 4–5 days (Gonzalez and Georges, 1988)
Known to be transmitted by mosquitoes in the An. gambiae complex. Causes a
painful and profoundly disfiguring disease commonly known as Elephantiasis,
most usually caused by infection with Wuchereria bancrofti (Lok et al., 2000).
In 2017 more than 38 million people worldwide were estimated or reported to
be infected (World Health Organisation, 2017b).
Known to be transmitted by mosquitoes in the An. gambiae complex. Accounts
for 99% of malaria cases in the WHO African Region, as well as in the majority
of cases in the WHO regions of South-East Asia (63%), the Eastern Mediterranean (69%) and the Western Pacific (72%) (World Health Organisation, 2018)
Mosquitoes in the An. gambiae complex incriminated as vectors through the
detection of P. vivax circumsporozoite proteins in wild-caught specimens (Battle
et al., 2012). Accounts for 0.3% of malaria cases in Africa, but the predominant
parasite in the WHO Region of the Americas, causing 74% of malaria cases
(World Health Organisation, 2018)
Known to naturally infect An. gambiae mosquitoes (Collins and Jeffery, 2005).
Endemic throughout sub-Saharan Africa but reported rates of prevalence are
generally low (less than 10%). Causes milder forms of malaria with a low parasitaemia (Collins and Jeffery, 2005). Reports of severe malaria due to P. ovale
infections are rare but may be under-reported (Strydom et al., 2014)
Experimental infection demonstrated in An. gambiae mosquitoes, its distribution coincides with P. falciparum and in endemic areas of Africa infections of P. malariae are mixed with P. falciparum (Collins and Jeffery, 2007).
Found worldwide, but often referred to as “benign malaria” because the symptoms it causes are not as serious as those produced by P. falciparum or
P. vivax (https://scientistsagainstmalaria.net/parasite/
plasmodium-malariae)
Orthobunyavirus that causes potentially fatal haemorrhagic fever. Febrile cases
in humans have been previously misdiagnosed as Malaria or Rift Valley Fever
(Braack et al., 2018). Single isolation reported from An. gambiae complex
mosquitoes collected in the Senegal River Basin (Gordon et al., 1992). Odhiambo et al. (2014) demonstrate experimental infectivity and transmission by
bite to mice.
Alphavirus that causes fever, severe joint and back pain, lymphadenopathy and
an irritating rash in humans. Classified by the World Health Organisation as
a potential emerging vector-borne disease for which global data are currently
limited (World Health Organisation, 2017b). Unusual among the alphaviruses
in that it is primarily transmitted by anopheline mosquitoes. An. gambiae vector
competence experimentally confirmed by Vanlandingham et al. (2005)
Continued on next page
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Name
Rickettsia felis

Rift Valley Fever

Tataguine

Table 2.1 – continued from previous page
Brief description
Emergent rickettsial pathogen that causes a typhus- or dengue-like illness in
humans, hence infections may be misdiagnosed and under-reported (PérezOsorio et al., 2008). Present in cat flea populations across the world. Identified
as an important cause of unexplained fever in sub-Saharan Africa (Dieme et al.,
2015). Classified by the World Health Organisation as a potential emerging
vector-borne disease for which global data are currently limited (World Health
Organisation, 2017b). Isolated from An. gambiae s.s. in 2012 (Socolovschi
et al., 2012) and experimental transmission to mice demonstrated in 2015
(Dieme et al., 2015)
Phlebovirus that usually presents in an epizootic form over large areas following heavy rains and sustained flooding. Causes abortion and neonatal mortality primarily in sheep, goats and cattle. Transmission to humans usually occurs through contact with infected animals, although transmission to humans can occur following bites of infected mosquitoes. An.
arabiensis identified as a competent vector (Seufi and Galal, 2010). In
humans causes symptoms that vary from a mild flu-like illness to lethal
haemorrhagic fever. There have been nine severe outbreaks of RVF in
humans across Africa since 2000 (https://www.who.int/en/newsroom/fact-sheets/detail/rift-valley-fever).
Orthobunyavirus first reported as isolated from An. gambiae in 1966. Thought
to be widespread throughout Africa, having been implicated in cases of febrile
illnesses throughout sub-Saharan Africa, mainly Senegal, Nigeria, Cameroon,
Ethiopia, and the Central African Republic (Simo Tchetgna et al., 2019). Usually causes a generally mild illness and may therefore be under-reported (Fagbami and Tomori, 1981). An. gambiae s. l. reported by White (1974) to be a
major natural vector of Tataguine virus
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Elicitation Session Information

The elicitation session take place in three phases. In Phase 1 you will assess each pathogen
against three separate criteria, referred to as metrics from here onwards: Efficiency of Transmission, Difficulty of Treatment and Severity of Infection. In Phase 2, you will assess combinations
of the Phase 1 metrics against a metric of overall impact, which will be defined to account for the
ability of African countries to meet stated goals and aspirations for community health and nutrition. In Phase 3 you will be asked if you have knowledge or experience with vector competence
assays involving An. gambiae s.l. If you have relevant knowledge or experience, this final Phase
asks you to describe the practical aspects of assessing variations in vector competence across
strains of the An. gambiae species complex.
Your expert assessment is your subjective opinion. There is no clear right or wrong answer to
these questions, which is why we are asking you for your expert opinion. Your responses may
sometimes also be uncertain for particular pathogens. The elicitation method can capture your
uncertainty using probability. This interpretation is explained in more detail below.

Spatial Scope
The spatial scope considers all countries within the African region as defined by the United
Nations geoscheme3 that are within the range of Anopheles gambiae s.l. Figure 2.1 shows the
estimated range of Anopheles gambiae s.l. The spatial scope includes the range of Anopheles
gambiae s.l. on the African continent and also island countries or territories of the African region
where Anopheles gambiae s.l. is present, such as Madagascar, Mauritius, Comoros and São
Tomé and Prı́ncipe. Anopheles gambiae s.l. is also found in Cabo Verde (DePina et al., 2018).

Scenario
You will be asked to evaluate each pathogen in the context of the following scenario:
Scenario. Consider the consequences of a single infectious human of pathogen X introduced
into a susceptible (uninfected) population in the spatial scope (defined above), which may
include an urban, peri-urban or rural environment. The single infectious case may occur
anywhere in the spatial scope sometime in the year 2020.
Please note that the above scenario asks you to imagine the pathogen being introduced into a
fully susceptible African population. For example, in the case of the malaria parasite Plasmodium
falciparum, you’ll be asked to first imagine an Africa without this pathogen, then imagine the
introduction of the pathogen as described above.
The formulation of this scenario is designed to focus attention on the impact of each pathogen
on a population that lacks immunity or premunition. The scenario thereby places the evaluation
of each pathogen in Table 2.1 on an equal basis.

Phase 1: Impact metrics
In Phase 1, you will be asked to rate each pathogen against three metrics of impact on a zero
to 1 scale. Zero will accord with the scenario of the pathogen(s) in Table 2.1 believed to have
the lowest impact. The score of one will be assigned for the pathogen(s) in Table 2.1 believed
to have the highest impact on a given metric. Any other pathogen in Table 2.1 must score within
zero and one (inclusive).
3

United Nations regions are listed here:
https://unstats.un.org/unsd/methodology/
m49/.
A map of the UN Africa region is available here: https://en.wikipedia.org/wiki/
United Nations geoscheme for Africa.
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This process will be repeated for each pathogen, where each pathogen is scored between 0 (low
impact) and 1 (high impact) for each metric. Pathogens can have the same scores for any given
metric. The metrics are defined with respect to the spatial scope of the elicitation exercise as
described above. The prioritisation procedure requires each pathogen to be scored against the
following metrics:
Metric 1: Efficiency of Transmission. This considers the entomological inoculation rate (EIR),
which is the daily number of infectious mosquito bites per person. The EIR includes the key
factors: (1) the probability that an uninfected and susceptible human becomes infectious
after being bitten by an infectious mosquito, (2) the probability that an uninfected and
susceptible mosquito becomes infectious after biting an infectious human, (3) the expected
lifespan of an infected mosquito, and (4) the daily number of bites on humans made by a
mosquito.
The pathogen(s) that is (are) the least transmissive is (are) scored as 0. The pathogen(s)
that is (are) the most transmissive is (are) scored as 1.
Metric 2: Difficulty of Treatment. This considers the likely amount of time required for a newly
infected human or animal that is either directly or indirectly linked to the original scenario
to be discovered and correctly identified given the current level of medical and veterinary
surveillance in the spatial scope; and then adequately treated such that it is removed from
the pathogen transmission cycle, and hence does not contribute to a potential epidemic,
given the current level of medical and veterinary resources in the spatial scope.
The pathogen(s) that is (are) the easiest to treat is (are) scored as 0. The pathogen(s) that
is (are) the most difficult to treat is (are) scored as 1.
Metric 3: Severity of Infection. This considers the level of severity experienced by infected human [or animal] cases including both morbidity and mortality.
The pathogen(s) that is (are) the least severe is (are) scored as 0. The pathogen(s) that is
(are) the most severe pathogen(s) is (are) scored as 1.
For example, if the worst pathogen to treat is pathogen X, then the “Difficulty of Treatment”
attribute is scored 1 for pathogen X. The easiest pathogen to treat, say W, is scored 0 (see
Figure 3.1). Any other pathogen must be scored between 0 and 1 for “Difficulty of Treatment”.
If pathogen Y is just as difficult to treat as X, that is, both pathogens are the most difficult to
treat of the set, then pathogen Y is also scored as 1 on this metric. A pathogen with an exactly
intermediate difficulty of treatment between the two extremes, say pathogen Z, is scored 0.5. A
pathogen with an exactly intermediate difficulty of treatment between W and Z, say pathogen M,
is scored 0.25.
You may be uncertain about exactly how to score pathogen against a metric. The method used
here has the probabilistic interpretation defined in Box 1. The impact score is always between
zero and one, 0 ≤ p ≤ 1, and is interpretable as a probability, which allows you to express
uncertainty in your response. You are welcome to contact us to further discuss this probabilistic
interpretation (typically these concepts would be introduced in face-to-face sessions). The education component can be more difficult for remote elicitations such as this one. The 0 to 1 scale
may still be used even if you do not find the probabilistic interpretation provided by Box 1 personally useful to explicitly guide your scoring, however, you may find the probabilistic interpretation
as helpful background. The on-line tutorial provides a hands-on example to work through.
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Figure 3.1: An illustrative example for pathogens plotted against the second Phase 1 metric,
Difficulty of Treatment. A score of zero indicates that the anticipated difficulty of treatment for the
pathogen is among the least out of all pathogens considered (lowest impact), whereas a score of
one indicates that the difficulty of treatment is one of the greatest (highest impact). The standard
comparison for pathogen Z is highlighted in the red box. See text for further discussion and also
Box 1 for the probabilistic interpretation.
Box 1: Probabilistic interpretation of scoring the impact metrics.
The elicitation session allows you to express your uncertainty while comparing pathogens.
This probabilistic interpretation of scoring impact asks you to compare two possible realities: 1) a “certain option”, where the pathogen that you are evaluating is introduced with
certainty, or 2) an “uncertain option”, where a pathogen with the highest impact (i.e., a
pathogen scored as one) is introduced with probability p or a pathogen with the lowest impact (i.e., a pathogen scored as zero) is introduced with probability 1 − p. The probability
p by which you are indifferent between the certain option and the uncertain option is the
score for that pathogen.
As an example of the probabilistic interpretation of Box 1, consider again Figure 3.1. Pathogen
W is the easiest to treat and pathogen X among the most difficult. Consider pathogen Z, which
has an a treatment difficulty intermediate between pathogen W and X. Setting p = 0.5 is the
same as saying you are indifferent between the certain option of introducing pathogen Z and the
uncertain option with 50/50 chance (equivalently, 0.50 probability or equal odds) of introducing
either pathogen W or X. Similarly, pathogen M has a treatment difficulty intermediate between
pathogen W and Z. In this case, setting p = 0.25 is the same as saying you are indifferent
between the certain option of introducing pathogen M and the uncertain option with 25% chance
of introducing pathogen X and 75% chance of introducing pathogen W.
You may wonder if the scale can be used to compare a certain option against a uncertain option
with alternative pathogens other than the extremes at 0 or 1. The answer is in fact yes. It turns
out, for example, that Figure 3.1 also says that you are indifferent between the certain option of
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Figure 3.2: An illustrative example for pathogens plotted against the second Phase 1 metric,
Difficulty of Treatment. The local comparison for pathogen Z is highlighted in the red box. See
text and Box 2 for further discussion.
introducing pathogen Z and the uncertain option with 2/3 chance of introducing pathogen M and
1/3 chance of introducing pathogen X (Figure 3.2). The calculations are not shown here (see
Box 2), but these supporting calculations will be provided for your reference automatically during
the web application. Similarly, you would be indifferent between the certain option of introducing
pathogen M and the uncertain option with 50/50 chances of introducing either pathogen W or Z.
Box 2: Standard comparison and local comparison.
The 0-1 scale has a convenient probabilistic interpretation as discussed in Box 1. During the elicitation session, you will be introduced to a “standard comparison” and ”local
comparison”. The standard comparison uses the lowest and highest pathogens for the
probabilistic interpretation. For additional information, which you may or may not find useful, an additional local comparison is provided as another check. The local comparison
uses the nearest pathogens that are ranked above or below for the probabilistic interpretation. A demonstration is provided in the web-based tutorial.
The standard comparison directly corresponds with the 0-1 scale. The local comparison
provides a localised check relative to the current pathogen’s nearest neighbours; this
additional information may sometimes be helpful but it is not required that you make use
of it.
Now consider pathogen Y using the probabilistic interpretation. Pathogen Y has the maximum
difficulty of treatment, which is equivalent to that of pathogen X. Therefore you would be indifferent to a choice between the certain option option of introducing pathogen Y and the uncertain
option for pathogen W or pathogen X only if pathogen X is obtained with probability p = 1. This
is just another way of saying that pathogen Y and X are equivalent for this metric. Choosing
p = 1 actually converts the uncertain option into the option of introducing pathogen X for certain. Analogously, setting p = 0 would convert an uncertain option into the option of introducing
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a pathogen with the lowest impact (that is, one with zero score) for certain.
We draw discussion of Phase 1 to a close by saying again that you will be asked to score each
pathogen for impact against the metrics on a 0 to 1 scale. The probabilistic interpretation is
provided here as background, but you are not compelled to explicitly make use of it.

Phase 2: Metric of Overall Impact
In Phase 2, the impact metrics addressed in Phase 1 are now assessed with respect to the toplevel “Metric of Overall Impact”. The relative impact of the various metrics are assessed against
the following:
Metric of Overall Impact: Consider the impact of the attributes on the ability of countries within
the spatial scope to reach African Union Agenda 20634 Aspiration 1, “A Prosperous Africa,
based on Inclusive Growth and Sustainable Development”, Goal 3, “Healthy and wellnourished citizens,” with a priority area in health and nutrition. This priority area is here
interpreted to include potential impacts on food security due to effects on livestock and
trade as well as human health metrics such as disability adjusted life years (DALYs5 ). The
temporal scope extends from 2020 until 2063, which corresponds to the time frame of
aspirations defined by African Union Agenda 2063. The spatial scope is as defined above
to include the range of An. gambiae s.l. on the African continent and islands of the African
region.
The metrics from Phase 1 are now assessed on their own merits, so no longer are questions
asked about specific pathogens. Rather, the Phase 1 metrics are in turn evaluated against the
“Metric of Overall Impact”: it can be thought that the metrics are used to describe the properties
of an unnamed, hypothetical or imaginary pathogen. Of course, the metrics from Phase 1 may
interact and so it is important to consider various combinations of these metrics. For example,
the “Difficulty of Treatment” may not be an important consideration for a hypothetical disease
that has very low “Severity of Infection”, but the story for treatment difficulty might change for
a disease with high severity of infection, and perhaps change again if that same pathogen also
has very high “Efficiency of Transmission”. At least, these are the kind of interactions that you
will be asked to consider. It is us up to you to decide how important these relationships are to the
top-level impact criterion. This is accomplished in this second phase of the elicitation session.
To aid interpretation, the properties of the hypothetical disease will be defined in relation to your
responses to the metrics of Phase 1. The same approach as developed in Phase 1 will be
used, but now the effect of the imaginary pathogen on the impact criterion will be defined for
combinations of Phase 1 metrics.
Looking at the extreme cases first, the “Metric of Overall Impact” is assigned to be zero if the
imaginary pathogen can be described as having the same impact as the pathogen with the lowest impact for each Phase 1 metric. The pathogens with the lowest impact may all be different
across the three metrics, depending on your responses from Phase 1. In any case, the hypothetical pathogen has the characteristics of the least transmissible, the easiest to detect and
4

The AU Agenda 2063 report is available from www.Agenda2063.au.int.
The World Health Organisation provides the following definition: “One DALY can be thought of as one lost year
of ‘healthy’ life. The sum of these DALYs across the population, or the burden of pathogen, can be thought of as
a measurement of the gap between current health status and an ideal health situation where the entire population
lives to an advanced age, free of pathogen and disability.” Accessed 22 July 2019 from https://www.who.int/
healthinfo/global burden pathogen/metrics daly/en/.
5
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treat, and the least severe infections from the pathogens considered in Phase 1. Therefore this
combination receives a score of zero because it has the lowest possible impact.
The “Metric of Overall Impact” is assigned to be one if the imaginary pathogen can be described
as having the same impact as the pathogen of highest impact for each Phase 1 metric. Again,
the most impactful pathogen might not be the same pathogen for each of the three metrics.
The hypothetical pathogen now has the characteristics of being the most transmissible, the most
difficult to detect and treat, and the most severe infections from all pathogen reviewed in Phase
1. Therefore this combination receives a score of one because it has the highest possible impact.
The web application will then ask you to rate between 0 and 1 various combinations of the
metrics against the “Metric of Overall Impact” (see Box 3). In all cases, you will consider different
combinations of pathogens with either the lowest or highest impact across the three metrics
considered in Phase 1. Again, the various combinations may be thought of as describing an
unnamed, hypothetical or imaginary pathogen.
The first combination of metrics, where all metrics are equal to the pathogens of lowest impact
(equivalent to a pathogen with minimal impact), is defined to have a Metric of Overall Impact
of zero. The last combination of metrics, where all metrics are set equal to the pathogens of
highest impact (equivalent to a perhaps hypothetical pathogen with maximum impact on each
Phase 1 metric), is defined to have an Impact Criterion of one. Combinations in rows 2–4, in
turn, consider the maximum impact of each Phase 1 metric when all other Phase 1 metrics are
the least impactful. Also in turn, combinations in rows 5–7 consider the maximum impact of each
pair of metrics when the other metric is least impactful. The Metric of Overall Impact score is
always between 0 and 1 and is a probability, similar to the metric scores used in Phase 1.
The probabilistic interpretation of Box 1 introduced in Phase 1 also applies here to Phase 2 (see
Box 5 below). For example, consider the combination given in the second row of Box 3. In this
combination, the impact metric 1 “Efficiency of Transmission” is set to its maximum value of one,
whereas the other metrics are set to their minimum values of zero. The score elicited for this
combination, say p, has the following probabilistic interpretation: it says that you are indifferent
between the certain option of a scenario equivalent to this second combination and the uncertain
option with probability p of obtaining the worst scenario (equivalent to the last row of Box 3) and
probability 1 − p of obtaining the best scenario (equivalent to the first row of Box 3).
However, as in Phase 1, you are not required to explicitly calculate the probabilities if these are
not helpful to you. As in Phase 1, the various combinations may be similarly scored from 0 to 1
and judged in relation to each other. Also, as in Phase 1, your assessments in Phase 2 are your
own personal expert opinion that communicates to us your information and knowledge in a way
that allows transparent prioritisation of the pathogens in Table 2.1.

14 | Structured Prioritisation of Pathogens: Pre-Elicitation Document

82 | CSIRO Pathogen Prioritisation Final Report

Box 3: Metric of Overall Impact scoring. The full set of combinations that will be
progressively addressed through Phase 2 of the elicitation.
Combinations of metrics from Phase 1 are used to score an unnamed, hypothetical or
imaginary pathogen against the Impact Criterion. An important consideration is the possibility of interactions among the metrics. These interactions are assessed by asking
questions that take into account different combinations of Phase 1 metrics.
The pathogens with the lowest and highest impacts for each metric were determined
from Phase 1. Now focus turns to the properties of an imaginary pathogen that can be
described as equivalent to (weighted) combinations of these extreme pathogens. So, the
imaginary pathogen will be defined by:

• having an efficiency of transmission equal to either the least or most transmissible
pathogen,

• having a difficulty of detection and treatment equal to either the least or most difficult
pathogen to detect or treat, and

• having an infection severity equal to either the pathogen with either the least or most
severe infections.

Overall
Impact
0
?
?
?
?
?
?
1

Efficiency of Transmission
Least Impactful Pathogen
Most Impactful Pathogen
Least Impactful Pathogen
Least Impactful Pathogen
Most Impactful Pathogen
Least Impactful Pathogen
Most Impactful Pathogen
Most Impactful Pathogen

Impact Metrics from Phase 1
Difficulty of Treatment
Severity of Infection
Least Impactful Pathogen Least Impactful Pathogen
Least Impactful Pathogen Most Impactful Pathogen
Most Impactful Pathogen Least Impactful Pathogen
Least Impactful Pathogen Most Impactful Pathogen
Most Impactful Pathogen Least Impactful Pathogen
Most Impactful Pathogen
Most Impactful Pathogen
Least Impactful Pathogen Most Impactful Pathogen
Most Impactful Pathogen
Most Impactful Pathogen

A graphical depiction of the above table is provided in Box 4, in case it may be helpful to you (but
it may not be, don’t worry if it is not!).
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Box 4: A graphical depiction of the combinations of Phase 1 metrics explored in
Phase 2.
The below figure gives a graphical representation of the table in Box 3. The x-axis is
impact metric 1: Efficiency of Transmission; the y -axis is impact metric 2: Difficulty of
Treatment; and the z -axis is impact metric 3: Severity of Infection. The white circle marks
the combination of a pathogen with Phase 1 metrics equivalent to the pathogens of lowest
impact, which corresponds to the first row of the above table; the Metric of Overall Impact
score for this hypothetical pathogen is zero. The black circle marks the combination of
pathogens with highest impact; the Metric of Overall Impact score for this hypothetical
pathogen is one. All other gray circles correspond to the rows of the above table that have
unknown Metric of Overall Impact scores, which will be elicited from you in Phase 2 of the
elicitation session.

z

y
x
Box 5: Probabilistic interpretation of scoring the Metric of Overall Impact between
0 and 1.
The probabilistic interpretation of scoring the Metric of Overall Impact asks you to imagine
a disease that is described by the three metrics from Phase 1. Each combination given in
the table of Box 3 is then evaluated with respect to the defined “Metric of Overall Impact”.
The probabilistic interpretation of scoring impact asks you to compare two possible realities: 1) a “certain option”, where the imaginary pathogen that you are evaluating is
introduced with certainty, or 2) an “uncertain option”, where the imaginary pathogen of
highest impact (described by the last row of the table in Box 3) is introduced with probability p or the imaginary pathogen of lowest impact (described by the first row of the table
in Box 3) is introduced with probability 1 − p. The probability p by which you are indifferent between the certain option and the uncertain option is the score for that imaginary
pathogen. The Metric of Overall Impact score is always between zero and one.
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Phase 3: Vector competence assays
At the end of the elicitation session, participants will be asked if they have experience with or
knowledge of laboratory assay for vector competence with An. gambiae s.l. mosquitoes. If so,
you will be asked for each pathogen:
1. Is a laboratory assay of vector competence for this pathogen available?
2. If an assay is available, is there capacity/capability to perform the assay in Africa?
3. Do you have any other associated comments?
If you have relevant knowledge or experience with vector competence assays, this final section
provides an important opportunity to describe the practical aspects of assessing variations in
vector competence across strains of the An. gambiae species complex. Please think ahead of
time about your contributed responses as your comments and answers will provide important
context to this pathogen prioritisation study.
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