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Abstract
Background Pathogen whole genome sequencing (WGS) is being incorporated into public health
surveillance and disease control systems worldwide and has the potential to make signi�cant
contributions to infectious disease surveillance, outbreak investigation and infection prevention and
control. However, to date, there are limited data regarding: (i) the optimal models for integration of
genomic data into epidemiological investigations, and (ii) how to quantify and evaluate public health
impacts resulting from genomic epidemiological investigations. 

Methods We developed the Pathogen Genomics in Public HeAlth Surveillance Evaluation (PG-PHASE)
Framework to guide examination of the use of WGS in public health surveillance and disease control. We
illustrate the use of this framework with three pathogens as case studies: Listeria monocytogenes,
Mycobacterium tuberculosis and SARS-CoV-2.

Results The framework utilises an adaptable whole-of-system approach towards understanding how
interconnected elements in the public health application of pathogen genomics contribute to public
health processes and outcomes. The three phases of the PG-PHASE Framework are designed to support
understanding of WGS laboratory processes, analysis, reporting and data sharing, and how genomic data
are utilised in public health practice across all stages, from the decision to send an isolate or sample for
sequencing to the use of sequence data in public health surveillance, investigation and decision-
making. Importantly, the phases can be used separately or in conjunction, depending on the need of the
evaluator. Subsequent to conducting evaluation underpinned by the framework, avenues may be
developed for strategic investment or interventions to improve utilisation of whole genome sequencing. 

Conclusions Comprehensive evaluation is critical to support health departments, public health
laboratories and other stakeholders to successfully incorporate microbial genomics into public health
practice. The PG-PHASE Framework aims to assist public health laboratories, health departments and
authorities who are either considering transitioning to whole genome sequencing or intending to assess
the integration of WGS in public health practice, including the capacity to detect and respond to
outbreaks and associated costs, challenges and facilitators in the utilisation of microbial genomics and
public health impacts. 

Contributions To The Literature
This is a ‘�rst-in-�eld’ framework for the evaluation of whole genome sequencing (WGS)
implementation in public health surveillance and outbreak investigation. Although many studies
describe the use of WGS data in infectious diseases, there are currently no frameworks to assess its
utility.

The framework utilises a whole-of-system approach to understanding how interconnected elements
in the public health application of pathogen genomics contribute to public health processes and
outcomes.
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This framework responds to a global increase in pathogen WGS in surveillance systems and a
growing need for rigorous evaluation to support effective and e�cient integration of pathogen WGS
in public health.

Background
Whole genome sequencing (WGS) is being incorporated into public health surveillance and disease
control systems worldwide. The United States and the United Kingdom have both implemented national
WGS services [1, 2], and in 2016, 26 European countries reported the use of WGS in routine public health
practice [3]. The reduction in cost and advancement of portable sequencing technologies has continued
to increase accessibility for low-resource settings and low- and middle-income countries [4–6].

Two major applications of pathogen WGS in disease control are: (i) identifying and investigating
outbreaks and (ii) genomic surveillance of pathogens of public health importance. WGS has higher
discriminatory power than other genotyping methods and can divide clusters identi�ed through other
methods into more detailed groupings [7–9], and aid in mapping patterns of microbial relatedness across
different human, animal and environmental samples [10]. A key advantage of WGS is the transferability
of sequence data, which allows for rapid and interoperable national, international and cross-sectoral data
sharing. This enhances the capacity of surveillance systems to quickly detect related cases where
epidemiological links are di�cult to identify, such as geographically or temporally dispersed clusters
caused by wide food dispersion or long incubation periods [11–14].

For laboratories, the direct costs of transitioning to WGS may include: (i) the purchase of equipment and
consumables; (ii) changes in laboratory work�ows and methods, safety and training needs, and (iii)
workforce remodelling [1]. In addition, the generation, analysis, visualisation and storage of genomic data
requires appropriate bioinformatics and data management infrastructure. Different analyses and reports
may be produced based on the needs of diverse end users, and the reporting needs of end users may
change according to circumstance, such as during an outbreak investigation. At present, there are no
standardised guidelines for the reporting of genomic data and end users may �nd it di�cult to interpret
the data being provided to them. Moreover, there may be end user variability in understanding the uses of
genomics for public health, further impacting the utility of pathogen genomic data. Community
expectations, including anticipated bene�ts and ethical concerns around privacy and stigma also have
implications for how pathogen genomic data are used and the level of support and advocacy for its
incorporation into public health systems [15, 16].

To date, much of the literature on public health pathogen genomics comes from a research perspective.
As such, it is often retrospective, illustrating ‘proof of concept’, and does not account for public health
practice or outcomes [17–19]. Where there have been studies exploring the implications of public health
utilisation of microbial genomics in relation to speci�c pathogens, the examination of public health
practice has been undertaken in isolation from earlier steps such as sequencing and reporting practices,
which have a profound impact on the utility of sequence data [20]. Further, the processes of work�ow
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management, analysis and reporting have often been examined separately from the incorporation of
genomic data into public health practice [1, 21]. To our knowledge, there are no whole-of-system
evaluations of WGS in public health, nor any formal evaluation or implementation frameworks in this
area. Yet, such an evaluation is critical for continued improvement of current genomic implementations,
and to add to the evidence base available for other labs and jurisdictions currently embarking on this
undertaking. The potential bene�ts of evaluating WGS implementation are summarised in Table 1. For
these reasons, we developed the Pathogen Genomics in Public HeAlth Surveillance Evaluation (PG-
PHASE) Framework, underpinned by the principles of implementation science, to examine the impact of
WGS on public health. To illustrate application of the PG-PHASE Framework, we use three pathogens as
case studies: Listeria monocytogenes, Mycobacterium tuberculosis and SARS-CoV-2.

Table 1
Potential bene�ts of evaluating WGS implementation in public health surveillance

Potential bene�ts

Inform the development of appropriate guidelines and policies around the use of pathogen whole
genome sequencing in public health practice

Contribute to the body of evidence available regarding development of pathogen whole genome
sequencing capacity in a considered, informed way

Identify needed investment, infrastructure and training to successfully incorporate microbial
genomics into public health practice

Provide clarity around the expected outcomes of incorporating pathogen whole genome sequencing
in public health and evidence of whether these outcomes are being realised

Identify unexpected outcomes of pathogen whole genome sequencing in public health (either positive
or negative) and take appropriate action as necessary

Ensure the public health bene�ts of whole genome sequencing technology are equitably distributed
across the population

Identify and reduce ine�ciencies or redundancies in the system

Application of the PG-PHASE Framework against three case studies

A systems-based approach to evaluating WGS in public
health and infectious disease control
Hummelbrunner [22] conceptualises systems approaches as a way to understand interventions that
consist of elements that form inter-relationships within a whole. Under this model, the utilisation of
pathogen genomics in public health quali�es as a complex system, given the interrelatedness of the
individual elements, as well as residing within ‘the domain of the “unknowable,”’ where situations are
unique and previous experience is not directly applicable [22]. In evaluating such interventions, failure to
account for the interdependence present in a complex system risks an under-appreciation of the level of
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uncertainty faced by stakeholders and implementers, an underestimation of the in�uence contextual
factors have in the operation of the system, and misattribution of causal effects [22, 23].

The bene�ts arising from transition to WGS and its subsequent use in public health surveillance are
highly context dependent and rely on each part of the system working in conjunction with the others.
Ideally, analysis, reporting and translation into practice work together as interconnected parts of an
iterative process. Decisions regarding the selection and identi�cation of isolates for sequencing may be
informed by previously provided public health information, and WGS approaches need to be rapidly
adaptable in order to respond to new and emerging pathogens and AMR. Analysis and reporting are
dependent on the various needs of end users, which in turn are also in�uenced by the wider context. For
this reason, a whole-of-system approach is necessary to understand how each step in the process of data
generation, analysis and use are interconnected.

Methods
The Pathogen Genomics in Public HeAlth Surveillance Evaluation (PG-PHASE) Framework draws from
several approaches that encompass the major components of WGS implementation. The ‘Framework for
evaluating public health surveillance systems for early detection of outbreaks: Recommendations from
the CDC Working Group’ [24] has been used to conceptualise key elements. The PG-PHASE Framework is
concerned not only with the results from integrating WGS into public health practice, but also the means
by which outcomes are achieved. The ‘Process evaluation of complex interventions: Medical Research
Council guidance’ has been used to support an evaluation framework that enables examination of the
relationships between assumptions about how the system will work, implementation, system
mechanisms, outcomes, and contextual factors [25]. Finally, the structure of the evaluation framework is
directly informed by the three phases of the total testing process in clinical laboratories (the pre-
analytical, analytical and post-analytical phases) (Fig. 1). The three phases of the evaluation framework
and associated outputs, outcomes and indicators are provided in Supplementary Table 1 with data
collection methods outlined in Supplementary Table 2.

Phase 1: Pre-analysis and analysis

Given the relatively limited control the laboratory has regarding the pre-analytical phase (largely
encompassing specimen selection, collection and transport), the pre-analytical and analytical phases are
combined. This �rst phase focuses primarily on laboratory work�ow in transitioning and undertaking
WGS for the relevant pathogens (Fig. 1). Initial ‘�rst-level’ data analysis is performed on individual
sequences at this stage, including quality control, speciation, extraction of basic typing information and
identifying the presence or absence of relevant loci/genes such as AMR and virulence genes. Assessment
encompasses (i) changes to work�ow processes as ‘legacy’ laboratory methods are retired and pathogen
characterisation is transitioned to WGS; (ii) the number of samples processed and analysed in a de�ned
time period (e�ciency), and (iii) costings, including costs for staff, instrumentation (including robotics)
and reagents/consumables. Decisions regarding which samples are selected for sequencing and sample
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processing and analysis times are also assessed as part of this phase of the evaluation. Elements of
‘future-proo�ng’ practices to ensure the future useability of isolates and sequence data, including
adequate documentation of sample selection and how particular isolates are isolated, cultured, and
maintained may also be explored [26]. Laboratory data, such as numbers of samples analysed, and
purchasing data, such as reagent costs, may provide additional information. Interviews with laboratory
staff may be useful to understand the impacts of work�ow and other changes, such as change
management issues, training of staff in new processes and the adequacy of transition plans, while
interviews with end users may de�ne which isolates were selected for sequencing and why.

Phase 2: Reporting and communication

Phase two examines reporting and communication processes from the dual perspectives of the
laboratory and end-users. During this phase, ‘second-level’ analysis is undertaken, which relates �rst-level
�ndings to additional metadata and extends analysis to a group of sequences (as distinct from an
individual sequence) within the context of the request for analysis. Assessment in this phase
encompasses the timeliness and utility of genomic data presented, and the structures in place to
determine the most appropriate reporting formats and mechanisms, according to need. Reporting
processes may vary and should be assessed according to (i) context and (ii) end user (e.g.
epidemiologist, clinician, etc). Evaluation of reporting processes may include the frequency of reports,
level and type of information presented, visualisation of information, and adherence to information
design principles [21, 27]. Interviews with end users may include examination of intended use of genomic
data and questions posed to inform analysis; satisfaction with communication and reporting processes;
information retention; perceived utility of the information presented; and level of understanding of
information provided. Interviews with bioinformaticians and genomic epidemiologists can provide insight
into the various ways sequence data is being used in addition to routine reporting (e.g. sequence data
may be contributed to international databases, utilised in phylodynamic modelling or shared between
public health agencies). Interviews may explore processes of data sharing, including data governance
structures and legal or logistical barriers and facilitators. Through these interviews areas for two-way
learning may be identi�ed, where end users are able to strengthen their understanding of the data
provided and bioinformaticians and genomic epidemiologists are better informed about what information
is expected by end users and how it is intended to be used.

Phase 3: Implementation in public health practice

This phase consists of two parts. The �rst is a qualitative examination of how WGS data is integrated
into public health practice and used to complement or inform epidemiological investigations. Key
informant interviews can assess the perspectives of stakeholders regarding the acceptability, usefulness
and sustainability of pathogen genomics in public health. Key informants may include medical
professionals such as physicians, microbiologists and epidemiologists, representatives of public health
departments and hospital infection control units, and other stakeholders (e.g. regulatory agencies;
industry; community members). Interviews may explore possible applications and perceived utility or
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risks of pathogen genomics in infectious disease prevention and control. Data may be collected on how
the transition to WGS has affected public health decision-making, including con�dence in making
decisions based on the information provided, time to action and the types of decision-making enabled by
genomic data. In addition to interviews, data collected may include documented changes to public health
policy or the development of guidelines regarding the use of pathogen genomics in public health practice.

The second part of this evaluation phase is a quantitative examination of public health outcomes
following implementation of pathogen genomics, with traditional laboratory processes (e.g. legacy typing
methods) as a comparator. Relevant indicators may include epidemiological measures such as the
number of identi�ed cases, size, duration and number of identi�ed clusters, the proportion of cases linked
to clusters and the proportion of cases/clusters traced to a contamination source. Additional indicators
may relate to �nancial costs such as resource allocation for epidemiological investigations and infection
control investigations and actions; direct health care costs; �nancial losses relating to food-borne disease
outbreaks (e.g. food recalls); clean-up costs in relation to water and environmental outbreaks; and costs
associated with sick leave, both for employers in the form of reduced productivity and for employees as
loss of income. Data collection and analyses may vary signi�cantly depending on the epidemiology of
the pathogen under consideration, the type of data available and the context (i.e. routine surveillance or
outbreak investigation).

Results
The framework can be broadly applied to many pathogens; however, components of the evaluation may
vary according to the speci�c pathogen and / or disease. Using three case studies, we provide examples
of how the evaluation framework can be applied to a range of public health pathogens (Table 2 and
Supplementary table 3).

Case study 1: Listeria monocytogenes: Pre/post design

Listeriosis is a noti�able disease in many countries, including Australia and the United States [28–31].
WGS has emerged as a valuable tool for investigation of listeriosis outbreaks and is now routinely used
for genomic surveillance in several countries [32, 33]. Previous research has shown that the higher
discriminatory power of WGS can identify distinct nested clusters within groups of L. monocytogenes
isolates that were otherwise indistinguishable using other typing methods [34] and utility in identifying
contamination sources [35].

When there is availability of data prior to the introduction of WGS, a pre / post design can be used to
examine data in de�ned time periods before (based on previously used typing methods) and after
transitioning to WGS. Relevant variables to assess may include the number, size and geographical spread
of identi�ed clusters, the percent of isolates linked to a cluster, numbers of isolates/clusters traced to a
common source, number of ‘solved’ isolates/clusters, and the time taken to identify and resolve
outbreaks. Further, the evaluation could encompass the use of and contribution to international genomics
databases. Changes in costs relating to epidemiological investigation could be also be analysed, given



Page 9/16

the utility of WGS in ruling out transmission links. The evaluation could additionally examine trends in
food recalls due to L. monocytogenes, including the frequency and magnitude of recalls. This approach
allows for a comprehensive understanding of how the use of pathogen genomic data has affected the
identi�cation and characterisation of clusters across the surveillance system, as well as resulting effects
on public health outcomes and use of public health resources.

Case study 2: Mycobacterium tuberculosis: Retrospective analysis

Tuberculosis (TB) is the leading cause of death from a single infectious agent, with drug-resistant
tuberculosis identi�ed as a global health crisis [36]. The long incubation period and relatively high rates
of asymptomatic and undiagnosed infection mean that it can be di�cult to con�rm transmission through
epidemiological links alone. WGS has been shown to provide superior discrimination compared to other
typing methods and may be more cost-effective [37, 38]. Sequencing has been used to understand TB
transmission dynamics, including identifying super-spreader events [39] The use of WGS may therefore
support more e�cient and effective contact tracing, earlier and more appropriate treatment and the
initiation of focused public health interventions.

If historical isolates are available at the time of WGS, retrospective sequencing allows for examination of
the question: If WGS had been available during this time, what may have been done differently? Here, a
retrospective design may allow evaluators to examine practice and outcomes prior to transition to WGS
and compare against what would have been expected to occur if WGS had been available at that time.

Retrospective sequence data in combination with epidemiological data can be used to determine which
TB may have been identi�ed earlier, allowing for interventions to disrupt further transmissions. Estimates
can then be made regarding the number of possible cases averted along with attendant costs to the
health care system, including costs relating to epidemiological investigations that may not have been
needed. Given the retrospective nature of this approach, it would be important to incorporate a strong
understanding of how public health practice is informed by the use of pathogen genomic data, supported
by Phases 2 and 3 of the evaluation framework. Undertaking the evaluation in this way utilises a whole-
of-system approach to draw links between how TB genomic data is used and eventual public health
outcomes, enabling further re�nement of pathogen genomics-informed public health practice. Further,
this type of evaluation would provide evidence towards assessing the cost-effectiveness of WGS, which
may assist in decision-making regarding resource allocation and investment in pathogen genomics.

Case study 3: SARS-CoV-2: Mathematical modelling

From the �rst instance of genomic sequencing of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [40], WGS has been integrated into the global public health response to COVID-19. In
settings that use WGS, evidence of transmission and identi�cation of clusters using genomic data have
been highly in�uential in public health decision-making [13, 41–43]. If WGS was introduced alongside a
signi�cant shift in practice, or surveillance of the pathogen under consideration was recently introduced,
there may be a lack of appropriate ‘pre’ data. In the case of COVID-19, a reasonable evaluation question
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would therefore be: How has WGS contributed (i) to identi�cation of cases and outbreaks, and (ii) to
public health interventions? Public health data from similar contexts where WGS has not been used, in
conjunction with existing epidemiological data from the setting under consideration, could form the basis
of mathematical models to estimate differences in case numbers and characterised outbreaks. While
confounders would need to be accounted for in such a model, the aim would not be to arrive at absolute
numbers, but rather relative results, such as the proportion of unidenti�ed cases or the probability of
being able to detect outbreaks of a certain size with and without the use of genomics [44]. In the absence
of suitable comparative data, available epidemiological data may be examined to determine where
identi�cation of transmission events would have been uncertain, or where distinct transmission networks
may have been merged without the use of genomic data. Interviews with public health authorities may
strengthen understanding of how genomic data has been used in public-health decision-making and the
links between genomic data and eventual health outcomes. For laboratories that have used or
contributed to international sequence databases, this could also be captured as part of the evaluation.

Discussion
Given the large investments that many laboratories and public health agencies have made in applying
WGS to public health pathogen genomics [1, 45], it is essential to have a clear framework for evaluating
the clinical, public health and economic impact (positive and negative) of WGS implementation and to
derive the best value for money. Here, we present a framework for evaluating the use of WGS in public
health surveillance and disease control across all stages, from the decision to send an isolate for
sequencing and analysis, report development and delivery, to the use of sequence data in public health
surveillance, investigation and responses. The introduction of pathogen genomics into surveillance and
disease control systems has had considerable impact on how laboratory and public health systems
operate, with attendant uncertainty about the best approaches to: (i) facilitate the integration of genomic
data into epidemiological investigations; (ii) de�ne the necessary investment for pathogen genomics, and
(iii) evaluate public health impacts. The evaluation of public health programs and interventions, including
surveillance systems, is crucial to inform appropriate resource allocation, improve system
responsiveness, and ensure that program goals are being met [46, 47]. The three phases of the evaluation
are designed to support understanding of WGS laboratory processes, analysis, reporting and data
sharing, and how genomic data are utilised in public health practice. Importantly, the phases can be used
separately or in conjunction, depending on the need of the evaluator.

Conclusions
WGS is now a major part of public health surveillance and the control of infectious diseases, yet there are
no de�ned ways of measuring the overall utility of this approach. The current evaluation framework is
presented as a conceptual model, through a whole-of-system lens, to identify barriers and facilitators to
the acceptable utilisation of WGS in public health throughout the process. Rigorous evaluation is critical
for continued improvement in public health implementation of pathogen genomics and will increase
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clarity among stakeholders regarding expected outcomes and whether the aims of the program are being
achieved. Ultimately, it is our hope and expectation that utilisation of the evaluation framework will
support more effective and e�cient integration of pathogen WGS in public health, leading to improved
resource allocation, strengthened and more responsive surveillance systems and improved public health
outcomes.
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Figures

Figure 1

The three phases of the Pathogen Genomics in Public HeAlth Surveillance Evaluation (PG-PHASE)
Framework and associated topics and data collection methods.
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