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Abstract

Surveillance is essential for communicable disease prevention and control. Traditional notification of
demographic and clinical information, about individuals with selected (notifiable) infectious diseases, allows
appropriate public health action and is protected by public health and privacy legislation, but is slow and
insensitive. Big data-based electronic surveillance, by commercial bodies and government agencies (for profit
or population control), which draws on a plethora of internet- and mobile device-based sources, has been
widely accepted, if not universally welcomed. Similar anonymous digital sources also contain syndromic
information, which can be analysed, using customised algorithms, to rapidly predict infectious disease
outbreaks, but the data are nonspecific and predictions sometimes misleading. However, public health
authorities could use these online sources, in combination with de-identified personal health data, to provide
more accurate and earlier warning of infectious disease events-including exotic or emerging infections-even
before the cause is confirmed, and allow more timely public health intervention. Achieving optimal benefits
would require access to selected data from personal electronic health and laboratory (including pathogen
genomic) records and the potential to (confidentially) re-identify individuals found to be involved in
outbreaks, to ensure appropriate care and infection control. Despite existing widespread digital surveillance
and major potential community benefits of extending its use to communicable disease control, there is
considerable public disquiet about allowing public health authorities access to personal health data. Informed
public discussion, greater transparency and an ethical framework will be essential to build public trust in the
use of new technology for communicable disease control.
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Abstract
Surveillance is essential for communicable disease prevention and control. Traditional
notification of demographic and clinical information, about individuals with selected
(notifiable) infectious diseases, allows appropriate public health action and is protected
by public health and privacy legislation, but is slow and insensitive. Big data–based
electronic surveillance, by commercial bodies and government agencies (for profit or
population control), which draws on a plethora of internet- and mobile device–based
sources, has been widely accepted, if not universally welcomed. Similar anonymous
digital sources also contain syndromic information, which can be analysed, using
customised algorithms, to rapidly predict infectious disease outbreaks, but the data
are nonspecific and predictions sometimes misleading. However, public health authorities could use these online sources, in combination with de-identified personal health
data, to provide more accurate and earlier warning of infectious disease events—
including exotic or emerging infections—even before the cause is confirmed, and allow
more timely public health intervention. Achieving optimal benefits would require
access to selected data from personal electronic health and laboratory (including
pathogen genomic) records and the potential to (confidentially) re-identify individuals
found to be involved in outbreaks, to ensure appropriate care and infection control.
Despite existing widespread digital surveillance and major potential community benefits of extending its use to communicable disease control, there is considerable public
disquiet about allowing public health authorities access to personal health data. Informed public discussion, greater transparency and an ethical framework will be
essential to build public trust in the use of new technology for communicable disease
control.
Keywords Communicable Disease Surveillance . Big Data . Electronic Medical Records .
Pathogen Genomics
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Surveillance and Big Data are Everywhere
Like it or not, we are under constant, state-sanctioned surveillance (Hanley 2017),
which is officially “justified” on the grounds of national security, crime prevention,
road safety or public service improvement. Unofficially, retailers, goods and service
providers and advertisers monitor our preferences, behaviours and habits, for commercial gain—drawing on data provided by us, sometimes voluntarily,1 but often unwittingly. Masses of “anonymous” data about population movements, financial transactions and leisure activities are mined, from surveillance cameras, travel cards,
smartphones and tablets, wearable devices, internet searches, online orders, credit card
use and social media. These data are analysed, compared, integrated and traded without
our explicit consent. Surveillance has a long history, but modern technology has
revolutionised the accessibility, scope and speed of data collection and analysis.
“Big Data” refers to the rapidly escalating volume, complexity, variety and speed of
data acquisition. Big Data analytics is “the process of collecting, organising and
analysing large data sets, to discover patterns and generate useful, actionable information” (Garattini et al. 2017). There are risks and benefits associated with Big Data
analytics (Davis and Patterson 2012), but little public understanding of what they are,
what they depend on and how, if at all, individuals can influence their use. We often
assume that data are anonymous, because they do not contain primary identifiers, such
as our name or unique (e.g. social security or healthcare) number. Or we are told they
have been de-identified, by removal of primary identifiers and other personal data such
as address or date of birth. However, experts agree that data de-identification is, at best,
provisional because of the plethora of other “anonymous” data and metadata that can be
linked, to re-identify individuals (Lubarsky 2017). Even the most sensitive personal
data that banks, government agencies, healthcare providers or insurance companies
assure us are secure can be accidentally “lost”, deliberately leaked, sold or hacked, with
loss of privacy, identity or funds (Tanner 2017).
Big Data is used very effectively in marketing and some types of scientific research,
such as meteorology, but relatively little, so far, in healthcare, partly because of privacy
concerns and partly because data are often not digital (Bansal et al. 2016). However,
health service administrative data, patient medical records and laboratory reports are
rapidly being digitised. In the microbiology laboratory, for example, infectious disease
research and diagnostics have been transformed by nucleic acid–based pathogen
identification and genome sequencing, which are faster, more informative and more
amenable to digitisation than traditional culture-based “cottage industry” methods
(Gilbert 2002).
In this paper, we discuss the benefits, risks and ethical implications, for individuals
and the community, of the intersecting roles of healthcare digitisation, pathogen
genomics and Big Data analytics. Less attention has been paid to the application of
Big Data to pathogen genomics than to its application to human genomics but, despite
some major differences, there are parallels between them with respect to potential
benefits and ethical, legal and social implications (Mattick 2018; Mittelstadt and Floridi
Users of online applications consent to the collection and use of their data by accepting “Terms and
Conditions” as a condition of use, but the small print is so long and detailed that most of us do not read it
or understand the implications.

1
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2016; Middleton 2018). We argue that an ethical framework is needed, to guide the use
of new technologies in communicable disease surveillance and control.

Electronic Health Records—Benefits and Risks
Hospitals, general practitioners, diagnostic services, pharmacies, health insurance companies and government healthcare agencies already store personal health data electronically. Most people have several separate records, created by different agencies for
different purposes. A universal “cradle-to-the grave” personal electronic health record
(EHR), incorporating all personal heath data in a single repository, would have many
potential advantages. It would provide immediate access to actionable information in an
emergency and could be updated by, and shared among, authorised healthcare providers, as required; it would alert prescribers to drug allergies and interactions, prevent
unnecessary investigations and, by the use of personalised decision support systems,
provide enhanced diagnostic, therapeutic and prognostic information.
Despite potential benefits, relatively few countries have successfully implemented
universal EHRs. Denmark’s system, which is one of the most advanced in the world
(Rothstein 2008), has reportedly failed to realise its potential to improve healthcare
service delivery, in part because of failure to develop common technical standards for
health information exchange (Kierkegaard 2013). Wherever such systems have been
proposed, there are unresolved controversies about privacy, effects on doctor/patient
relationships and trust, whether individuals can opt out, who controls or can have
access to data and when consent is required, how to protect data from unauthorised use
or accidental loss (Fairweather and Rogerson 2001), and use of “de-identified” data for
ethically approved research. Many of these issues were widely canvassed in recent
debates about Australia’s (limited) My Health Record system (Bragge and Bain 2018;
Gillespie 2018).
A universal EHR system could have major benefits for healthcare research and
delivery. For example, “de-identified” aggregate data can be used to monitor the use,
outcomes and quality of health services and inform improvements or generate new
knowledge about disease epidemiology, such as spatiotemporal distribution or socioeconomic, environmental or “lifestyle” risk factors. This information would support the
development and evaluation of new treatments, preventive strategies or decision
support systems and help to address social determinants of disease (Hunter 2018;
Marmot 2001). Potential benefits would be attenuated if a substantial proportion of
the population were excluded or refused to participate, because of concerns about
privacy and data security, or if individual consent were required for access to deidentified data.
Data safety and security cannot be absolutely guaranteed, even with the best
technical standards. It is claimed that re-identification is straightforward (Teague
et al. 2017) (depending on the de-identification methods used); data can be hacked
(BBC World-Asia 2018) and, occasionally, data custodians betray public trust by
selling data for financial gain, to pharmaceutical, insurance or software companies
(Tanner 2017; Naughton 2017). The risks and potential consequences of misuse are
likely to be minimal, if optimal technical standards are applied, but there is often little
publicly available information on which to base an informed judgement. Nevertheless,
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universal EHRs could provide substantial benefits for patient safety and health resource
allocation. In the following sections, we argue that linking EHRs to person-specific
pathogen genomic data (and/or that of relevant nonhuman animal or environmental
pathogens) would enhance the timeliness, precision and effectiveness of public health
responses to infectious diseases emergencies.

Communicable Disease Surveillance and Outbreak Investigations
“Surveillance serves as the eyes of public health” (Fairchild et al. 2007) or “the finger
on the pulse of the health of a community” (Lee et al. 2012). The WHO defines
surveillance as the “…systematic ongoing collection, collation and analysis of data for
public health purposes and the timely dissemination of public health information for
assessment and public health response as necessary”(WHO, n.d). Communicable
disease surveillance dates back to, at least, the nineteenth century. Its purpose is to
identify and provide appropriate care of people affected by diseases of public health
importance and their immediate contacts; prevent the spread of disease; and detect,
investigate and control outbreaks. Recent infectious disease outbreaks and pandemics
have demonstrated its continuing importance (Box 1).
Box 1 Detecting exotic or emerging infections of high consequence
In late February 2003, a man, who had recently travelled to China, presented to a hospital in Hanoi with what
an astute clinician recognised as an unusual, severe acute respiratory syndrome (which would come to be
known as SARS). At about the same time, the Chinese Ministry of Health announced, belatedly, that an
outbreak of severe atypical pneumonia in Guangdong province had already claimed at least 300 lives, since
November 2002. Scientists and epidemiologists, from WHO’s Global Influenza Surveillance (GISN) and
Global Outbreak and Response (GOARN) networks, immediately began collecting and analysing
microbiological, clinical and epidemiological data. By mid-March, another 150 suspected cases of SARS
had been identified in Hong Kong, Singapore, Vietnam and Canada (Heymann and Rodier 2004).
Despite China’s delayed outbreak report, a massive global effort, led by WHO and GOARN, rapidly identified
a novel coronavirus (SARS CoV) as the cause. They documented modes of transmission, nosocomial
infections, risk factors and a high mortality, which enabled WHO to develop evidence-based guidance for
diagnosis, management, hospital infection control, quarantine and travel. Within 6 months, the global
spread of SARS had ceased, albeit only after it had spread to 29 countries on six continents, caused 8437
cases (of which 92% were in China) and 813 deaths, and cost the global economy an estimated US$54
billion (Knobler et al. 2004).
Similar delays in recognition and reporting of the 2013–2014 Ebola virus disease outbreak in West Africa led
to unprecedented cross-border transmission and, ultimately, > 28,000 cases and 11,000 deaths—mostly in
the three affected countries—before it was eventually brought under control by a massive, coordinated
international effort (Koch 2016a).

These outbreaks illustrate not only the serious risks for the source countries, of
inadequate surveillance and delayed outbreak detection, but also the benefits of
prompt public health intervention once outbreaks have been recognised. The SARS
(2003) and H1N1 influenza (2009) pandemics highlighted the importance of effective
communicable disease surveillance, for national and international health security. The
WHO International Health Regulations (IHR) (WHO 2008) provide a legal framework for disease detection and response. Many countries still do not comply with the
IHR, but WHO has increased their efforts to encourage and support implementation,
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especially in low- and middle-income countries. In most high-income countries,
communicable disease surveillance has been in operation for decades and credited
with rapid detection of novel disease incursions, such as Hendra virus in Brisbane,
1994 (Selvey et al. 1995), and West Nile virus in New York, 1999 (Sejvar 2003), and
national monitoring of pandemic influenza 2009 (NSW Public Health Network 2009)
as well as outbreak control. Methods used range from reports of unusual or suspicious
index cases by astute (medical or veterinary) clinicians to mandatory notification of
diseases of public health importance, syndromic surveillance and digital
epidemiology.

Notification of Communicable Diseases of Public Health Importance
Notification of communicable diseases, to central public health authorities, allows
coordinated public health action. Detection and investigation of outbreaks require
prompt, accurate laboratory diagnosis and follow-up of affected individuals. This
means that personal information—names, ages, addresses and relevant medical
data—is reported to public health authorities, often without the person’s knowledge
or consent. Patients and their contacts are questioned to determine the likely sources
and the extent of the outbreak. Patients are treated, if necessary, and may be isolated,
while they remain infectious, to prevent further spread; contacts, or occasionally whole
communities, may be quarantined (Koch 2016b), especially if preventive measures,
such as vaccination or antibiotic prophylaxis, are unavailable.
These interventions are intrusive and have been a source of controversy, since the
late nineteenth century, when physicians objected to tuberculosis surveillance, which
they claimed would encroach on the sanctity of the patient-doctor relationship (Shrady
1897). However, throughout most of last century, there has been widespread public
acceptance of name-based communicable disease surveillance of selected (prevalent,
serious and/or preventable) infectious diseases, based on a generally well-founded
assumption of privacy—i.e. that information will be conveyed only to those who need
to know. The benefits include development of evidence-based infection prevention,
disease control and health service planning strategies and the ability to monitor disease
epidemiology (Fairchild et al. 2017) and inform development of vaccines and
antimicrobials.
Collection and storage of personal data for communicable disease control are usually
protected by public health and privacy legislation. Until recently, it has been relatively
inefficient. Conventional paper-based disease notification, by mail or fax, and “shoeleather” outbreak investigations are slow. Hard copy records are “protected by chaos”
(Rothstein 2008) and difficult to access for unauthorised, inappropriate or even legitimate use, such as approved research. Culture-based laboratory diagnosis and referral of
isolates to a reference laboratory for strain typing takes days or weeks. By then,
important epidemiological information (such as food history) is often lost or forgotten
and the outbreak is likely to have spread. Recently, faster, more accurate pathogen
identification and strain typing methods, including whole-genome sequencing (WGS)
(Köser et al. 2012a), and automated laboratory reporting have improved the timeliness
of outbreak detection and provided more accurate microbiological information for
public health action.
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Outbreak Management Using Pathogen Whole-Genome Sequencing
Over the past 20 years, increasingly sophisticated genotypic methods have been developed for pathogen strain typing but, until recently, most have been expensive, timeconsuming and/or not particularly discriminatory and mainly used for retrospective
outbreak investigation. However, newer strain typing methods have been used routinely,
for several years, to improve detection of outbreaks due to, for example, Mycobacterium
tuberculosis (Merker et al. 2017), foodborne pathogens, such as Salmonella Enteritidis
and its numerous serovars (Campioni et al. 2015), and nosocomial pathogens such as
methicillin-resistant Staphylococcus aureus (O’Sullivan 2006). Pathogen whole-genome
sequencing (WGS) is the ultimate strain typing method. Recently, it has and is continuing
to become faster, less expensive and more informative than other genotypic methods and
is being introduced into routine use in public health laboratories (Ashton et al. 2016; Satta
et al. 2017; Inns et al. 2017; Gurjav et al. 2016). It promises to dramatically improve the
accuracy and speed of pathogen identification, antimicrobial resistance (AMR) profiling,
biological risk prediction, outbreak identification and pathogen tracking (ECDC 2016;
Quainoo et al. 2017), with definitive discriminatory power.
The value of WGS lies in the fact that microbial genomes change over time due to
point mutations of nucleotides—i.e. single nucleotide polymorphisms (SNPs)—which
occur at different rates between species and between different regions of the genome.2
Epidemiologically related isolates (i.e. from the same outbreak) are identical or different from each other by small numbers of SNPs, whereas differences between unrelated
isolates are much larger. As the pathogen spreads from person to person, differences
between the outbreak isolates’ genomes increase, as SNPs accumulate, but remain
small, compared with those between unrelated genomes. By comparing genomes of
outbreak isolates with each other and with a reference strain of the same pathogen, one
can infer the approximate date of onset and sequence of transmission events (Dudas
et al. 2017), from the number and positions of SNPs. WGS of related isolates can
confirm (or exclude) individual transmission events (Arnold et al. 2016), reveal who
infected whom, whether there are gaps in the order of transmission (Köser et al. 2012b),
which may indicate unrecognised cases or asymptomatic carriers. If relevant isolates
are available, it can identify an index case or common source (e.g. food) of widely
dispersed cases (Inns et al. 2017), and it can identify “superspreaders” (Stein 2011)—
individuals who infect a disproportionately large number of other people.
Some of this information can be discovered by traditional epidemiological investigation, but generally, only much more slowly and with greater difficulty. People may
not know, may forget or not wish to reveal what, where or with whom they ate or were
in contact, days or weeks before. Implicating a place (restaurant, food processing plant,
farm), person or animal as the source of an outbreak has potentially serious medicolegal, commercial or international trade implications (Stasiewicz et al. 2015; Lüth et al.
2018) and genomic data are more objective and, hence, more convincing than epidemiological data. Nevertheless, these different types of information are complementary
and both are needed to validate results.
2

Bacterial genomes also change by addition or deletion of blocks of DNA. This complicates but does not
invalidate interpretation of WGS. Most of what follows refers to bacterial genomes to which WGS has been
most recently applied, but the principles apply to all microbial pathogen.
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Additional technical developments are needed before the benefits of WGS can be
fully realised, but they are feasible or already in progress. They include greater
automation and standardisation of quality control methods, bioinformatics tools and
algorithms, for analysis and interpretation, and networking of laboratory databases to
allow real-time monitoring for outbreak detection (Kwong et al. 2015).
Implications and Risks of WGS for Surveillance and Outbreak Investigations
Surveillance and outbreak investigation has always required the use of personal data.
The much greater precision of WGS raises new questions of consent and unanticipated
harm, but despite its increasing use in public health and hospital laboratories (Quainoo
et al. 2017; Azarian et al. 2015), there has been little discussion of these issues. Unlike
public health surveillance, nosocomial outbreak investigations are not protected by
legislation and there is no clarity about privacy protection or the need for informed
consent when the use of WGS is extended into new domains. In the following case
study (Box 2), we outline some ethical issues raised by WGS of stored isolates for
retrospective investigation of a hospital outbreak and suggest that, while the benefits
would have been greater if WGS had been available at the time, the ethical dilemmas
would have been even more challenging.
Box 2 A high stakes neonatal intensive care unit outbreak investigation3 (Pinto et al.
2013)
Two very premature infants aged 9 and 11 days, respectively, who were nursed in the same room of a neonatal
intensive care unit (NICU), developed fulminating methicillin-resistant Staphylococcus aureus (MRSA)
sepsis and died within 2 days of each other, despite appropriate treatment. Routine genotyping showed they
were infected with the same rare MRSA strain. Possible sources were vaginal colonisation of one mother,
transmitted to her infant at birth and then to the other infant; or unrecognised colonisation of a patient, staff
member or visitor transmitted, by direct or indirect contact, to both infants. NICU staff and patients were
screened for MRSA colonisation. Although screening of staff is controversial and rarely indicated, they
readily agreed, after being assured of confidentiality. Routine admission and weekly follow-up screening of
new inpatients was implemented.
No patient or staff member was identified as carrying the MRSA outbreak strain by initial screening, but over
the next 7 months, 13 additional infants became colonised, indicating that nosocomial transmission was
continuing, despite enhanced infection control measures. Several of these infants were already colonised
with the MRSA outbreak strain within hours of delivery, by caesarean section. Therefore, operating suite
and NICU staff (again) were screened. One colonised NICU staff member was assumed to have acquired it
from a colonised infant, whom she was nursing and no one was identified as a likely source.
However, soon after this, another NICU staff member attended the hospital emergency department, with an
infected leg abrasion, from which the MRSA outbreak strain was isolated. She was treated and returned to
work. Subsequently, for several months, no newly MRSA-colonised infants were identified; the outbreak
was apparently over. This raised the possibility that this latter NICU staff member had been the an unwitting
source or vector of ongoing transmission. Her screening swabs had been negative, but sites of MRSA
colonisation other than the nasal mucosa (the only site swabbed) are not uncommon. The outbreak strain
reappeared in the NICU 7 months later and, subsequently, was isolated from patients in the emergency
department and other hospital wards, most of whom had some contact with the NICU.
WGS was not available at the time of the outbreak, but it was performed, 5 years later, on stored MRSA
outbreak isolates to determine, if possible how this unusual, highly virulent MRSA strain was introduced.
What/who were the source and/or vector(s) of continued transmission? Was the reappearance of the
outbreak strain, after seven months, due to ongoing transmission or a new introduction?

3

This case study is modified from an actual outbreak report (Pinto et al. 2013)
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WGS of stored outbreak isolates, for retrospective outbreak investigation, is likely to
provide some answers to epidemiological questions, but before it is done, several
important ethical questions should be considered:
a) Should informed consent for WGS be obtained from individuals from whom
isolates were obtained (or their carers), despite logistical difficulties and emotional
risks? Individual consent was given, at least implicitly, for collection of specimens
for diagnosis or screening and whatever laboratory procedures were in routine use
at the time, but WGS is a new procedure, and its results will have potentially
significant implications, for affected individuals.
b) If WGS identifies an individual as a likely source or vector of nosocomial
transmission, how would this reflect on her infection control practices or affect
her future employment? What would be the psychological effects of discovering
that she had transmitted a pathogen to vulnerable patients in her care (even if no
blame were attributed to her by others)? Should she be told?
c) What are the potential medico-legal implications for the hospital, if a staff member
were identified as a vector of pathogen transmission? Transient contamination of
other staff members’ hands was likely but unverifiable.
d) Who owns microbial isolates and the information they contain—the people from
whose clinical samples they were isolated or the laboratory, which isolated and
characterised them?
Questions like these are even more relevant now that the use of WGS is increasing, not
only for research or retrospective outbreak investigation but, potentially, for routine
pathogen identification, AMR testing and prospective hospital infection control
(O'Sullivan et al. 2012).
Use of Pathogen WGS and Metagenomics for Routine Diagnosis and Strain Typing
It is predicted that WGS will replace conventional culture-based pathogen identification
and AMR testing, in public hospital and private diagnostic laboratories, within a few
years (Kwong et al. 2015). Pathogen identification and sequencing, directly from
clinical specimens, without the need for culture or prior knowledge of the target
pathogen (clinical metagenomics4), is likely to be possible in the future. When it is,
sequence-based pathogen identification and AMR testing results will be available
within hours. This will allow appropriate antimicrobial therapy for a bacterial or fungal
infection, to be started much sooner than is currently possible or avoided altogether, if a
viral infection is identified. Either way, outcomes will be better, with fewer drug side
effects, improved antimicrobial stewardship, less AMR and less frequent pathogen
transmission. There are still major barriers to routine culture-based WGS or cultureindependent metagenomics, but decreasing costs, faster sequencing, the potential to
identify virulence or AMR markers and polymicrobial infections and/or to predict
4

Culture-independent pathogen identification, using nucleic acid detection such as polymerase chain reaction
(PCR) has been used for years, but has not replaced culture, when the likely pathogen(s) is/are uncertain or
AMR testing and/or strain typing are required. Metagenomics allows unbiased, detection and sequencing of all
micro-organisms in a sample, including, potentially, unexpected, rare, novel, unculturable and/or multiple
pathogens.
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outbreaks with a single assay, make them attractive options for clinical microbiology
(Forbes et al. 2017; Gardy and Loman 2018).
Integrating Genomic, Clinical and Epidemiological Data
Human genomic data and Big Data analytics are already being combined for
personalised diagnosis and treatment (“precision medicine”) of some diseases
(Brittain et al. 2017). The use of pathogen WGS or metagenomic data will expedite
the introduction of precision medicine in infectious diseases. Application of Big Data
analytics to (i) demographic, clinical and lifestyle risk factors (from EHR); (ii) genetic
and immunological predictors of risk and response to therapy (from personal genomic
data); and (iii) pathogen virulence and AMR profiles (from WGS data) would allow
individually tailored antimicrobial therapy (drug, dose, route of administration, duration) and improved outcomes.
Infectious diseases differ from most others in that the speed of diagnosis and time to
initiation of appropriate therapy (within hours, for life-threatening sepsis) is the major
determinant of the outcome, not only for the affected individual but also for her immediate
contacts and the wider community. Rapid identification is obviously essential to ensure
prompt, appropriate care and isolation of a patient with a potentially fatal meningococcal
or an imported pan-resistant Gram-negative bacterial infection; extremely drug-resistant
tuberculosis; or an exotic, high impact viral infection, e.g. Ebola or pandemic influenza. It
is also important to allow timely application of appropriate hospital infection control and
public health interventions, such as vaccination, antimicrobial prophylaxis and/or quarantine of contacts, to prevent or limit a dangerous outbreak.
Many benefits for individual patients and their (known) contacts could be achieved
by the use of individual EHRs, alone, but personalised treatment regimens and outcome
monitoring also depend on the use of algorithms derived from analysis of aggregate
data from large numbers of EHRs. Big Data analytics can not only develop but also
validate and improve diagnostic, treatment and decision support algorithms and,
potentially, identify previously unrecognised prognostic information such as clinical
or genetic markers of susceptibility to infection, an excessive immunological response
or of being a “superspreader”. Thus, the community benefits of an EHR system, for
disease prevention and research, would depend on widespread—ideally universal—
community participation (not unlike vaccination).
Moreover, to realise the additional benefits of using pathogen WGS data for
communicable disease surveillance will require access to and analysis of aggregate
WGS data in national or international laboratory networks, linked to clinical and
epidemiological databases. EHRs of individuals, whose isolates are identified as part
of an outbreak, would be scanned for common risk factors, contacts or exposure to
environmental sources, of which the individuals, themselves, may be unaware, to
expedite outbreak investigation. Automatic access to, at least, selected personal EHR
data, without the need for individual consent, will be essential, since the effectiveness
of public health interventions depends on speed. However, data linkage could disclose
information that individuals may want to remain private. The trade-off has implications
for the effectiveness of surveillance systems because, as “utility increases privacy
decreases” (Lubarsky 2017). The challenge is to ensure an appropriate balance between
individual risk and community benefit.
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Syndromic Surveillance, Digital Epidemiology and Big Data
The use of pathogen WGS or metagenomics for surveillance, as outlined above, is
highly specific, but also selective and insensitive. Infected (and infectious) people, who
are asymptomatic or have mild symptoms, who do not seek or have access to medical
care or for whom laboratory tests are not ordered, may unwittingly spread infection to
others. Syndromic surveillance can “capture” undiagnosed infections and is commonly
used to complement other methods. One important source of syndromic data is medical
encounters such as emergency department or office visits (Henning 2004; Muscatello
et al. 2005). Automated monitoring of coded, de-identified data, analysed in almost
real-time, allows health authorities to rapidly identify the onset, trace the spread and
identify trends, over time, of outbreaks, e.g. of diarrhoeal or respiratory diseases; it can
provide early warning of seasonal, or even pandemic, influenza, or track adverse
reactions to antimicrobial drugs or vaccines (Salathé 2016). Although syndromic
surveillance contains high levels of background “noise”, its strengths are timeliness
and pattern recognition.
Digital epidemiology refers to the study of disease patterns using digital data (Gardy
and Loman 2018; Salathé et al. 2012). For communicable disease epidemiology, data
may include conventional syndromic surveillance, as outlined above, as well as, for
example, participatory surveillance systems, to which volunteers report symptoms
online (Guerrisi et al. 2016); calls to hospital or nurse help lines; ambulance dispatch
requests; health insurance claims; and laboratory, pharmacy or EHR records. They can
also include any of the myriad data collected for unrelated purposes that may (or may
not) reflect disease activity, such as school and work absenteeism rates, over-thecounter drug sales, social media posts (Salathé et al. 2012; Charles-Smith et al. 2015;
Tang et al. 2018) and internet searches (Ginsberg et al. 2009). Data from animal and
environmental health sources can help to identify emerging infectious disease risks.
Applying Big Data analytics to diverse and underutilised data, often from otherwise
hidden populations, could enhance outbreak detection and our understanding of infectious disease epidemiology on a global scale, rather than the local or national focus of
conventional surveillance. The greater scope, diversity and geographic range of data
sources would increase the potential for acquisition of new knowledge, modelling of
disease outbreaks, trends and related human behaviour and, ultimately, for improved
global control, reduced morbidity and mortality from communicable diseases and greater
health security. But there are also potential, largely unknown and poorly defined, risks.
One risk is the use of flawed methods for disease prediction or modelling. The
accuracy and reliability of different types of data, and the methods used to analyse
them, are highly variable, e.g. references to “flu”, on Facebook, “flu-like illness” in an
experienced GP’s case notes or “influenza A virus identified” in a laboratory report
could apply to the same, or to very different, conditions. The limitations of novel
surveillance systems were illustrated by the demise of Google Flu Trends, which was
based on Google searches related to “flu” or symptoms or behaviours interpreted as
likely to be due to flu. It was predicted, but ultimately failed, to identify the onset of
seasonal influenza 2 weeks in advance of conventional surveillance (Ginsberg et al.
2009; Lazer et al. 2014). Its failure was attributed to the lack of transparency of
methods, over-fitting of data and failure to account for changing search behaviours
(Lazer and Kennedy 2015).
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Another risk is that many data sources do not capture basic demographics (age, sex,
ethnicity) and infants, the elderly and economically disadvantaged groups—who are
most at risk from communicable diseases—are likely to be under-represented (Bansal
et al. 2016). Methods developed to minimise bias and validate results in conventional
epidemiological research, such as sampling protocols and case definitions, cannot
easily be applied (Lee et al. 2016).
The harmful effects, of inaccurate or exaggerated outbreak predictions or modelling,
include economic impacts on trade, tourism and health services, social consequences of
unnecessary public fear and loss of trust in public health authorities. Appropriately
skilled, multidisciplinary development teams could anticipate and mitigate these risks.
Peer review and ethical oversight of methods and validation of results by comparison
with conventional data would help to prevent them—albeit at increased cost of program
development and maintenance.
Perhaps, the greatest risk, however, is public fear, ignorance and mistrust. Illinformed media scrutiny and political risk aversion could prevent or delay the incorporation of de-identified personal health data into Big Data–based public health
surveillance, despite the benefits. Including them would complement and help to
validate less-specific, less-reliable data and mitigate the risks. Even the best available
de-identification methods, and optimal levels of data security around legitimate use of
identified personal data for outbreak investigations, may not placate these fears.
However, well-designed public education and consultation initiatives, supported by
suitable privacy regulation and regulation of standards, would improve trust. On the
other hand, if important data were, theoretically, available but omitted, public health
authorities would attract public, media and political censure if they failed to prevent or
limit an infectious disease emergency because they failed to utilise or respond to
intelligence, whatever the source, which could have predicted it.
There is an urgent need for open and informed discussion about the ethical implications, quality and safety of Big Data–based use of varied types of data, including
personal and pathogen genomic data, in communicable disease control. Questions for
discussion—assuming the most reliable methods of data capture and analysis are in
use—might include, but not be limited to:
a) What is the personal significance of a pathogen isolated from an individual,
considering the highly specific and sensitive personal information that its WGS
can reveal? Should it be subject to a similar degree of privacy protection as that of
her personal (human) genome?
b) Given the public benefits (accuracy, reliability, sensitivity, specificity, timeliness)
of using as many and varied types of data as possible, in communicable disease
surveillance, outbreak investigation and research, should the use of de-identified
personal data from EHRs (which may include personal and/or pathogen genomic
data) be permitted, and in what circumstances? Do individuals have a moral
obligation to participate? Should individual consent be required and if so in what
circumstances?
c) What level of probability and reliability, based on Big Data analytics, should be
required before issuing a public alert about an impending infectious disease
emergency—e.g. due to a previously unknown emerging or highly virulent,
transmissible or drug-resistant pathogen—considering the need to balance the risks
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of delay against those of a false alarm? (Would a 30% risk of a dangerous
infectious disease emergency be morally equivalent to a 30% risk of a category
4 tropical cyclone, for example?)
d) What would be an ethical response to information, based on reliable Big Data
analytics that some populations are at increased risk of infection and/or of becoming a risk to others? Considering the risk of stigmatisation, discrimination, loss of
autonomy (e.g. mandatory testing) and/or restriction of liberty (e.g. quarantine),
who should be told (the affected group; health professionals; the general public)?
Answers to these and other questions would inform development of an ethical framework, for future communicable disease control, which, we argue, is needed because
recent technological innovations have raised new ethical issues. A framework would
guide development of policies to optimise benefits and minimise risks, protect vulnerable populations and build public trust in and support for public health action in an
infectious disease emergency.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made.

References
Arnolda, Amber, Adam A. Witney, Stephania Vergnano, Anita Roche, Catherine A. Cosgrove, Angela
Houston, Katherine A. Gould, Jason Hinds, Peter Riley, Derek Macallan, Philip D. Butcher, and Tom
S. Harrison. 2016. XDR-TB transmission in London: Case management and contact tracing investigation
assisted by early whole genome sequencing. Journal of Infection 73 (3): 210–218. https://doi.org/10.1016
/j.jinf.2016.04.037.
Ashton, Philip M., Satheesh Nair, Tansy M. Peters, Janet A. Bale, David G. Powell, Anaïs Painset, Rediat
Tewolde, Ulf Schaefer, Claire Jenkins, Timothy J. Dallman, Elizabeth M. de Pinna, Kathie A. Grant, and
and Salmonella Whole Genome Sequencing Implementation Group. 2016. Identification of Salmonella
for public health surveillance using whole genome sequencing. PeerJ 4: e1752. https://doi.org/10.7717
/peerj.1752.
Azarian, Taj, Robert L. Cook, Judith A. Johnson, Nilmarie Guzman, Yvette S. McCarter, Noel Gomez,
Mobeen H. Rathore, J. Glenn Morris, and Marco Salemi. 2015. Whole-genome sequencing for outbreak
investigations of methicillin-resistant Staphylococcus aureus in the neonatal intensive care unit: time for
routine practice? Infection Control and Hospital Epidemiology 36 (7): 777–785. https://doi.org/10.1017
/ice.2015.73.
Bansal, Shweta, Gerardo Chowell, Lone Simonsen, Alessandro Vespignani, and Cécile Viboud. 2016. Big
data for infectious disease surveillance and modeling. Journal of Infectious Diseases 214 (suppl 4): S375–
S379. https://doi.org/10.1093/infdis/jiw400.
BBC. 2018. Singapore personal data hack hits 1.5m, health authority says. BBC, 20 July 2018. Accessed 21
Oct 2018. https://www.bbc.com/news/worldasia-44900507.
Bragge, Peter, and Chris Bain. 2018. Opting out of my health records? Here’s what you get with the status quo.
The Conversation, 26 July 2018. Accessed 3 June 2019. https://theconversation.com/opting-out-of-myhealth-records-heres-what-you-get-with-the-status-quo-100368.
Brittain, Hellen K., Richard Scott, and Ellen Thomas. 2017. The rise of the genome and personalised
medicine. Clinical Medicine 17 (6): 545–551. https://doi.org/10.7861/clinmedicine.17-6-545.
Campioni, Fábio, André Pitondo-Silva, Alzira M.M. Bergamini, and Juliana P. Falcão. 2015. Comparison of
four molecular methods to type Salmonella Enteritidis strains. APMIS 123 (5): 422–426. https://doi.
org/10.1111/apm.12367.

Asian Bioethics Review (2019) 11:173–187

185

Charles-Smith, Lauren E., Tera L. Reynolds, Mark A. Cameron, Mike Conway, Eric H.Y. Lau, Jennifer M.
Olsen, Julie A. Pavlin, Mika Shigematsu, Laura C. Streichert, Katie J. Suda, and Courtney D. Corley.
2015. Using social media for actionable disease surveillance and outbreak management: a systematic
literature review. PLoS One 10 (10): e0139701. https://doi.org/10.1371/journal.pone.0139701.
Davis, Kord, and Doug Patterson. 2012. Ethics of big data. Sebastopol: O'Reilly.
Dudas, Gytis, Luiz Max Carvalho, Trevor Bedford, Andrew J. Tatem, Guy Baele, Nuno R. Faria, et al. 2017.
Virus genomes reveal factors that spread and sustained the Ebola epidemic. Nature 544 (7650): 309–315.
https://doi.org/10.1038/nature22040.
ECDC. 2016. Expert opinion on whole genome sequencing for public health surveillance. Stockholm:
European Centre for Disease Prevention and Control. Accessed 3 June 2019. https://ecdc.europa.
eu/sites/portal/files/media/en/publications/Publications/whole-genome-sequencing-for-public-healthsurveillance.pdf.
Fairchild, Amy L., Ronald Bayer, and James Colgrove. 2007. Privacy and public health surveillance: the
enduring tension. Virtual Monitor 9 (12): 838–841. https://doi.org/10.1001/virtualmentor.2007.9.12.
mhst1-0712.
Fairchild, Amy L., Angus Dawson, Ronald Bayer, and Michael J. Selgelid. 2017. The World Health
Organization, public health ethics, and surveillance: essential architecture for social well-being.
American Journal of Public Health 107 (10): 1596–1598. https://doi.org/10.2105/AJPH.2017.304019.
Fairweather, N.B., and S. Rogerson. 2001. A moral approach to electronic patient records. Medical
Informatics and the Internet in Medicine 26 (3): 219–234.
Forbes, Jessica D., Natalie C. Knox, Jennifer Ronholm, Franco Pagotto, and Aleisha Reimer. 2017.
Metagenomics: the next culture-independent game changer. Frontiers in Microbiology 8: 1069.
https://doi.org/10.3389/fmicb.2017.01069.
Garattini, Chiara, Jade Raffle, Dewi N. Aisyah, Felicity Sartain, and Zisis Kozlakidis. 2017. Big data analytics,
infectious diseases and associated ethical impacts. Philosophy and Technology 32 (1): 69–85. https://doi.
org/10.1007/s13347-017-0278-y.
Gardy, Jennifer L., and Nicholas J. Loman. 2018. Towards a genomics-informed, real-time, global pathogen
surveillance system. Nature Reviews Genetics 19 (1): 9–20. https://doi.org/10.1038/nrg.2017.88.
Gilbert, Gwendolyn L. 2002. Molecular diagnostics in infectious diseases and public health microbiology:
cottage industry to postgenomics. Trends in Molecular Medicine 8 (6): 280–287.
Gillespie, Jim. 2018. My health record: the case for opting in. The Conversation, 16 July 2018. Accessed 3
June 2019. https://theconversation.com/my-healthrecord-the-case-for-opting-in-99850.
Ginsberg, Jeremy, Matthew H. Mohebbi, Rajan S. Patel, Lynnette Brammer, Mark S. Smolinski, and Larry
Brilliant. 2009. Detecting influenza epidemics using search engine query data. Nature 457 (7232): 1012–
1014. https://doi.org/10.1038/nature07634.
Guerrisi, Caroline, Clément Turbelin, Thierry Blanchon, Thomas Hanslik, Isabelle Bonmarin, Daniel LevyBruhl, Daniela Perrotta, et al. 2016. Participatory syndromic surveillance of influenza in Europe. Journal
of Infectious Diseases 214 (suppl 4): S386–S392. https://doi.org/10.1093/infdis/jiw280.
Gurjav, Ulziijargal, Alexander C. Outhred, Peter Jelfs, Nadine McCallum, Qinning Wang, Grant A. HillCawthorne, Ben J. Marais, and Vitali Sintchenko. 2016. Whole genome sequencing demonstrates limited
transmission within identified Mycobacterium tuberculosis clusters in New South Wales, Australia. PLoS
One 11 (10): e0163612. https://doi.org/10.1371/journal.pone.0163612.
Hanley, Garreth. 2017. If you go down to the mall today, you’re watched by a thousand eyes, Technology.
Sydney Morning Herald, 15 December 2017. Accessed 3 June 2019. http://www.smh.com.
au/technology/consumer-security/if-you-go-down-to-the-mall-today-youre-watched-by-a-thousand-eyes20171211-h02h9q.html?btis.
Henning, Kelly J. 2004. What is syndromic surveillance? Morbidity and Mortality Weekly Report 53 (Suppl):
5–11. Accessed 3 June 2019. https://www.cdc.gov/mmwr/preview/mmwrhtml/su5301a3.htm.
Heymann, David L., and Guénaël Rodier. 2004. Global surveillance, national surveillance, and SARS.
Emerging Infectious Diseases 10 (2): 173–175. https://doi.org/10.3201/eid1002.031038.
Hunter, David. 2018. Using my health record data for research could save lives, but we must ensure it’s
ethical. The Conversation, 8 August 2018. Accessed 3 June 2019. https://theconversation.com/using-myhealth-record-data-for-research-could-save-lives-but-we-must-ensure-its-ethical-100757.
Inns, Thomas, P.M. Ashton, S. Herrera-Leon, J. Lighthill, S. Foulkes, T. Jombart, Y. Rehman, A. Fox, T.
Dallman, E. de Pinna, L. Browning, J.E. Coia, O. Edeghere, and R. Vivancos. 2017. Prospective use of
whole genome sequencing (WGS) detected a multi-country outbreak of Salmonella Enteritidis.
Epidemiology and Infection 145 (2): 289–298. https://doi.org/10.1017/S0950268816001941.
Kierkegaard, Patrick. 2013. eHealth in Denmark: a case study. Journal of Medical Systems 37 (6): 9991.
https://doi.org/10.1007/s10916-013-9991-y.

186

Asian Bioethics Review (2019) 11:173–187

Knobler, Stacey, Adel Mahmoud, Stanley Lemon, Alison Mack, Laura Sivitz, and Katherine Oberholtzer, eds.
2004. Learning from SARS: Preparing for the next disease outbreak. Workshop summary. Washington,
DC: The National Academic Press. https://doi.org/10.17226/10915.
Koch, Tom. 2016a. Ebola in West Africa: lessons we may have learned. International Journal of
Epidemiology 45 (1): 5–12. https://doi.org/10.1093/ije/dyv324.
Koch, Tom. 2016b. Ebola, quarantine, and the scale of ethics. Disaster Medicine and Public Health
Preparedness 10 (4): 654–661. https://doi.org/10.1017/dmp.2015.115.
Köser, Claudio U., Matthew J. Ellington, Edward J.P. Cartwright, Stephen H. Gillespie, Nicholas M. Brown,
Mark Farrington, Matthew T.G. Holden, Gordon Dougan, Stephen D. Bentley, Julian Parkhill, and Sharon
J. Peacock. 2012a. Routine use of microbial whole genome sequencing in diagnostic and public health
microbiology. PLoS Pathogens 8 (8): e1002824. https://doi.org/10.1371/journal.ppat.1002824.
Köser, Claudio U., Matthew T.G. Holden, Matthew J. Ellington, Edward J.P. Cartwright, Nicholas M. Brown,
Amanda L. Ogilvy-Stuart, et al. 2012b. Rapid whole-genome sequencing for investigation of a neonatal
MRSA outbreak. New England Journal of Medicine 366 (24): 2267–2275. https://doi.org/10.1056
/NEJMoa1109910.
Kwong, J.C., N. McCallum, V. Sintchenko, and B.P. Howden. 2015. Whole genome sequencing in clinical
and public health microbiology. Pathology 47 (3): 199–210. https://doi.org/10.1097
/PAT.0000000000000235.
Lazer, David, and Ryan Kennedy. 2015. What we can learn from the epic failure of Google Flu Trends. Wired,
1 October 2015. Accessed 3 June 2019. https://www.wired.com/2015/10/can-learn-epic-failure-googleflu-trends/.
Lazer, David, Ryan Kennedy, Gary King, and Alessandro Vespignani. 2014. Big data. The parable of Google
Flu: traps in big data analysis. Science 343 (6176): 1203–1205. https://doi.org/10.1126/science.1248506.
Lee, Lisa M., Charles M. Heilig, and Angela White. 2012. Ethical justification for conducting public health
surveillance without patient consent. American Journal of Public Health 102 (1): 38–44. https://doi.
org/10.2105/AJPH.2011.300297.
Lee, Elizabeth C., Jason M. Asher, Sandra Goldlust, John D. Kraemer, Andrew B. Lawson, and Shweta
Bansal. 2016. Mind the scales: harnessing spatial big data for infectious disease surveillance and
inference. Journal of Infectious Diseases 214 (suppl 4): S409–S413. https://doi.org/10.1093
/infdis/jiw344.
Lubarsky, Boris. 2017. Re-identficiation of “anonymized data”. Georgetown Law Technology Review 202:
202–213 https://perma.cc/86RR-JUFT.
Lüth, Stefanie, Sylvia Kleta, and Sascha Al Dahouk. 2018. Whole genome sequencing as a typing tool for
foodborne pathogens like Listeria monocytogenes – the way towards global harmonisation and data
exchange. Trends in Food Science & Technology 73 (2): 67–75. https://doi.org/10.1016/j.
tifs.2018.01.008.
Marmot, Michael. 2001. Economic and social determinants of disease. Bulletin of the World Health
Organization 79 (10): 988–989 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2566682/pdf/11693982.
pdf.
Mattick, John Stanley. 2018. Four ways precision medicine is making a difference. The Conversation, 2
February 2018. Accessed 3 June 2019. https://theconversation.com/four-ways-precision-medicine-ismaking-a-difference-90459.
Merker, Matthias, Thomas A. Kohl, Stefan Niemann, and Philip Supply. 2017. The evolution of strain typing
in the Mycobacterium tuberculosis complex. In Strain variation in the Mycobacerium tuberculosis
complex: its role in biology, epidemiology, and control, ed. Sebastien Gagneux, 43–78. Cham: Springer.
Middleton, Anna. 2018. Society and personal genome data. Human Molecular Genetics 27 (R1): R8–R13.
https://doi.org/10.1093/hmg/ddy084.
Mittelstadt, Brent Daniel, and Luciano Floridi. 2016. The ethics of big data: current and foreseeable issues in
biomedical contexts. Science and Engineering Ethics 22 (2): 303–341. https://doi.org/10.1007/s11948015-9652-2.
Muscatello, David J., Tim Churches, Jill Kaldor, Wei Zheng, Clayton Chiu, Patricia Correll, and Louisa Jorm.
2005. An automated, broad-based, near real-time public health surveillance system using presentations to
hospital emergency departments in New South Wales, Australia. BMC Public Health 5 (141). https://doi.
org/10.1186/1471-2458-5-141.
Naughton, John. 2017. Giving Google our private NHS data is simply illegal. The Guardian, 9 July 2017.
Accessed 3 June 2019. https://www.theguardian.com/commentisfree/2017/jul/09/giving-google-privatenhs-data-is-simply-illegal.

Asian Bioethics Review (2019) 11:173–187

187

NSW Public Health Network. 2009. Progression and impact of the first winter wave of the 2009 pandemic
H1N1 influenza in New South Wales, Australia. Euro Surveillance 14 (42): pii=19365. https://doi.
org/10.2807/ese.14.42.19365-en.
O'Sullivan, Matthew V.N. 2006. Microbial genotyping systems for infection control. In Infectious disease
informatics, ed. Vitali Sintchenko, 345–358. New York: Springer.
O'Sullivan, Matthew V.N., Fei Zhou, Vitali Sintchenko, and Gwendolyn L. Gilbert. 2012. Prospective
genotyping of hospital-acquired methicillin-resistant Staphylococcus aureus isolates by use of a novel,
highly discriminatory binary typing system. Journal of Clinical Microbiology 50 (11): 3513–3519.
https://doi.org/10.1128/JCM.01625-12.
Pinto, A.N., R. Seth, Fei Zhou, J. Tallon, K. Dempsey, M. Tracy, Gwendolyn L. Gilbert, and Matthew V.N.
O’Sullivan. 2013. Emergence and control of an outbreak of infections due to Panton-Valentine leukocidin
positive, ST22 methicillin-resistant Staphylococcus aureus in a neonatal intensive care unit. Clinical
Microbiology and Infection 19 (7): 620–627. https://doi.org/10.1111/j.1469-0691.2012.03987.x.
Quainoo, Scott, Jordy P.M. Coolen, Sacha A.F.T. van Hijum, Martijn A. Huynen, Willem J.G. Melchers,
Willem van Schaik, and Heiman F.L. Wertheim. 2017. Whole-genome sequencing of bacterial pathogens:
the future of nosocomial outbreak analysis. Clinical Microbiology Reviews 30 (4): 1015–1063. https://doi.
org/10.1128/CMR.00016-17.
Rothstein, Mark A. 2008. Keeping your genes private. Scientific American 299 (3): 64–69 https://www.mcdb.
ucla.edu/Research/Goldberg/HC70A_W10/pdf/keepyourgenesprivate.pdf.
Salathé, Marcel. 2016. Digital pharmacovigilance and disease surveillance: combining traditional and big-data
systems for better public health. Journal of Infectious Diseases 214 (suppl 4): S399–S403. https://doi.
org/10.1093/infdis/jiw281.
Salathé, Marcel, Linus Bengtsson, Todd J. Bodnar, Devon D. Brewer, John S. Brownstein, Caroline Buckee,
Ellsworth M. Campbell, Ciro Cattuto, Shashank Khandelwal, Patricia L. Mabry, and Alessandro
Vespignani. 2012. Digital epidemiology. PLoS Computational Biology 8 (7): e1002616. https://doi.
org/10.1371/journal.pcbi.1002616.
Satta, Giovanni, A. Atzeni, and T.D. McHugh. 2017. Mycobacterium tuberculosis and whole genome
sequencing: a practical guide and online tools available for the clinical microbiologist. Clinical
Microbiology and Infection 23 (2): 69–72. https://doi.org/10.1016/j.cmi.2016.09.005.
Sejvar, James J. 2003. West nile virus: an historical overview. Ochsner Journal 5 (3): 6–10 https://www.ncbi.
nlm.nih.gov/pubmed/21765761.
Selvey, Linda A., Rachel M. Wells, Joseph G. McCormack, Anthony J. Ansford, Keith Murray, Russell J.
Rogers, Peter S. Lavercombe, Paul Selleck, and John W. Sheridan. 1995. Infection of humans and horses
by a newly described morbillivirus. Medical Journal of Australia 162 (12): 642–645. https://doi.
org/10.5694/j.1326-5377.1995.tb126050.x.
Shrady, George F. 1897. The health board and compulsory reports. Medical Record 51: 126.
Stasiewicz, Matthew J., Haley F. Oliver, Martin Wiedmann, and Henk C. den Bakker. 2015. Whole-genome
sequencing allows for improved identification of persistent Listeria monocytogenes in food-associated
environments. Applied and Environmental Microbiology 81 (17): 6024–6037. https://doi.org/10.1128
/AEM.01049-15.
Stein, Richard A. 2011. Super-spreaders in infectious diseases. International Journal of Infectious Diseases 15
(8): e510–e513. https://doi.org/10.1016/j.ijid.2010.06.020.
Tang, Lu, Bijie Bie, Sung-Eun Park, and Degui Zhi. 2018. Social media and outbreaks of emerging infectious
diseases: a systematic review of literature. American Journal of Infection Control 46 (9): 962–972.
https://doi.org/10.1016/j.ajic.2018.02.010.
Tanner, Adam. 2017. How you medical data fuels a hidden multi-billion dollar industry. Time, 9 January 2017.
Available at: http://time.com/4588104/medicaldata-industry/.
Teague, Vanessa, Chris Culnane, and Ben Rubinstein. 2017. The simple process of re-identifying patients in
public health records. Pursuit, 18 December 2017. Accessed 3 June 2019. https://pursuit.unimelb.edu.
au/articles/the-simple-process-of-re-identifying-patients-in-public-health-records.
WHO. 2008. International Health Regulations. Accessed 3 June 2019. h ttp://www.who.
int/ihr/publications/9789241596664/en/index.html.
WHO. n.d. Public Health Surveillance. Accessed 21 October 2018. http://www.who.int/topics/public_health_
surveillance/en/.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

