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Background COVID-19 has affected many healthcare workers (HCWs) globally. We performed state-wide SARS-
CoV-2 genomic epidemiological investigations to identify HCW transmission dynamics and provide recommenda-
tions to optimise healthcare system preparedness for future outbreaks.

Methods Genome sequencing was attempted on all COVID-19 cases in Victoria, Australia. We combined genomic and
epidemiologic data to investigate the source of HCW infections across multiple healthcare facilities (HCFs) in the state.
Phylogenetic analysis and fine-scale hierarchical clustering were performed for the entire dataset including community
and healthcare cases. Facilities provided standardised epidemiological data and putative transmission links.

Findings Between March-October 2020, approximately 1,240 HCW COVID-19 infection cases were identified; 765
are included here, requested for hospital investigations. Genomic sequencing was successful for 612 (80%) cases.
Thirty-six investigations were undertaken across 12 HCFs. Genomic analysis revealed that multiple introductions of
COVID-19 into facilities (31/36) were more common than single introductions (5/36). Major contributors to HCW
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acquisitions included mobility of staff and patients between wards and facilities, and characteristics and behaviours
of patients that generated numerous secondary infections. Key limitations at the HCF level were identified.

Interpretation Genomic epidemiological analyses enhanced understanding of HCW infections, revealing unsuspected
clusters and transmission networks. Combined analysis of all HCWs and patients in a HCF should be conducted, sup-
ported by high rates of sequencing coverage for all cases in the population. Established systems for integrated genomic
epidemiological investigations in healthcare settings will improve HCW safety in future pandemics.

Funding The Victorian Government, the National Health and Medical Research Council Australia, and the Medical
Research Future Fund.

Copyright � 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Research in context

Evidence before the study

Since the beginning of the COVID-19 pandemic in
December 2019, there have been 212 million people
infected and more than 4.4 million deaths worldwide as
of August 24th, 2021. Genomic analysis has emerged as
an important tool for tracking the spread of the virus in
the community and healthcare settings. Due to the low
prevalence of COVID-19 in Australia at the time of the
study, samples from all cases underwent genomic
sequencing, allowing for rapid tracking of spread as
well as timely public health responses. We searched
PubMed, medRxiv, and bioRxiv for primary research
studies published in English between Jan 1, 2020, and
March 20, 2021, using combinations of “SARS-CoV-2”,
“genomics”, “genomic epidemiology”, “healthcare
worker”, and “nosocomial”. We identified eight articles
that used genomic epidemiology to track COVID-19 out-
breaks in healthcare workers at the time the study was
done, including United Kingdom (n=5), Portugal, the
Netherlands and Australia; only one study describes
real-time genomic epidemiological investigations. We
did not identify any studies describing city-wide health-
care facility analyses or guidelines for genomic epidemi-
ological analyses.

Added value of the study

Here we present the first report, to our knowledge, apply-
ing genomic epidemiological investigations of COVID-19
healthcare associated infections across multiple health-
care networks of a major city. We developed a set of min-
imum and enhanced metadata and a workflow to
facilitate investigations across multidisciplinary groups of
healthcare infection control staff, laboratory staff and
genomic epidemiologists to optimise the utility of HCW
investigations. We worked with healthcare facilities to
identify transmission networks and inform infection con-
trol procedures. Over seven months we sequenced over
2000 genomes from HCWs and patients with COVID-19
infections in healthcare settings. We determined the
minimum number of genomic introductions to HCFs and
uncovered previously unlinked ward outbreaks of hospi-
tal-acquired infections. Cryptic transmission events were
identified within complex transmission networks that
had previously been unanticipated by infection control
teams. We provide insight into how sequencing laborato-
ries can work together with healthcare infection control
staff to provide actionable results with public health
implications during an active pandemic.

Implications of all the available evidence

Our study highlights the ways that rapid genomic
sequencing and genomic epidemiological analysis can
contribute to healthcare associated infection investiga-
tions through added evidence for or against transmis-
sion events. Genomic epidemiological investigations
can assist to identify complex transmission networks
within HCFs and across healthcare networks and direct
infection control interventions to areas of need. The
metadata and workflows for genomic epidemiological
investigations suggested here provide an actionable
framework that will assist with future pandemic pre-
paredness with applications to infectious diseases wider
than SARS-CoV-2 alone.
Introduction
The COVID-19 pandemic has resulted in the hospi-
talisation of large numbers of patients with severe
disease, particularly in older age groups.1-5 Health-
care workers (HCWs) on the frontline have acquired
COVID-19 in many different settings, often despite
adequate availability and choice of appropriate per-
sonal protective equipment (PPE).6-11 To optimise
the safety of HCWs and patients, it is critical for hos-
pital infection control teams and, more broadly,
healthcare systems to understand the drivers of
infections in HCWs, through systematic investiga-
tions of the circumstances around these putative
www.thelancet.com Vol 25 Month August, 2022
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transmissions in healthcare settings. Internationally,
genomics of SARS-CoV-2 has been a powerful tool
for understanding transmission links and out-
breaks.12-19 Whilst the investigation of HCW infec-
tions has traditionally been achieved through
epidemiologic assessments, combined genomic and
epidemiologic analyses have now emerged as the
new standard-of care for these investigations.20,21

The state of Victoria, Australia (population »6.7 mil-
lion)22 experienced two waves of COVID-19 in 2020.
Comprehensive prospective genomic sequencing of
SARS-CoV-2-positive samples was undertaken by the
public health genomic reference laboratory (the Micro-
biological Diagnostic Unit − Public Health Laboratory
(MDU-PHL)), with samples sequenced from 75% of
cases. The first wave (March − April 2020) was largely
a polyclonal outbreak, characterised by multiple intro-
ductions from overseas travellers with limited onwards
transmission in the population, and very limited trans-
mission to HCWs.10,23 The second wave (July − October
2020) in Victoria was largely a clonal outbreak, centred
in Melbourne, Victoria, originating from a breach in the
hotel quarantine system for returned travellers.12 This
second wave resulted in outbreaks occurring across
many healthcare facilities (HCF) and aged care facilities
(ACF).12 Globally, HCWs are at increased risk of infec-
tion with coronavirus disease (COVID-19).6,24 Multiple
studies document nosocomial transmission and infec-
tion in HCWs, tailored infection control investigations
and responses.16-21,25−28 Whole genome sequencing
can contribute high resolution data to describe and
investigate such transmission networks.

Here we describe the process and findings of investi-
gations of HCW infections in multiple HCFs across our
state as part of an urgent pragmatic response to COVID-
19. We hypothesised that an integrated genomic epide-
miological analysis of COVID-19 HCW infections,
applied in real-time at the hospital coalface and inter-
preted in the broader context of all healthcare and com-
munity infections, would enhance understanding of the
source of HCW infections and identify common trans-
mission risks. Our results aim to provide a framework
for workflows and metadata required to maximise HCF
preparedness to investigate COVID-19 HCW infections,
and optimise staff safety for future outbreaks.
Methods

Setting and data sources
This project was undertaken in the state of Victoria, Aus-
tralia (population »6.7 million),22 where the healthcare
network includes eleven major metropolitan health serv-
ices. During the time of these investigations, all samples
positive for SARS-CoV-2 by RT-PCR were requested to
be forwarded to MDU Public Health Laboratory for
genomic sequencing.12,23,29 Prospective sequencing was
www.thelancet.com Vol 25 Month August, 2022
conducted on all samples received at MDU-PHL, with
samples sequenced from approximately 75% of cases.12

The genomic epidemiology team at MDU-PHL
assisted all HCFs requesting genomic investigations
of COVID-19 outbreaks in HCWs (and often includ-
ing patients) in their facilities; a qualitative thematic
review of the results of these investigations are pre-
sented here. Investigations were conducted to inform
operational improvements at each healthcare facility,
including infection prevention and control, with each
healthcare facility providing the epidemiological data
to inform the genomic epidemiological investigation.
Investigations were an iterative process developed
through collaboration with healthcare facilities,
refined to a standard workflow and list of required
and desirable metadata (Box 1). Some of these inves-
tigations were conducted in near to real time whilst
others were requested retrospectively once capacity
was available at the HCF to perform the epidemio-
logical assessment. For this study, HCWs were
defined as any staff, students or volunteers working
in a hospital or paramedic setting, excluding com-
munity residential aged care facilities (RACFs).
Genomic data and bioinformatic analysis
Detailed methods are described in Supplementary
Methods and elsewhere12,23; briefly, extracted RNA
from SARS-CoV-2 RT-PCR positive samples under-
went tiled amplicon PCR using either ARTIC version
1 or 3 primers,30 following published protocols.31

Reads were aligned to the reference genome (Wuhan
Hu-1; GenBank MN908947.3) and consensus
sequences generated. Quality control (QC) metrics
on consensus sequences were slightly modified from
the previous publications due to the highly-clonal
nature of the ‘second wave’ of SARS-CoV-2 in Victo-
ria; QC parameters for this paper included requiring
≥65% genome recovered, ≤35 single nucleotide poly-
morphisms (SNPs) from the reference genome, and
≤300 ambiguous bases (note that these parameters
have evolved over the course of the pandemic, and
are not necessarily recommended for current prac-
tice). A single sequence was selected from each
patient for phylogenetic analysis. Genomic clusters
were defined as two or more related sequences using
a complete-linkage hierarchical clustering algorithm
of pairwise genetic distances derived from a maxi-
mum likelihood phylogenetic tree. Genomic cluster-
ing was used to identify plausible genomic links
between cases, which were further interpreted
together with epidemiological data. The number of
community cases present in each genomic cluster
was also taken into account, in that clusters with a
higher proportion of community cases required
stronger epidemiologic evidence of exposure to be
designated likely healthcare transmission.
3



Part 1 − Establishing basic genomic and epidemiologic data

1. Establish HCF transmission hypotheses for investigation

2. Collect case list and metadata (demographic & case information)a.

3. Identify missing data, follow up on sample and sequencing

availability.

4. Build phylogenetic tress with suitable context isolates (temporal &

geographic).

5. Match metadata to available genomic data.

6. Discuss genomic clustering with HCF.

a. Optional stopping point

Part 2 − Integrating case information

7. Overlay detailed epidemiological metadata (date of diagnosis, and

patient/staff role)

8. Discuss with HCF the concordance between epidemiological data

and phylogenetic data.

Part 3 − Integrating exposure and location data

9. Overlay detailed epidemiological location data & exposure data

(known exposure events)

10. Refine genomic clustering with detailed epidemiological

metadata.

11. Final written report.

Optimal metadata to include:

Individual level metadata

1. Demographic data

a. Name

b. Date of birth

c. Lab / UR number

2. Case information

a. Date of diagnosis, Date of onset, Date of collection

b. Role - HCW (with or without patient contact; specific role) /

Patient / Visitor

3. Location data

a. Patient admission date, ward and bed number and movement

details

b. Staff shift dates, primary and secondary locations (where

available)

c. Furlough

4. Exposure data

a. Known COVID positive contacts with dates of contact

b. PPE breach or other known high-risk events − positive cases,

contact level

c. Staff links to other HCF or ACF

d. Travel History international and local

e. Contact with other staff outside the workplace e.g. car-pooling or

social events Staff living with / links to other HCW ACW

f. Residence in or exposure to community “hotspot” (a location of

intense community transmission)

Facility level metadata

a. PPE donning and doffing procedures /locations

b. Staff facilities, e.g. shared team rooms

c. Facility links to other HCF or ACF

BOX 1: Genomic epidemiological investigations.
a Consider local legislation and policies governing permissions required

to collect individual HCW and patient data.
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Combined genomic and epidemiologic analysis
Genomic epidemiological analyses were performed in
three stages (Box 1). Beginning with a line list from
HCFs identifying HCW and patients with sufficient
identifiers to match to available lab and genomic data.
Stage one linked cases with samples and grouped cases
by genomic cluster, identifying the minimum number
of genomic introductions likely to have taken place, and
formed the foundation for all further investigations.
Stage two expanded the investigation by including the
case information such as date of sample collection,
symptom onset and diagnosis for each individual. The
results of this step allowed for focusing of further epide-
miological investigations. Stage three provided in-depth
epidemiological investigation of genomic clusters by
combining epidemiological location and exposure data.

Results of each analysis were reported to the facilities
as an iterative process, with collaborative meetings cases
included in the analysis were reviewed, then the genomic
data were presented. Facilities were given the opportunity
to review and add any epidemiological data to assist with
the analysis and to put forward any specific queries based
on their epidemiological analysis. The analyses were then
refined based on the outcomes of the meetings and com-
piled into a final report (Figure 1).

For a subset of healthcare facilities where facility-
wide analyses were performed, likely HCWs acquisition
sources were designated by combining genomic and
epidemiological data (healthcare-acquired, community-
acquired or unclear). Estimates of total numbers of
HCW infections acquired at work were subsequently
compiled for these facilities.
Qualitative thematic analysis of findings
To provide a high-level overview of the common themes
emerging from these investigations across multiple different
facilities, we reviewed the findings from each investigation,
compiling feedback from healthcare facilities including
whether the genomic results were concordant with their epi-
demiologic hypotheses, and likely factors contributing to the
transmission of SARS-CoV-2 in their facilities.
Statistical analysis
Statistical analyses (generating summary statistics) were
performed using R version 4.0.2.

Ethics
Ethical approval was received from the University of
Melbourne Human Research Ethics Committee (study
number 1954615.4).
Role of the funding source
The Microbiological Diagnostic Unit Public Health
Laboratory receives funding from the State
www.thelancet.com Vol 25 Month August, 2022



Figure 1. Process of genomic epidemiological analysis. Genomic epidemiological investigations are highly iterative and must be
able to accommodate input of additional information at each stage of the analysis. New cases and metadata can become available
at various stages of the analysis while bioinformatic techniques change rapidly in line with global advances.

Articles
Government of Victoria. This work was funded by
the National Health & Medical Research Council
(NHMRC) through the Medical Research Future
Fund (MRFF) − Coronavirus Research Response:
2020 Tracking COVID-19 in Australia using Geno-
mics Grant Opportunity (MRF9200006). NLS was
supported by an Australian Government Research
Training Program (RPT) scholarship (GNT1093468).
BPH was supported by an NHMRC Investigator
Grant (GNT1196103). Funders had no role in study
design, data collection, data analysis, interpretation
or writing of the report.
Results
Between March and October, 2020, MDU-PHL were
approached by 12 HCFs to assist with genomic
www.thelancet.com Vol 25 Month August, 2022
epidemiological investigations as part of urgent prag-
matic responses into HCW COVID-19 cases. Investiga-
tions ranged in scope from individual suspected
transmission events to ward- or facility-level investiga-
tions. MDU-PHL assisted with 36 investigations, with
9/12 facilities requesting more than one investigation.
The majority of investigations were undertaken in large
public university hospitals, with a small number of pri-
vate facilities, including a total of 21 campuses and
more than 9900 beds,32 as well as the metropolitan
paramedic service. A total of 765 HCWs and 1,273
patients were investigated, with sequencing available
for 80% (612) of these HCWs and 80.8% (1,028) of
these patients (data summarised in Table 1 and Supple-
mentary Figure 1, Table 1). This represents 62% of the
total number of HCW infections notified across the
state (n=1240).33 Transmissions were identified from
5



HCW Patients

Total - N 765 1273

Samples received at MDU-PHL − N (%) 674 (88.1) 1144 (89.9)

Sequences available − N (%) 612 (80.0) 1028 (80.0)

Number per investigation − Median (Range) 6 (1-237) 4 (1-395)

Characteristics

No. of HCF 12

No. of campuses 21

Total no. of beds >9900 (median 159.3, range 14 − 704)

Public acute care 14

Public subacute care 6

Large private hospital 1

Paramedic Services Multiple locations

Table 1: Summary of the 36 genomic epidemiological investigations.
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patients to HCWs, HCWs to patients, and between

HCWs, although directionality was often difficult to

assess. Sensitivity analysis of the genomic clustering

used in 2020 was re-assessed with best practice analysis

criteria from April 2022, including refined masking

and tree building algorithms and a ≥90% genome cov-

erage threshold for sequences. 82 (5%) samples were

excluded from the analysis with <90% genome avail-

able. The resulting clustering had a concordance of

93.2% with clusters observed in the original analyses

conducted in 2020 (Supplemental methods). With 95%

of sequences retained in the repeated analysis, and a

very high correlation of the clustering observed between

the original analyses and repeated analysis, we conclude

that the initial genomic interpretations were robust, it

should be noted that the inferences on possible trans-

mission made during 2020 were assessed based on

sample quality, phylogenetic and epidemiological data.
For the five healthcare networks where we per-

formed analyses across the whole institution (all cam-
puses) with detailed epidemiological data available, an
estimated 59% to 80% of HCW infections were deemed
to be likely acquired at the HCF.
Genomic results often, but not always, had high
concordance with epidemiologic investigations
Genomic analysis provides an estimation of the mini-
mum number of introductions to a facility through the
number of genomic clusters present. The median num-
ber of introductions in these analyses was 3 per facility
(IQR 2 - 8, range 1 − 35) and the median number of
HCWs per genomic cluster was 1 (IQR 1-3, range 1 −
104). These analyses found that 31/36 (86.1%) investiga-
tions included cases resulting from multiple introduc-
tions, while 5/36 (13.9%) investigations involved a
single introduction. Investigations with multiple intro-
ductions had a median of 6 HCWs (IQR 1 − 17, range 1
- 237) and 7 patients (IQR 3 − 39 range 1 - 395) while
investigations with single introductions had a median
of 1 HCW (IQR 1 − 6, range 1 − 7) and 2 patients (IQR
1 − 36, range 1 − 56). Thirteen of these analyses were
instances of investigations into single staff members
and their contacts; three of these could not be resolved
as sequence data for the case or contacts was unavail-
able. While it is more likely to have multiple genomic
introductions when there are high case numbers pres-
ent at a facility, we found that low case numbers did not
always result in fewer genomic introductions.

In these investigations, we largely observed high lev-
els of concordance between epidemiological hypotheses
(healthcare acquired infection or not) and genomic data
where transmission had occurred, with some notable
exceptions. Facility A, a multi-campus facility, epidemi-
ologically identified multiple individual outbreaks
within their campuses. The combined genomic epide-
miological analysis found transmission events that were
not detected by epidemiologic investigations, and that
most of the individual outbreaks and unlinked cases
were linked back to a single introduction or source
(Figure 2, A). Conversely, Facility B experienced a large
outbreak at one campus; genomics identified three con-
current outbreaks from separate genomic clusters at a
time of high community prevalence (Figure 2, B). In
both cases, genomic data significantly altered the under-
standing of transmission in the facilities, leading to
changes in infection control practices. For example, at
Facility A, upon reviewing the epidemiology in the light
of the genomic data, it become clear that some epidemi-
ological links were missed, highlighting the need to
strengthen contact tracing applications and resources
for this facility.
Mobility of HCWs and patients often implicated in
hospital transmissions
A common theme from HCFs was that many infections
resulted from the mobility of staff or patients. Movement
www.thelancet.com Vol 25 Month August, 2022



Figure 2. Comparison of clustering (identifying cases of HCW and patient infections that are likely to be related) by epidemiology
and genomics analyses at two facilities. Colour indicates cluster (epidemiological cluster for epidemiologic analyses and genomic
cluster for genomic epidemiological analyses); white indicates unknown cluster/acquisition; grey indicates non-healthcare acquired
infection; X indicates HCW case; squares and circles in panel A indicate two different campuses of the healthcare network. Panel A.
Epidemiological analysis of COVID-19 cases at Facility A (two separate campuses) identified 12 epidemiologic clusters of likely trans-
mission and 88 cases with no known acquisition source. Genomic epidemiologic analysis for the same network showed that the
vast majority of cases were linked within eight genomic clusters, including one dominant cluster (lighter green), and only 12 cases
not genomically linked to the HCF. Panel B. Epidemiological analysis of cases at Facility B identified 114 HCW cases likely acquired
at the facility, all thought to be part of a single epidemiologic cluster, and nine HCW cases not thought to be healthcare acquired.
Genomic epidemologic analysis indicated multiple introductions, rather than a single introduction, with six different genomic clus-
ters co-occurring, and only six cases not genomically-linked to the HCF. Panels C and D. Maximum likelihood phylogenetic trees of
Australian SARS-CoV-2 samples from wave 2, July−October 2020. Colour indicates cluster; genomic clustering is independent for
each analysis; grey indicates non-healthcare acquired infection. Samples identified as part of genomic cluster GC.G (Panel C) and
GC.C (Panel D) are not considered HCF-acquired without strong epidemiological evidence due to the high prevalence of this cluster
in the wider community. Some larger clusters contain cases from different healthcare networks, which is not necessarily indicative
of transmission between the networks (correlated with epidemiologic evidence).
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of staff and patients between wards and campuses while
pre-symptomatic or asymptomatic was implicated in dis-
semination of COVID-19 between facilities within hospi-
tal networks (4/8 facilities where multiple campuses
were investigated). At Facility C a single patient was
found to have seeded cases in two wards due to transport
while asymptomatic. Their movement between general
and rehabilitation wards resulted in spread to 5 naÿve
patients and 15 HCWs. Identification of spread due to
patient mobility led to one HCF to introduce asymptom-
atic testing for any patient moving from acute to subacute
wards during periods of high community transmission.
Patient features or behaviours contributing to COVID-
19 transmission to HCWs
In the course of these investigations, elderly patients
with altered mental states were found to exhibit behav-
iours that contributed to the spread of COVID-19 within
at least four HCFs. Patients suffering from delirium or
dementia were often highly mobile (wandering behav-
iours) and exhibiting aerosol-generating behaviours
(coughing, shouting or singing). Due to the nature of
these patients and their increased need of HCW sup-
port, direct contact was often implicated in the trans-
mission. In these cases, combined genomic and
epidemiological data showed that one or more patients,
admitted from a single ACF at the same time, were
found to be the likely acquisition source for staff that
contracted COVID-19 working on a ward for COVID-19
positive patients with dementia or delirium.
Limiting the scope of investigations may lead to
erroneous conclusions
Investigations limited to a single ward were found to
have limited utility when performed at large facilities
with high numbers of positive cases. These investiga-
tions often found cases without any known transmis-
sion source, transmission, with multiple outbreaks
deemed separate by epidemiological investigations, sub-
sequently identified as single outbreaks by genomics.
For example, investigation of a ward-based outbreak at
Facility C identified eight genomically-linked cases. An
expanded investigation, including all HCWs and
patients at the facility in a similar time, identified an
additional 10 cases were part of the same genomic trans-
mission network as the first ward, indicating that
unidentified transmission had likely occurred from the
first ward analysed, and providing opportunities for fur-
ther targeted epidemiologic investigations (Figure 3).

Similarly, limitations were found when examining
investigations without contemporaneous genomic data
from community cases. Lack of sufficient community
cases for context can lead to inaccurate interpretation of
transmission events. Initial investigations performed
for Facility D without community context indicated
likely transmission between HCWs in a work setting.
The same data, when interpreted with community con-
text, indicated that transmission was more likely to have
occurred in a social setting external to the workplace,
and confirmed by further epidemiologic investigations
(Figure 4).
Key learnings for genomic investigations of HCW
infections
The collaborative meetings with HCFs provided an
opportunity to educate clinicians about the utility and
limitations of genomic analyses, share initial findings
from the genomic analysis, add additional relevant epi-
demiological data to assist with interpretation, gauge
the understanding of the genomic results and clarify
further where necessary. They also provided an opportu-
nity for additional epidemiological data that may have
been missed during data collection, such as data on
social links between cases e.g., staff often socialised
together after working hours or lived in shared housing
with other HCWs that maybe from the same or other
HCFs, which is difficult to capture in standard line lists
shared as part of the early investigation process. Anec-
dotally, one HCF identified that 50% of their HCWs
lived with other HCWs.
Discussion
The COVID-19 pandemic has reinforced the need to
optimise HCF systems to protect both patients and
HCWs from infectious diseases threats.34 Here we
detail pragmatic real-time genomic epidemiological
investigations undertaken by a reference public health
genomics laboratory of COVID-19 infections in HCWs
across multiple facilities in Victoria, Australia and
define a framework for this type of activity in future.
Through an iterative, collaborative process with 12
HCFs, we performed 36 investigations for 765 HCWs,
representing 62% of the total number of HCW infec-
tions notified for the state. Underpinning these analyses
was efficient case ascertainment and a very high propor-
tion of positive cases sequenced, including samples
from HCWs and patients as well as the community, due
to aggressive testing and contact tracing strategies. Sev-
eral of these investigations were conducted in near-to-
real-time which allowed facilities to rapidly change
infection prevention protocols to limit further spread. A
clear strength of the investigative process in this study
was establishing a forum of laboratory and clinical
experts to initiate, discuss and progress investigations
which facilitate the integration of genomic results with
infection prevention and control methods.

Whilst epidemiologic outbreak investigations con-
ducted by IPC teams identify many likely cases of trans-
mission and contributing factors, this study highlights
cases where integrated genomic and epidemiologic
www.thelancet.com Vol 25 Month August, 2022



Figure 3. Comparison of clustering (identifying cases of HCW and patient infections that are likely to be related) at Facility C using
three different models: epidemiological clustering (Panel A), limited genomic investigation (cases in a single ward selected by HCF,
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panel B), and facility-wide genomic infections (Panel C). Each panel shows the distribution of cases (triangles in panel A, circles in
panels B and C) across six different wards (Wards 1-6) over a six-week time period in 2020. In panel A, thirteen cases were identified
by the HCF as a likely epidemiologic cluster (pink triangles). These cases, with the addition three cases from adjacent ward (Ward 3)
were submitted for a limited genomic investigation (Panel B); cases (circles) are coloured by genomic cluster. This showed that
most of the cases submitted were part of the same genomic cluster, but two of the Ward 1 cases were not linked (one case from
GC.B, and one case from GC.C, which was linked to two other cases on Ward 3). Panel C shows a broader facility-wide genomic
investigation that was undertaken to investigate cases on other wards; all HCW and patient cases were included in the facility-wide
investigation. This genomic analysis found the main outbreak from Ward 1 was larger than first identified, linking outbreaks in adja-
cent wards to the Ward 1 outbreak, with cryptic transmission between wards resulting in spread, including transmission to another
hospital campus. Unexpected links were also identified for GC.C, with cases spread over four wards. These genomic links were used
to direct further investigations to identify causes of transmission and introduce mitigation strategies. Panel D shows a maximum
likelihood phylogenetic tree of Facility C cases with Australian SARS-CoV-2 samples from wave 2, July − October 2020. Colour indi-
cates cluster; genomic clustering labels are independent from previously presented analyses (labels simplified for ease of communi-
cation). Panel E shows a sub-section of the tree of panel D, with nodes coloured by epidemiologic clustering identified by the HCF,
as in panel A; cases thought likely part of epidemiologic cluster (pink triangles), not epidemiologically linked (dark grey triangles) or
not associated with the HCF (light grey triangles). Panel F shows same sub-tree as panel E, but coloured by genomic cluster; GC.A
indicates the genomic cluster originally identified in ward 1 as in panels B and C; light grey circles indicate samples not associated
with the HCF.

Figure 4. Comparison of genomic epidemiological analyses analysed with and without genomic data for community cases. Filled
circles indicate HCWs, unfilled circles indicate non HCWs, colour indicates genomic cluster. Panel A shows analysis of cases from
facility D (mostly linked by epidemiology and genomics with dominant genomic cluster GC.A (green), and three additional HCW
cases from different genomic clusters (genomic clusters GC.B, GC.C and GC.D), plus three cases at facility E (related to each other)
from genomic cluster GC.D. In isolation, this suggests possible cryptic transmission between the two healthcare facilities. Addition
of community sequences into the analysis (Panel B) demonstrated that the HCWs at both facility D and facility E likely acquired
infection from a social event in the community that was attended by these cases.
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analysis adds greater resolution to outbreak investiga-
tions, enhancing (but not replacing) traditional meth-
ods. We emphasise here important commonalities that
were seen across the facilities investigated and the
importance of understanding SARS-CoV-2 transmis-
sion for future outbreak prevention. We found that the
physical movement of individuals as well as aerosol gen-
erating behaviours were contributing factors to trans-
mission within the facilities we investigated, and
genomic analyses were able to identify links here that
were not suggested by epidemiologic investigations.
While this pattern of staff and patient movement is
likely ubiquitous to HCFs and has been seen to contrib-
ute to the spread of COVID-19 elsewhere,20,21,35 it high-
lights the importance of investigating all positive cases
of HCWs and patients within a facility. We noted
instances such as at Facility A, where the genomic data
refuted the findings of the epidemiologic data, interpre-
tation of the two data sets together would significantly
change the infection control response. Similar scenarios
were found by Meijer et al.36

In settings where capacity to perform these analyses
are limited, informative results can be obtained from
stage one described in the methods and Demographic
data outlined in Box 1. Where feasible these results can
be expanded by combining genomic data with baseline
epidemiological data such as those outlined in Case
information in Box 1. While genomic analyses can be
informative with basic epidemiological data, the rich
detail added by comprehensive epidemiological data can
significantly improve their utility. Rapid and effective
data capture and management was a significant chal-
lenge for most facilities during the epidemic, delaying
and limiting infection control investigations; implemen-
tation of sustainable continuous data collection pro-
cesses within HCFs should be a priority for future
epidemic preparedness, allowing earlier initiation of
epidemiological and genomic investigations.

Based on our experiences, we propose a set of mini-
mum and enhanced metadata and a workflow to opti-
mise the utility of HCW investigations (Box 1),
recognising that expansion and resourcing for such sys-
tems can vary between facilities. Wherever possible,
integration with existing data systems should be lever-
aged, such as data from employee databases. Metadata
should be collected in standardised templates, and cap-
tured in a secure version-controlled database (e.g. RED-
Cap). This maintains data integrity during staff
turnover or when surge capacity is called for in response
to events. The World Health Organisation (WHO) has
outlined the minimum metadata to ensure that geno-
mic sequencing of SARS-CoV-2 samples will be of most
use.37 From our experiences here, we propose that these
metadata should ideally be expanded when performing
genomic epidemiological analysis. To allow for rapid
utilisation of data when the need arises, prior consider-
ation should be given to the governance framework for
www.thelancet.com Vol 25 Month August, 2022
the use and integration of the data into other systems,
such as disclosure to public health laboratories during
investigations, and its relationship to data captured by
other public health organisations.

Limitations of the study include the highly clonal
nature of cases in Victoria at this time, with >95% of
cases from the second wave being seeded for a single
transmission event. This limited the ability to resolve
some transmission networks, particularly early in the
outbreak, and may erroneously suggest single introduc-
tions of a cluster when there may have been multiple
introductions from a genomic cluster from the commu-
nity. Distinguishing community from healthcare acqui-
sition can also be more challenging with clonal
outbreaks, hence it is important for IPC teams to liaise
closely with their sequencing laboratory and genomic
epidemiologists to ensure adequate genomic diversity is
present to accurately infer potential healthcare trans-
missions. At this time in Victoria, strict public health
restrictions and aggressive contact tracing efforts were
in place, meaning that potential community exposures
for HCWs were well-defined, and were taken into
account during the genomic epidemiologic investiga-
tions. This emphasises the importance of high-quality
epidemiologic data to assist with interpretation of geno-
mic data when performing these analyses. Alternative
analytical methods for highly-clonal datasets, such as
examining minor allele frequencies and using advanced
phylodynamic tools that incorporate some epidemio-
logic data, could also be considered in healthcare set-
tings where bioinformatic resources and data
governance allow.

Our investigations were also limited by HCW and
patient cases that were not able to be sequenced
although numbers were relatively small, and the pro-
portion of cases successfully sequenced was greater
than most other jurisdictions. Similar processes could
easily be applied to other healthcare systems where
genomics is less commonly available; in particular,
focussed sequencing of hospitalised cases and HCWs
could achieve very similar results, albeit with a small
chance of false-positive genomic links due to multiple
introductions of the same genomic cluster from the
community.

The results from each facility have shown that there
were multiple contributors to COVID-19 infections in
HCWs in Victoria in 2020, and that while there were
common factors contributing to transmission across dif-
ferent facilities, each outbreak was in fact a unique com-
bination of contributors and had to be assessed
individually. Through our experience working with
multiple HCFs, we found that it was essential to investi-
gate all positive HCW and patient cases in a facility
along with detailed epidemiological data, wherever fea-
sible. Collaborative and interactive exploration of the
combined data uncovered further epidemiological links,
maximising the impact of the analyses for the HCF, and
11
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providing the greatest opportunities for HCFs to opti-
mise the safety of HCWs and patients in the future.
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