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Introduction: Throughout the global COVID-19 pandemic, nosocomial
transmission has represented a major concern for healthcare settings and
has accounted for many infections diagnosed within hospitals. As restrictions
ease and novel variants continue to spread, it is important to uncover the
specific pathways by which nosocomial outbreaks occur to understand the
most suitable transmission control strategies for the future.

Methods: In this investigation, SARS-CoV-2 genome sequences obtained from
694 healthcare workers and 1,181 patients were analyzed at a large acute NHS
hospital in the UK between September 2020 and May 2021. These viral
genomic data were combined with epidemiological data to uncover
transmission routes within the hospital. We also investigated the effects of
the introduction of the highly transmissible variant of concern (VOC), Alpha,
over this period, as well as the effects of the national vaccination program on
SARS-CoV-2 infection in the hospital.

Results: Our results show that infections of all variants within the hospital
increased as community prevalence of Alpha increased, resulting in several
outbreaks and super-spreader events. Nosocomial infections were enriched
amongst older and more vulnerable patients more likely to be in hospital for
longer periods but had no impact on disease severity. Infections appeared to be

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2022.1066390/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1066390/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1066390/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1066390/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1066390/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1066390/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1066390/full
https://orcid.org/0000-0002-5537-8567
https://orcid.org/0000-0003-4948-1004
https://orcid.org/0000-0002-9584-0621
https://orcid.org/0000-0001-9474-8340
https://orcid.org/0000-0001-5752-8234
https://orcid.org/0000-0001-5569-4327
https://orcid.org/0000-0003-4885-2432
https://orcid.org/0000-0003-3304-079X
https://orcid.org/0000-0002-4709-9162
https://orcid.org/0000-0003-4044-6144
https://orcid.org/0000-0001-5702-9160
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2022.1066390&domain=pdf&date_stamp=2023-01-20
mailto:samuel.robson@port.ac.uk
https://doi.org/10.3389/fcimb.2022.1066390
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2022.1066390
https://www.frontiersin.org/journals/cellular-and-infection-microbiology

Cook et al.

10.3389/fcimb.2022.1066390

transmitted most regularly from patient to patient and from patients to HCWs. In
contrast, infections from HCWs to patients appeared rare, highlighting the benefits
of PPE in infection control. The introduction of the vaccine at this time also
reduced infections amongst HCWs by over four-times.

Discussion: These analyses have highlighted the importance of control
measures such as regular testing, rapid lateral flow testing alongside
polymerase chain reaction (PCR) testing, isolation of positive patients in the
emergency department (where possible), and physical distancing of patient
beds on hospital wards to minimize nosocomial transmission of infectious
diseases such as COVID-19.

KEYWORDS

COVID-19, SARS-CoV-2, nosocomial infection, hospital-acquired infection,
transmission dynamics, alpha variant, Oxford Nanopore Technologies (ONT), whole

genome sequencing (WGS)

1 Introduction

The COVID-19 pandemic marks the most significant
infectious disease outbreak event that has been monitored in
near real-time by whole genome sequencing (WGS). To date,
there have been more than 10 million SARS-CoV-2 genome
sequences submitted to the Global Initiative for Sharing of All
Influenza Data (GISAID) database worldwide (GISAID -
Submission Tracker Global., 2021). A large proportion of these
were initially submitted by the United Kingdom (UK completes
over one million SARS-CoV-2 whole genome sequences -
GOV.UK.,, 2021), with approximately 25% of all GISAID
sequences originating from the UK (GISAID - Submission
Tracker Global,, 2021), which can be largely attributed to the
national genomic surveillance program of the COVID-19
Genomics UK (COG-UK) Consortium (COVID-19 Genomics
UK (COG-UK), COVID-19 Genomics UK Consortium., 2021).
Such large-scale WGS programs have enabled the identification
of biologically distinct variants, including variants of concern
(VOCs), classified by the World Health Authority (WHO). More
than 1,700 variants and sub-variants have been named to date
(based on the Pango Lineage definitions, which will be used
throughout), of which five have been classified as VOCs (Cov-
Lineages., 2021). In addition, genomic data have been used to
inform the governmental implementation of non-
pharmaceutical interventions, such as national lockdown
measures, to prevent viral transmission. These datasets have
also been used to investigate SARS-CoV-2 transmission in
hospitals and other healthcare settings, both as a rapid-
turnaround service to inform infection control when an
outbreak occurs (Blackstone et al., 2021; Stirrup et al., 2021;
Stirrup et al., 2022) and on a retrospective basis to understand
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the dynamics of nosocomial transmission at a larger scale
(Illingworth et al,, 2021; Lumley et al., 2021; Snell et al., 2022).
With more than 515 million cases and 6 million deaths
recorded worldwide (WHO Coronavirus (COVID-19)
Dashboard | WHO Coronavirus (COVID-19) Dashboard With
Vaccination Data., 2021), COVID-19 represents a severe threat
to public health. SARS-CoV-2 has an incubation period of up to
14 days before symptom onset (Jiang et al., 2020), with only a
subset of individuals going on to display symptoms. This
observation makes asymptomatic and pre-symptomatic
transmission a significant concern for COVID-19 infection
control (Day, 2020; Yu and Yang, 2020), which is particularly
true in clinical settings and long-term care facilities where
patients are physically close to each other and healthcare
workers (HCW) (Huff and Singh, 2020). Visitors to healthcare
settings may also act as vectors for viral transmission from the
community or between patients and HCW in different localities.
COVID-19 acquired in the clinical setting has a severe impact on
clinically vulnerable patients (Bhogal et al., 2021) and up to 20%
of infections in inpatients and 73% in HCWs may be due to
nosocomial transmission in the UK (Evans et al., 2021).
Understanding the dynamics associated with nosocomial
transmission will provide useful insights for infection control
within hospitals for the current pandemic and future outbreaks
of a similar nature. Epidemiological data relating to patient
location and timing between admission and testing positive are
commonly used to determine whether infections are hospital-
acquired or not (COVID-19: epidemiological definitions of
outbreaks and clusters in particular settings - GOV.UK., 2021).
Whilst this information is useful, it cannot be used to disentangle
complex transmission networks or networks involving HCWs
who are in and out of the hospital setting every day. WGS of
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SARS-CoV-2 and subsequent phylogenetic analyses offer the
possibility of elucidating related cases based on sequence
similarity, providing some temporal and directional indication
of transmission chains.

The second wave of the pandemic in the UK, which occurred
between September 2020 and May 2021, placed significant strain
on the healthcare service due to the high numbers of COVID-19
infections and admissions to hospital. Two events occurred at
the peak of this wave in December 2020 that may have affected
the transmission dynamics of SARS-CoV-2 within hospital
settings — the commencement of the national vaccination
program and the emergence of the VOC Alpha, B.1.1.7. The
B.1.1.7 variant is characterized by several mutations, including
the N501Y mutation on the spike protein, that increases the
binding affinity of the virus to human ACE-2 receptors, thus
conferring greater potential for infection (Tian et al, 2021).
However, serological testing revealed that B.1.1.7 did not
increase the risk of infection in vaccinated individuals (Planas
et al, 2021). It was also predicted not to significantly affect
nosocomial transmission compared to other variants (Boshier
et al., 2021). Large-scale genomic data can also be used
retrospectively to validate these findings, providing insights
into both vaccine efficacy and the appearance of the B.1.1.7
Alpha variant on the transmission dynamics of SARS-CoV-2
within healthcare settings.

In this large-scale investigation, we performed Nanopore
sequencing on SARS-CoV-2 samples from HCWSs and patients
at Queen Alexandra Hospital (QAH), Portsmouth, UK. SARS-
CoV-2 sequences from 694 HCWs and 1,181 patients were
combined with epidemiological information and were analyzed
in detail to understand transmission dynamics within the
hospital during the second wave of the COVID-19 pandemic.
The aims were to identify nosocomial outbreaks within the
hospital, disentangle transmission networks, compare these
between variants and transmission clusters and understand the
effects of HCW vaccination on SARS-CoV-2 prevalence. As the
world begins to recover from the impact of the COVID-19
pandemic, we must use results from such studies to fully
understand the most significant paths of nosocomial infection
and help to impact policies for future outbreaks of pathogens.
These analyses highlighted the difficulties faced by the hospital
during the most challenging months of the COVID-19
pandemic and the power of genomic epidemiology for
understanding outbreaks in detail.

2 Materials and methods

2.1 Study site and Infection Prevention &
Control (IPC) procedures

Portsmouth Hospitals University NHS Trust (PHU) is one
of England’s largest acute hospital trusts. Queen Alexandra
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Hospital (QAH) is a research hospital within the trust with an
800-bed capacity and treats > 500,000 patients a year. During the
peak of the second wave of COVID-19 in the UK, 60% of
hospital beds were occupied by SARS-CoV-2 positive patients.

Throughout the course of the pandemic, key actions were
taken by the Infection Prevention & Control (IPC) Team at PHU
to help limit COVID-19 infections within clinical settings. A
timeline of these key Trust actions can be seen in Supplementary
Figure 1. Key actions include: the required usage of personal
protective equipment (PPE) for all HCW's from March 2020, to
protect staff and patients from onward nosocomial viral spread;
mandatory requirement of face coverings for all individuals on
site from 22" June 2020, including visitors and outpatients;
initiation of the staff vaccination program (which commenced
on the 10™ December 2020), providing early access to the Pfizer/
BioNTech BNT162b2 vaccine to HCWs at PHU; introduction of
point of care testing (POCT) in the emergency department
(introduced on the 8™ February 2021) which allowed patients
to be cohorted from admission; and introduction of a
“management of patients” pathway in May 2020, which was
regularly updated based on national guidance.

This pathway map helped to simplify the safe movement of
patients into and across the Trust during the pandemic.
Supplementary Figure 2 shows the guidance used by PHU at
the end of the study period in May 2021, which identified
specific “green” (free from COVID-19) and “red” (COVID-19
treatment) wards for protection of vulnerable patients. Surgical
wards, as well as renal, haemotology and oncology wards, were
protected as “green” wards. Patients underwent rapid PCR (see
Section 2.2 below) on admission, and were isolated or moved to
the medical bed base pending results. Elderly care wards have
historically been located in older infrastructure of the hospital
(circa 1970s), which rely on natural ventilation only, with air
purification systems introduced to areas with poor ventilation.
However, following updates to the patient pathway, infectious
elderly patients were additionally moved to wards in the new
estate (circa 2009), which had access to improved mechanical
ventilation facilities.

2.2 Laboratory diagnosis

COVID-19 tests for hospital staff and patients and members
of the local community within Portsmouth and surrounding
areas were carried out at the Clinical Microbiology Department
at QAH. Samples were collected from participants using
nasopharyngeal swabs and stored and transported in Sigma-
Virocult 3mL Viral Transport Media (VIM) (Medical Wire &
Equipment, Corsham, UK).

The majority of testing over the period of this study was
performed on the Panther system with the Aptima SARS-CoV-2
assay (Hologic, Marlborough, USA). Capacity was
approximately 600 tests per day. Prior to testing, 500uL of
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VTM was added to a Panther Specimen Lysis Tube (Hologic,
Marlborough, USA). This method involves automated RNA
extraction and transcription-mediated amplification, providing
a qualitative result to confirm the presence or absence of SARS-
CoV-2 by amplifying two conserved regions of the SARS-CoV-2
ORFlab gene, comparing the fluorescence signal to an
internal control.

POCT was performed using the ID Now SARS-CoV-2 assay
(Abbott Laboratories, Chicago, USA). Urgent testing within the
laboratory was performed directly on samples in VIM using the
Xpert® Xpress SARS-CoV-2 assay on the GeneXpert (Cepheid,
California, USA), as per the manufacturer’s instructions for use.
This is a cartridge-based system for rapid detection, extraction
and amplification using real time (RT)-PCR to detect 2 targets
for SARS-COV-2 in the N2 and E gene regions, alongside
internal controls. As urgent testing was a finite resource, less
than 4% of testing was performed on this platform.

Surge capacity was provided using the Anatolia Geneworks
SARS-CoV-2 PCR v2, which has 2 SARS-CoV-2 targets:
ORFlab and E gene alongside an internal control. VIM
sample extraction was performed on the QIAsymphony SP/AS
extraction system (Qiagen, Hilden, Germany) off-board lysis
protocol (PATHOGEN, COMPLEX 200_OBL_V4_DSP) using
the QIAsymphony DSP Virus/Pathogen Midi or Mini Kit and
RT-PCR amplification was performed on the LightCycler4800 II
(Roche, Basel, Switzerland).

2.3 Sampling

COVID-19-positive swab samples identified in the period
between 1** September 2020 and 31°* May 2021 were targeted for
viral extraction and whole-genome sequencing. Samples from
PHU, along with cases from a wide range of NHS Trusts across
the South Coast of the UK, were sequenced by the University of
Portsmouth as part of the COG-UK consortium (COVID-19
Genomics UK (COG-UK), COVID-19 Genomics UK
Consortium., 2021). This study focuses on samples from
HCWs and patients (including in-patients and those admitted
to the ED), representing variants circulating in the hospital at the
time. At times of high prevalence, when throughput was limited,
samples were selected for sequencing based on the COG-UK
surveillance sampling strategy. This strategy was employed by
NHS Trusts across the COG-UK network to ensure that over
50% of local sequencing capacity was utilized towards national
surveillance, ensuring that data represented a random
representative subset of circulating variants. When capacity to
sequence all available samples was not available, samples were
selected randomly from those available each day up to at least
50% of local capacity. In addition, further samples were selected
in a non-random way if they represented targeted sequencing
priorities for national research studies, such as HCWs for the
SARS-CoV-2 Immunity & Reinfection EvaluatioN (SIREN)
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study (https://snapsurvey.phe.org.uk/siren/). For the most part,
local capacity remained high at PHU throughout this period,
with 2,625 of 4,073 (64.4%) positive COVID-19 cases detected
within QAH submitted for WGS.

2.4 Sample exclusion

HCWs and in-patient samples were prioritized for
downstream analyses, with other sample groups (e.g. out-
patients and samples from non-hospital settings) classed
amongst local community cases. Individuals who had
indicated their preference to be excluded from the study
through retrospective opt-out consent were removed, as were
cases where the sequencing failed, with no material available for
a successful repeat. Only the earliest positive case was taken
forward for phylogenetic analysis for samples collected from the
same individual. The final data set consisted of data from 694
HCWs and 1,181 patients (Figure 1A).

2.5 Whole genome sequencing

Sequencing was conducted following the ARTIC nCoV-2019
sequencing protocol V.3 (LoCost) (Quick, 2020). In brief, RNA
was reverse transcribed and then amplified with amplicon PCR
using the ARTIC nCoV-2019 V3 primer panel (Integrated DNA
Technologies, Towa, USA), which consists of 98 primer pairs
tiling the full length of the ~30Kb SARS-CoV-2 genome. Split
primer pools were used to prevent over-amplification of
overlapping amplicon regions during the PCR. In addition, a
negative nuclease-free water (NFW) control and a positive
synthetic SARS-CoV-2 RNA control (Twist Bioscience, San
Francisco, CA, USA) were added to each plate, which were
used as quality control measures to monitor PCR success and
contamination. Representative samples from each plate and
positive and negative controls were quantified using the Qubit
DNA Assay Kit in a Qubit 2.0 Fluorometer (Life Technologies,
California, USA). Sequencing libraries were prepared for
Nanopore sequencing using the Oxford Nanopore
Technologies (ONT) LSK-109 Ligation Sequencing Kit and
Nanopore EXP-NBD196 Native Barcoding Expansion 96 kit
(ONT, Oxford, UK). Libraries were sequenced on R9.4.1 flow
cells on a GridION X5 platform (ONT, Oxford, UK) for 24-36
hours (depending on library sample number) to achieve a final
coverage of ~100,000 reads per sample. Raw reads were
demultiplexed using the Guppy 3.2.10 toolkit integrated within
the MINKnow software. The ARTIC fieldbioinformatics toolkit
V1.2.1 (https://github.com/artic-network/artic-ncov2019) was
used to process the resulting data. Reads were mapped against
the SARS-CoV-2 reference genome (Wuhan-Hu-1, GenBank,
MN908947.3) using MiniMap2 (v2.17-r941) (Li, 2018) and
variants were identified using Nanopolish (v0.13.2; https://
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FIGURE 1
(A) Flow chart showing the number of COVID-19 tests performed between September 2020 and May 2021 at QAH, and the number of

participants in the study. Positive samples were selected at random when it was not possible to process all samples. Those sequenced were
removed when participants indicated their desire to opt-out from the study, due to failure of the sequencing (with no material available for
repeating), or when the sample was from neither an in-patient nor HCW (these samples were included as community samples in downstream
analyses). Only the first positive case was selected for individuals with multiple tests, and case numbers where a lineage could be determined
using Pangolin are shown. (B) Distribution of lineages identified amongst SARS-CoV-2 samples for 1) HCWs with 2 doses testing positive 15 days
or longer from the second vaccine dose (Late Dose2), 2) HCWs with 2 doses testing positive 14 days or fewer from the second vaccine dose
(Early Dose?2), 3) HCWs with 2 doses testing positive 15 days or longer from the first vaccine dose (Late Dosel), 4) HCWs with 2 doses testing
positive 14 days or fewer from the first vaccine dose (Early Dosel), 5) HCWs with 2 doses testing positive prior to vaccination, 6) HCWs with 1
dose testing positive 15 days or longer from the first vaccine dose (Late Dosel), 7) HCWs with 1 dose testing positive 14 days or fewer from the
first vaccine dose (Early Dosel), 8) HCWs with 1 dose testing positive prior to vaccination, 9) non-vaccinated HCWs, 10) HCWs with an unknown
vaccination status (assumed non-vaccinated), or 11) patients within the hospital (primarily unvaccinated at this time).

(C) Distribution of distinct lineages identified on a weekly basis at QAH. Distinct lineages are identified based on the Pangolin tool. Lineages with
fewer than 5 cases are combined into a single class (‘Other’). Case numbers are here based on sequencing results only, so represent a subset of
the total cases observed at QAH over this time. (D) Distribution of the number of days between admission and first testing positive for COVID-
19 for patients within the major lineages identified amongst cases within the hospital. Nosocomial transmission is classified as being ‘definite’ if a
positive test occurs greater than 14 days after admission (red), ‘likely’ if occurring greater than 7 days after admission (orange), ‘possible’ if
occurring greater than 2 days after admission (green), and community-acquired otherwise (purple). Significant differences between groups are
highlighted based on the results of a Wilcoxon rank sum test (*** <= 0.001; ** <= 0.01; * <= 0.05).

github.com/jts/nanopolish). Sequencing performance was
monitored in real-time using the RAMPART (V1.0.6) software
package (Mapleson et al, 2015). Variant assignment for

resulting consensus sequences was conducted using Pangolin the SARS-CoV-2 genome) were repeated.
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(https://github.com/cov-lineages/pangolin) with PANGOLearn
version 2021-10-18. Samples with PCR contamination in the
NFW negative control (defined by 200 reads or more mapping to
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2.6 Genomic data analysis

Multiple sequence alignments were generated using MAFFT
(v7.310) (Katoh et al., 2002) for all HCWs and patients from
QAH, along with cases from the latest COG-UK data on CLIMB
(2021-02-18) from the Hampshire region as community cases.
Iqtree (v2.1.2) (Nguyen et al, 2015) was used to generate
phylogenetic trees using default parameters rooted on the
reference genome (Wuhan-Hu-1, GenBank, MN908947.3) as
an outgroup. Unless stated otherwise, all downstream data
analyses were conducted using the R (v4.1.2) statistical
programming language (R Core Team, 2021). The ape (v5.6-1)
package was used to load the phylogenetic trees in R (Paradis
and Schliep, 2019), which were plotted using ggtree (v3.2.1) (Yu,
2020). Clustering of cases was identified using the transcluster
(v0.1.0) package in R (Stimson, 2018), with serial transmission
interval () set to 5 days and the viral mutation rate (L) set to 2
mutations per month based on previous estimates (Stimson
et al, 2019; Meredith et al., 2020). Samples within 2 inferred
transmission events (T) were clustered. Further analysis of
transmission dynamics was conducted using the a2bcovid
(v0.1.0) package in R (Illingworth et al, 2020). Statistical
comparisons between count data were conducted based on the
Chi-Squared test, whilst comparisons between numeric
distributions were conducted using the non-parametric
Wilcoxon rank-sum test. Figures were plotted using the
ggplot2 (v3.3.5) (Wickham., 2016) ggpubr (v0.4.0)
(Kassambara, 2020) and cowplot (v1.1.1.) (Wilke, 2020)
packages in R.

2.7 Epidemiological data analysis

Information collected for patient cases included: ward
location, date of admission to hospital, date of testing positive
and date of symptom onset. These data were collected from the
Local Laboratory Information Systems (LIMS) using COGNOS
for interrogation to identify all positive samples. Additional data
on patient outcomes (death within 30 days of infection,
intubation of the patient, and ICU admission of the patient)
were collected were possible. Date of testing positive and shift
location information were collected for HCWs, both as part of
the QAH HCW screening program and manually from the
APEX Pathology LIMS. These data were linked to SARS-CoV-
2 genome sequence data using the COG-UK sequencing codes
and locally assigned sample source IDs.

2.8 Definitions

We used clinical standards for defining the likelihood of
nosocomial infection amongst patient samples based on the time
from admission to testing positive (Huff and Singh, 2020):

Frontiers in Cellular and Infection Microbiology

06

10.3389/fcimb.2022.1066390

Community-acquired patient infections were those that tested
positive 0-2 days after hospital admission; Possible nosocomial
cases were those that tested positive 3-7 days after admission to
the hospital; Likely nosocomial cases were those that tested
positive 8-14 days after admission to the hospital; Definite
nosocomial cases were those that tested positive 15 days or
more after hospital admission. We defined a ‘“transmission
cluster’ is a group of SARS-CoV-2 cases with phylogenetic
evidence of a potentially shared infection chain, and in
particular focused primarily on those containing five or more
individuals. Note that this may or may not include cases defined
as nosocomial, as some may be part of shared community-based
transmission chains.

2.9 Data availability

The consensus SARS-CoV-2 genomes and human-filtered
sequencing data for COG-UK samples are routinely deposited in
the European Nucleotide Archive (ENA) at EMBL-EBI under
accession PRJEB37886. In addition, high-quality consensus
genome files with coverage greater than 90% are routinely
deposited to the Global Initiative for Sharing of All Influenza
Data (GISAID) database. Accession numbers for anonymized
samples featured in this study are available in Supplementary
Table 1.

3 Results

3.1 Vaccination led to a reduced
prevalence of COVID-19

Of the 6,810 HCWs at QAH, 5,964 (87.6%) had received at
least one dose of the Pfizer/BioNTech BNT162b2 vaccine by the
end of May 2021, with 4,203 (61.7%) having received two doses
(Table 1). The prevalence of SARS-CoV-2 infection amongst
HCWs was 10.0% in those that were unvaccinated, 2.4% within
14 days of the first dose and 1.3% 14+ days after the first dose. In
this time-period, there were only two cases of COVID-19 within
14 days of the second dose and only one case of COVID-19 14+
days after the second dose in HCW's that had received two doses.

3.2 The distribution of circulating SARS-
CoV-2 variants in QAH changed as the
Alpha variant prevailed

Between September 2020 and May 2021, a total number of
4,073 positive COVID-19 cases were detected within QAH
(Figure 1A). Of these, 2,625 (64.4%) were selected for whole
genome viral sequencing and filtered (see Materials and
Methods) to produce a data set for 1,875 individuals. A total
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TABLE 1 Number of vaccinated and unvaccinated staff testing positive for COVID-19 within fewer than 14 days (early) or after 14 or more days
(late) of their first or second vaccine dose via PCR testing for COVID-19.

Unvaccinated Vaccinated +ve post-vaccine +ve early +ve late +ve early +ve late
(dose 1) (dose 1) (dose 2) (dose 2)

HCWs 846 5,964
(1 Dose = 1,761)
(2 Doses = 4,203)
Positive 85 (10.0%) 658 (11.0%) 223 (3.7%) 145 (2.4%) 78 (1.3%) 2 (0.0%) 1 (0.0%)
(Al
Positive 437 (7.3%) 211 (3.5%) 137 (2.3%) 74 (1.2%) 2 (0.0%) 1(0.0%)
(2 doses)
Positive 221 (3.7%) 12 (0.2%) 8 (0.1%) 4(0.1%)
(1 dose)
of 694 staff and 1,181 patient SARS-CoV-2 sequences were wave 2 prior to the vaccine program starting on 10th December
included in variant classification and transmission dynamics 2020. Thus, pre-vaccination HCW cases contained very few cases
analyses (Figure 1A). of B.1.1.7 due to it not having emerged yet in most cases, leading to
During this period, the six variants most commonly identified in a higher proportion of B.1.1.7 cases identified in patient samples
positive COVID-19 samples at QAH were B.1.36.17, B.1.177, than pre-vaccination cases. Indeed, no difference was seen when

B.1.177.9, AS.1, B.1.1.37 and B.1.1.7 (Figure 1C). Before December removing this variant from the analysis (x> = 11.28, df = 10, p =
2020, cases within QAH were heterogeneous, with B.1.177 and 0.336). Since these HCWs were positive prior to beginning their

B.1.1.37 in particular, each accounting for 16.4% of all cases. vaccination, these similarly represent the background of infections
However, during December, the introduction of the B.1.1.7 Alpha amongst non-vaccinated staff. Therefore, infections in HCW's were
variant into the community and the hospital resulted in a substantial largely representative of the variants circulating within the hospital
increase in case numbers, reaching a peak in the first week of January at the time of testing positive, suggesting that there is no
2021. During this initial rapid increase in cases, a significant increase enrichment for any specific variants (which may be suggestive of
in cases was also seen for other variants, including a 2.8-fold increase HCW-specific outbreaks) amongst HCWs.

in cases of B.1.177, a 1.5-fold increase in cases of B.1.1.37, a 4-fold Only 15 HCWs tested positive after receiving their most
increase in B.1.177.9, and rapid expansion of previously rare variants recent vaccine dose during the study period (Table 1; Figure 1B).
AS.1 and B.1.36.17 (Supplementary Figure 3). However, B.1.1.7 soon Given the later time point for these cases, the variants were
became the dominant variant in QAH, with 100% of all sequenced primarily B.1.1.7, with several cases of B.1.36.17, which also saw
samples showing this variant by February 2021 (Figure 1C; some cases in January 2021. Double-vaccinated HCWs testing
Supplementary Figure 3). positive after the first dose showed differences in circulating

variants compared to patients (x> = 31.55, df = 12, p = 0.002) due
to a reduction in the presence of variants that decreased in their
3.3 HCW COVID-19 cases represented all prevalence from January 2021. Importantly, whilst case rates
variants circulating in the hospital were reduced amongst vaccinated HCWs, all circulating variants
in QAH were identified amongst this group. Whilst increased

The distribution of circulating variants was largely similar proportions of B.1.1.7 were identified post-vaccination, these
between patients (unknown vaccination status, but largely non- changes were likely the result of cases post-vaccination being
vaccinated at this time) and non-vaccinated HCWs (Figure 1B; % primarily later in the timeline, when B.1.1.7 accounted for
= 6.81, df = 6, p = 0.339). A significant difference was detected almost 100% of all cases. Indeed, B.1.1.7 was also predominant
between patients and HCWs with unknown vaccination status amongst patients by January 2021 (Figure 1C; Supplementary

(Figure 1B; X2 =14.77, df = 6, p = 0.022), which was primarily a Figure 4). There is, therefore, no sign of significant vaccine
result of no cases of AS.1 amongst these individuals and an increase escape for any of the variants observed in QAH at this time.

in multiple less-abundant variants (“Other”). A significant

difference was also detected between patients and vaccinated

HCWs who tested positive prior to their vaccine (Figure 1B; % 3.4 Nosocomial spread amongst

=54.188, df = 12, p < 0.001). This difference is primarily the result circulating variants

of significant changes in the proportion of the B.1.1.7 variant over

this time period. The vast majority of such cases, where a HCW The number of days from admission to receiving a positive
tested positive prior to vaccination, will have occurred early in test is typically used as an epidemiological definition of
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nosocomial infection (Huff and Singh, 2020). Comparing this
metric amongst the circulating variants for patient COVID-19
cases highlighted that some variants may have contained more
nosocomial cases than others. In particular, cases belonging to
the B.1.1.37 and B.1.36.17 variants had a median number of 11.5
and 9 days since admission respectively amongst all cases
(Figure 1D). This longer period from admission to infection
suggests significant nosocomial spread amongst this group.
Cases belonging to the AS.1 and B.1.177.9 variants had lower
medians of 7 and 8 days post-admission respectively, whilst the
variants associated with increased community prevalence,
B.1.1.7 and B.1.177, each showed lower medians still of only 1-
day post-admission (Figure 1D). A clear difference was seen
between B.1.1.7 and all other groups except B.1.177, with
significant differences detected between the days post-
admission compared to AS.1 (p = 0.009), B.1.177.9 (p =
0.009), B.1.36.17 (p = 0.001) and B.1.1.37 (p < 0.001).

Based on epidemiological definitions of nosocomial infection
and the time of infection post-admission (Huff and Singh, 2020),
nosocomial cases were identified amongst all variants (Table 2).
B.1.36.17 showed the greatest proportion of nosocomial cases in
total (79.3% possible/likely/definite; 51.7% likely/definite), with few
community-acquired cases identified (13.8%). Similarly, high levels
of nosocomial cases were identified for B.1.1.37 (72.1% possible/
likely/definite; 58.2% likely/definite) and AS.1 (71.4% possible/
likely/definite; 37.1% likely/definite). In contrast, a smaller
proportion of B.1.1.7 infections were nosocomial (30.7% possible/
likely/definite; 18.6% likely/definite), with 37.8% identified as
community-acquired, indicating that B.1.1.7 was primarily driven
by community spread. Prevalence of community spread was also
seen for B.1.177, with fewer nosocomial cases (37.9% possible/
likely/definite; 24.2% likely/definite) and a higher proportion of
community-acquired cases (37.9%).

10.3389/fcimb.2022.1066390

3.5 Identification of shared transmission
chains using viral genomics

SARS-CoV-2 genome variants can differ by many mutations,
and identifying the specific variant alone is not suitable for
determining directly linked cases and nosocomial transmission
clusters within the hospital. However, phylogenetic cluster
analysis of the viral whole-genome sequences, combined with
information on likely infection dates and shared locations,
enabled the identification of within-variant clusters amongst
HCWs and patients at QAH, resulting in the elucidation of
possible linked transmission chains and nosocomial clusters
(Figures 2A-F). Of the six variants most commonly detected
within QAH in this period, within-variant pairwise comparisons
indicated that the proportion of pairwise cases consistent with
direct transmission was high, suggestive of a single major
outbreak for AS.1 (Figure 2A) and B.1.36.17 (Figure 2D);
moderate, suggestive of multiple distinct outbreaks for B.1.1.37
(Figure 2B) and B.1.177.9 (Figure 2E); and low, suggestive of
community spread with multiple potential local outbreaks for
B.1.177 (Figure 2C) and B.1.1.7 (Figure 2F). Plotting the
phylogenetic tree in the context of other cases from the local
community and surrounding region further highlights that
whilst AS.1, B.1.36.17, B.1.1.37 and B.1.177.9 were enriched
amongst cases from QAH, suggesting the likelihood of
nosocomial spread, cases of B.1.1.7 and B.1.177 from QAH
were seen in amongst a significant proportion of community
cases, suggesting that nosocomial spread was not the primary
driver of infection for cases amongst these lineages (Figure 2G).
Whilst many of these nodes contained mostly community cases
or events in which outbreaks in the community appeared to be
brought into the hospital by HCW's and patients, some appeared
to indicate outbreaks within QAH (Figure 2G).

TABLE 2 Number of patients within each nosocomial group within the primary viral lineages circulating.

Total Definite Likely Possible Community- Indeterminate Total
patients nosocomial nosocomial nosocomial acquired nosocomial
B.1.1.7 511 33 (6.5%) 62 (12.1%) 62 (12.1%) 193 (37.8%) 161 (31.5%) 157 (30.7%)
B.1.177 58 7 (12.1%) 7 (12.1%) 8 (13.8%) 27 (46.6%) 9 (15.5%) 22 (37.9%)
B.1.1.37 43 11 (25.6%) 14 (32.6%) 6 (14.0%) 7 (16.3%) 5 (11.6%) 31 (72.1%)
B.1.177.9 41 4(9.8%) 11 (26.8%) 7 (17.1%) 6 (14.6%) 13 (31.7%) 22 (53.7%)
AS.1 35 2 (5.7%) 11 (31.4%) 12 (34.3%) 5 (14.3%) 5 (14.3%) 25 (71.4%)
B.1.36.17 29 5 (17.2%) 10 (34.5%) 8 (27.6%) 4 (13.8%) 2 (6.9%) 23 (79.3%)
Other 44 3 (6.8%) 6 (13.6%) 5 (11.4%) 22 (50.0%) 8 (18.2%) 14 (31.8%)
None 420 19 (4.5%) 32 (7.6%) 44 (10.5%) 139 (33.1%) 186 (44.3%) 95 (22.6%)

All lineages with fewer than 5 total cases (including HCWs) were combined into a single group (‘Other’). Community-acquired = 0-2 days post-admission; Possible-nosocomial = 3-7
days post-admission; Likely-nosocomial = 8-14 days post-admission; Definite-nosocomial = 15+ days post-admission.
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AS.1 (N=61)

B.1.177.9 (N=71)

FIGURE 2

(A—F) Transmission dynamic plots based on analysis using the a2bcovid package in R for individuals with one of the 6 major lineages circulating within
the hospital during the period of the study. Pairwise likelihood of direct transmission between cases is encoded as ‘Consistent’ (red) for likely cases of
person-to-person transmission, ‘Borderline’ (cream) for potential cases of person-to-person transmission, and ‘Unlikely’ (blue) for unlikely cases of
person-to-person transmission. Healthcare workers are highlighted in red. (G) Phylogenetic tree of SARS-CoV-2 genomes from staff and patients
identified at QAH through the study period between September 2020 and May 2021, along with community cases from the city of Portsmouth, and the
county of Hampshire in the UK. The tree is rooted on the early SARS-CoV-2 genome MN908947.3, with distance on the x-axis corresponding to
evolutionary distance from this progenitor. Similar genomes are clustered into lineages, with the most significant lineages circulating within the hospital
at this time highlighted. Node tips are colored based on whether they represent patients (filled red circle), healthcare workers (filled green triangles),
community cases from the city of Portsmouth (empty blue squares), or community cases from the county of Hampshire (empty purple diamonds).
Community cases are represented by open symbols to make QAH samples easier to identify.

Patient
HCwW
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3.6 Transmission dynamics for AS.1

Most cases of variant AS.1 were identified amongst two
distinct transmission clusters (Figure 3A). The larger of the two
groups consisted of 25 patients and 14 HCWs, with the earliest
case originating from a patient on Ward 15 in November.
Interestingly, this case was itself designated as ‘likely’
nosocomial, indicating that there may be earlier cases in this
transmission chain not accounted for in our HCW and patient
data. This difference may indicate initial infection from an
asymptomatic carrier or from a visitor to the hospital. Several
infections occurred amongst staff and patients, with a large rapid
expansion of cases consistent with an outbreak on Ward 28 (15
patients and at least one HCW known to be on this ward), which
accounted for the majority of cases. Patients in this group were
primarily ‘possible’ or ‘likely’ nosocomial cases, although no
‘definite’ cases on the ward for longer than 2 weeks were
identified (Figure 3B). Whilst there was significant spread on
this ward, the variability amongst cases indicates that this is
unlikely the result of a super-spreader event. While the initial
outbreak was spread to other wards, few of these events resulted
in similar outbreaks. Similarly, whilst infection of HCWs was
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identified as a result of this outbreak, these HCWS did not
themselves act as vectors to seed further outbreaks in other areas
of the hospital. Interestingly, several cases were detected
downstream in the Emergency Department (ED) through
routine swabbing of patients, classed as community
transmission by the epidemiological definitions. The smaller of
the two clusters consisted of four patients and five HCWs and
appears to be an oft-shoot of the major cluster, again seen
primarily on Ward 28.

3.7 Transmission dynamics for B.1.1.37

Apart from a handful of cases, the vast majority of cases (39
patients and 14 HCWs) appeared to be linked to a single large
outbreak (Figure 4A). At least 22 of these cases were identified
on Ward 15, and 59.0% of patients were ‘definite’ or ‘likely’
nosocomial cases (Figure 4B). The earliest case in this cluster was
a community-acquired case on Ward 37, but one week later, an
outbreak of nosocomial cases was detected on Ward 15, also
identified for early cases of AS.1. This outbreak continued for
nearly two months although interestingly, no HCWs were
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(A) Cluster plot for the AS.1 lineage based on analysis using the transcluster package in R. Individual samples are represented by circles (patients)
or triangles (HCWs), with the color representing the anonymized ward on which the patient was tested. Samples are connected in the graph if
they show evidence of being within 2 transmissions or fewer from one another to highlight linked infections. (B) The sub-phylogeny for the
specific lineage is also shown, colored by anonymized ward, with likelihood of nosocomial infection (based on time since admission) indicated

in the bar alongside.

infected within the outbreak until much later in December,
suggesting that PPE measures worked well to prevent onward
spread to HCWs. Onward spread to other areas within the
hospital occurred, but further outbreaks were not detected on
other wards. Interestingly, there were six cases where the time to
infection was suggestive of community spread, including cases
detected in the ED. However, given their positions within the
phylogenies, it is likely that these represent downstream
infections and may indeed be nosocomial cases with a short
incubation time. A distinct pattern within this cluster was that
patients appeared to pass infections on to each other and HCW,
whereas HCWs did not transmit infections to patients.

3.8 Transmission dynamics for B.1.177

The B.1.177 variant was a highly abundant SARS-CoV-2
lineage that showed significant expansion in the UK from
Europe in the summer of 2020 in response to the re-opening
of borders for travel. In line with the increased community
prevalence of this variant, cases of B.1.177 in QAH appeared to
be primarily defined by community spread, with only 6.5%
‘definite’ nosocomial, 5.5% ‘likely’ nosocomial and 7.5%
‘possible’ nosocomial cases. Whilst most cases appeared to be
independent introductions from the community, three clusters
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were identified, accounting for 27.1%, 9.3% and 8.4% of cases,
respectively (Figure 5A). The smaller cluster consisted of four
HCWs and five patients who tested positive within one day of
admission, collected over the course of two months. Given the
short time of positive testing following admission, along with
long times between successive positive cases within this cluster
(median 9 days), and the fact that patient cases in this cluster
were primarily identified in the ED, it is likely that these cases
were part of a transmission chain external to the hospital itself,
and not representative of nosocomial spread. The mid-sized
cluster also appeared to represent independent introductions
through the ED of cases of a transmission chain from the
community. However, there were three later cases of infection
in patients admitted for 14 days or more (Figure 5B). The point
of infection is not immediately clear, with all three being on
distinct wards and occurring over 12 days, with only a single
HCW infection identified within this time. However, this would
indicate no clear systematic point of infection and may instead
represent additional independent infections from a transmission
chain active in the community through visitors to the hospital,
including those visiting patients and attending outpatient
appointments. This explanation is supported by multiple
additional community cases in the ED identified between these
nosocomial-classed cases. There was a similar pattern for the
largest cluster, with 29 cases identified over a period of 1.5
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FIGURE 4

(A) Cluster plot for the B.1.1.37 lineage based on analysis using the transcluster package in R. Individual samples are represented by circles
(patients) or triangles (HCWs), with the color representing the anonymized ward on which the patient was tested. Samples are connected in the
graph if they show evidence of being within 2 transmissions or fewer from one another to highlight linked infections. (B) The sub-phylogeny for
the specific lineage is also shown, colored by anonymized ward, with likelihood of nosocomial infection (based on time since admission)
indicated in the bar alongside
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FIGURE 5

(A) Cluster plot for the B.1.177 lineage based on analysis using the transcluster package in R. Individual samples are represented by circles
(patients) or triangles (HCWs), with the color representing the anonymized ward on which the patient was tested. Samples are connected in the
graph if they show evidence of being within 2 transmissions or fewer from one another to highlight linked infections. (B) The sub-phylogeny for
the specific lineage is also shown, colored by anonymised ward, with likelihood of nosocomial infection (based on time since admission)
indicated in the bar alongside.
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months, with 13.8% ‘likely’ nosocomial and 17.2% ‘possible’
nosocomial. However, most cases (75.9%) occurred within 12
days, including multiple cases on shared wards. In particular,
three of the earliest cases (one patient and two HCWs) occurred
on a single ward, with additional cases later identified on this
and neighboring wards. Given the timing of the cases (all three
occurred over two days), it is difficult to identify whether onward
spread was through transmission from patients or HCWs in
this case.

3.9 Transmission dynamics for B.1.36.17

80.3% of cases of B.1.36.17 belonged to a single transmission
cluster (Figure 6A), including 23 patients and 26 HCWs, with
the earliest cases within this cluster belonging to two patients
testing positive at admission to a medical ward (the earliest on
Ward 25, the second three days later on Ward 23). Interestingly,
the earliest case of B.1.36.17 as a whole within the hospital was
from an HCW (Figure 6B), but this case was seen nearly two
months prior to establishment of the major transmission cluster.
Early cases were identified on Ward 23, which spread onto
neighboring Ward 22 and another nearby ward within the same
building, Ward 13. This cluster displayed a rapid expansion of
almost identical cases (17 patients and 17 HCWs), largely
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FIGURE 6
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centered around Wards 13 and 23, indicative of a ‘super-
spreader’ event. Given the timings of infections, it is likely that
the second earliest patient was admitted to Ward 23 carrying
their infection from the community (possibly asymptomatically)
and infected many staff and patients on the ward before their
infection was identified through PCR testing. However, given the
long incubation time of the virus, the date of testing positive may
not be an accurate representation of infection time and so it is
also possible that the initial spread came from elsewhere.

3.10 Transmission dynamics for B.1.177.9

Cases of B.1.177.9 fell primarily into two main clusters, with
42 (59.2%) cases in the larger of the clusters and 5 (7.0%) cases in
the smaller transmission cluster (Figure 7A). The smaller of the
two clusters was the earlier of the two, with 5 patient cases seen
in October 2020. The earliest of these cases appeared to have
been identified in the ED, with further spread occurring two
weeks later onto Ward 18, with all four patients showing ‘likely’
or ‘definite’ nosocomial infection (Figure 7B). Interestingly, this
variant was also enriched amongst the local community and
spread throughout October (Figure 2G) based on targeted
sequencing of students from the University of Portsmouth
(data not shown). Therefore, this is likely an introduction of a
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(A) Cluster plot for the B.1.36.17 lineage based on analysis using the transcluster package in R. Individual samples are represented by circles
(patients) or triangles (HCWs), with the color representing the anonymized ward on which the patient was tested. Samples are connected in the
graph if they show evidence of being within 2 transmissions or fewer from one another to highlight linked infections. (B) The sub-phylogeny for
the specific lineage is also shown, colored by anonymized ward, with likelihood of nosocomial infection (based on time since admission)

indicated in the bar alongside.
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indicated in the bar alongside.

community-acquired infection through the ED, resulting in a
small outbreak on Ward 18. On the other hand, the larger of the
two clusters began later in December, consisting of 21 patients
and 21 HCWs, and may represent an independent introduction
to the hospital. Indeed, the first eight cases in this cluster
consisted of six patients, all of whom had an ‘indeterminate’
nosocomial status, including at least one case from the ED. This
variant resulted in an outbreak seemingly enriched on Ward 27
(14 cases), which later spread to neighboring Ward 26 (3 cases).

3.11 Transmission dynamics for B.1.1.7

The B.1.1.7 variant represents the Alpha variant of concern,
which came to prominence over the Christmas period in 2020.
Given the significant increase in cases throughout this study due
to the spread of Alpha, it is no surprise that this variant
represented a marked increase in cases compared to the
previous variants (Figure 8A). As with B.1.177, B.1.1.7 was
characterized by a significant level of community spread, with
only 6.5% ‘definite’ and 12.1% ‘likely’ nosocomial cases
(Table 2). However, there is evidence of shared infections from
sequence comparisons of clustered cases, with 20 clusters of five
or more cases (550 cases) and nine clusters of 10 or more cases
(474 cases). Whilst many cases appeared to be independent
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introductions to the hospital from the community, 49.4% of
cases were found in clusters of 10 or more cases. The largest
cluster, consisting of 198 cases (20.6%), included 33 cases from
the ED and 11 cases from COVID-19 high care wards (both
consistent with the community spread seen with B.1.177), as well
as groups of patients on several different wards, indicating
nosocomial spread within the hospital. The earliest cases over
the first month were almost all patient samples identified in the
ED or COVID-19 high care wards (60.0%), with the first ward
infection occurring two weeks after the initial introduction and
the first HCW infection occurring a further three days later.
Following these early cases, many cases occurred in a short
period, with 115 cases (58.1%) occurring within a mean time
difference of 0.2 days from one another over a period of only 26
days, suggestive of significant onward spread. However, it is
interesting that only six of these cases were ‘definite’ and seven
were ‘likely’ nosocomial based on admission date, with a large
proportion (16.5%) still identified in the ED and high care wards.
In addition, whilst spread was detected within the hospital, it was
not confined to a single ward as seen in cases of super-spreader
events for other variants (Figure 8B). Therefore, such clusters
may represent multiple introductions of larger transmission
chains prevalent in the community. Indeed, the ED accounted
for a large proportion (23.4%) of all B.1.1.7 cases, whilst other
cases were typically spread across a wide range of wards,
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FIGURE 8
(A) Cluster plot for the B.1.1.7 lineage based on analysis using the transcluster package in R. Individual samples are represented by circles
(patients) or triangles (HCWs), with the color representing the anonymized ward on which the patient was tested. Samples are connected in the
graph if they show evidence of being within 2 transmissions or fewer from one another to highlight linked infections. (B) The sub-phylogeny for
the specific lineage is also shown, colored by anonymized ward, with likelihood of nosocomial infection (based on time since admission)
indicated in the bar alongside. .
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highlighting multiple independent introductions to the hospital
from the community across all clusters.

3.12 Severe outcomes are not increased
in nosocomial cases

To understand whether nosocomial cases of SARS-CoV-2
infection were more likely to result in severe outcomes for
patients, we looked at three measures of severity; death within
30 days of infection, intubation of the patient, and ICU
admission of the patient. We were able to link outcome data
to our filtered genomic data set for 625 out of 1,181 patients
(including inpatients and patients testing positive in ED who
may have subsequently become inpatients). Data from
genomic cluster analyses were combined to identify ‘true’
nosocomial cases as those possible, likely and definite
nosocomial cases that are part of a transmission cluster of 5
or more cases in PHUT. Other cases were classified as being
likely community-acquired infections. 94 indeterminate cases
were removed from the analysis, leaving a final data set of 531
patient cases.

The proportion of cases identified as nosocomial based on
time from admission with genomic evidence of being
nosocomial was 59.8%, 74.6% and 78.7% for possible, likely
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and definite nosocomial cases respectively. This indicates that
many cases seen in patients between 3- and 7-days following
admission may in fact be community acquired with a long
incubation period. Conversely, 39.4% of cases identified as
community-acquired showed genomic evidence of being part
of a shared transmission cluster with others in the hospital.
Thus, nosocomial rates identified based on both time from
admission and genomic evidence may not fully represent the
true rate of hospital-acquired transmission. However, whilst
potentially underestimating the nosocomial incidence, cases
with evidence from both approaches are likely to represent
‘true’ nosocomial cases.

With these caveats, we used the combined approach for
defining nosocomial cases to explore effects of transmission
dynamics with patient outcomes and severity. Initial Chi-
squared comparisons of severity against ‘true’ nosocomial state
identified significant effects of nosocomial status of the infection
on death (y* = 8.40; df = 1; p = 0.004), intubation (3> = 9.04; df =
1I; p = 0.003), and ICU admission (X2 = 4.22; df =1; p = 0.040).
Interestingly, whilst death rates were higher amongst
nosocomial cases (40.2%) compared to community cases
(27.6%), the opposite was true for intubation and ICU
admission, with higher rates seen amongst community cases
(13.9% and 16.0% respectively) than amongst nosocomial cases
(5.2% and 9.3% respectively).
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However, given that many nosocomial outbreaks were
linked to a small number of rapid expansions and often
associated with infections on wards caring for elderly and
vulnerable patients, the nosocomial group was skewed for
older (mean age 78.9 + 13.7) and more vulnerable patients
compared to the community group (mean age 69.1 + 16.8), with
a significant difference seen for the two groups (t = 7.29; df =
470.04; p < 0.001). Similarly, the nosocomial group typically
showed a longer length of stay (26.7 + 20.9 days) compared to
the community group (15.7 = 19.0 days), with a significant
difference seen for the two groups (t = 6.05; df = 371.21; p <
0.001). Interestingly, however, the correlation between the
patient age and length of stay was low (p = 0.06; p = 0.203),
indicating that the two were not generally directly related.

Logistic regression, with severity as the response variable and
nosocomial status as the explanatory variables, but with age and
length of stay included as covariates, identified significant
associations with age, no association with length of stay, but
importantly no association with nosocomial status for death (8 =
0.27; SE = 0.21; p = 0.204). Interestingly, the roughly 3-fold
decrease in the rate of intubation seen in nosocomial cases
(5.2%) compared to community cases (13.9%) remained highly
significant even after correcting for patient age and length of stay
(8 = -1.49; SE = 0.44; p < 0.001). Similarly, the roughly 2-fold
decrease in the rate of ICU admission seen in nosocomial cases
(9.3%) compared to community cases (16.0%) remained significant
after correcting for patient age and length of stay (13 = -0.86; SE = 0.36; p
= 0.018).

Whilst age and length of stay were higher within the
nosocomial group, suggesting that nosocomial patients were
enriched for more vulnerable patients, the average National
Early Warning Score (NEWS2) at admission was significantly
lower (t = -8.28; df = 475.75; p < 0.001) for nosocomial cases
(2.38 + 2.68) compared with community cases (4.58 + 3.35). The
NEWS?2 score is a simple to calculate aggregate bedside scoring
system, with higher scores being associated with increased risk of
acute illness. In comparison, no difference was seen for the
maximum NEWS2 score (t = -0.28; df = 384.07; p=0.779)
between nosocomial cases (6.15 + 3.23) and community cases
(6.23 + 3.02). This therefore suggests that nosocomial cases were
generally less severe at admission but became as severe as

community cases over time.

4 Discussion

The detailed genomic analyses conducted in this
investigation revealed that there were six primary variants of
SARS-CoV-2 circulating within QAH during the second wave of
the COVID-19 pandemic. There were varying levels of
nosocomial transmission within each of the variants,
indicating that the spread of SARS-CoV-2 within the hospital
was not always a direct result of transmission between patients
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and HCWs within the hospital itself but due to multiple
independent introductions that occurred as a result of high
community prevalence. For example, B.1.36.17, B.1.1.37, and
AS.1 showed particularly high proportions of nosocomial
infections, with 79.3%, 72.1% and 71.4%, respectively
(Table 2), indicating nosocomial spread as the primary source
of transmission. In contrast, the Alpha variant B.1.1.7 and the
B.1.177 variant, both associated with significant community
incidence, had comparatively low levels at only 30.7% and
37.9% respectively, suggesting that community transmission
was far more prevalent in these cases. So, whilst suspected
nosocomial transmission was seen for both variants, this was
not the primary driver of viral transmission. However, whilst the
time between admission and infection can indicate the
likelihood of infection occurring within the hospital, this
measure may not always be accurate when attempting to infer
transmission dynamics. For instance, a ‘definite nosocomial’ case
identified in a patient on the ward for 15 days may be isolated
and not part of any ongoing transmission chains within the
hospital if it was transmitted from the community by a hospital
visitor or newly admitted patient. In contrast, a patient in the ED
may become infected from an ongoing transmission chain
within the hospital and yet be classified as ‘community-
acquired’ based on this measure.

We have demonstrated that SARS-CoV-2 genomic
surveillance and cluster analyses are powerful tools for
understanding nosocomial outbreak transmission dynamics.
Four large SARS-CoV-2 variants expanded at QAH during the
peak of the second pandemic wave, each of which encompassed
multiple wards and has evidence of being primarily driven by
nosocomial spread. This observation is a notable finding,
considering that outbreaks are currently managed
geographically on a ward-by-ward basis, with limited
understanding of how the transmission may occur between
wards. In addition, we uncovered variant-specific transmission
dynamics for each of the four large transmission clusters, which
were characterized by factors such as uncontained community-
introduced cases and potential ‘super-spreader’ patients.

The increased prevalence of the Alpha variant between
December 2020 and January 2021 in the local community
appears to have resulted in a significant expansion of many
variants circulating within the hospital. Onward spread will have
likely been compounded by the difficulty in maintaining
infection control procedures and case isolation as infections
rose. This difference was highlighted by the genomic analyses,
which were able to identify those cases likely to be linked as part
of a single transmission cluster from those that represent
independent infections and introductions from the
community. When linked to timing data between admission
and testing positive, clustering cases based on WGS provides a
powerful approach for determining true nosocomial
transmission. Following the initial expansion of cases, the
presence of the non-Alpha variants was significantly reduced,
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with almost all cases having disappeared by the end of
January 2021.

Similarly, whilst there were clusters of linked cases likely to
represent nosocomial spread for the Alpha variant, the majority
of cases likely represent unique introductions from the
community. However, it is worth noting that the Alpha
variant has been shown to have a decreased incubation time
compared to other variants (Blanquart et al., 2022), leading to
nosocomial infections occurring within shorter timescales than
seen for previous variants. Thus, the definitions used in this
analysis may in fact under-estimate the true scale of nosocomial
infections for Alpha cases, in particular for likely and definite
cases. It is therefore possible that the proportion of nosocomial
cases within Alpha clusters is higher than expected. However, it
is interesting to note that super-spreader type events,
characterized by rapid transmission within single wards in the
hospital, were not prevalent. This further highlights the
difficulties facing IPC teams in identifying true nosocomial
infections, particularly when prevalence is high.

Improved infection control measures and rapid testing were
introduced in the hospital in early 2021 (Supplementary
Figure 1), which helped to address rising infection rates. In
addition, HCWs at QAH were amongst the first recipients in the
UK of the Pfizer-BioNTech (BNT162b2) vaccine. Both
interventions coincided with a reduced prevalence of COVID-
19 infection in the hospital, although it must be noted that case
numbers were decreasing in this period regardless, in response to
non-pharmacological interventions introduced by the UK
Government. Nonetheless, HCWs that received at least one
dose of the vaccine had a lower prevalence of COVID-19
infection than those not vaccinated (Table 1). Interestingly,
despite the lower prevalence amongst vaccinated staff, the rate
of HCWSs shown to be part of a cluster of 5 or more cases within
the hospital was only slightly lower in vaccinated (61.9%) and
unvaccinated (64.1%) HCWs, indicating that the vaccine status
of HCWs did not have a significant impact on their likelihood of
being part of a transmission chain within the hospital (x> = 0.17,
df = 1, p = 0.682). So, whilst vaccinated staff had a lower overall
incidence of COVID-19 than non-vaccinated staff, those who
tested positive were equally likely to be infected within any
ongoing transmission chains. This is similarly highlighted
because infections in vaccinated and unvaccinated staff appear
to be largely represented by circulating variants (Figure 1B).

One of the most important questions to help understand and
prevent nosocomial infections is how the virus was first
introduced into the hospital. These analyses suggest that one
of the primary entry points may have been via the ED and from
patients testing positive shortly after admission, having brought
the virus in from the community. This is particularly true for the
B.1.177 and B.1.1.7 Alpha variants, which were characterized by
increased community prevalence. Isolation of patients admitted
to the ED with suspected COVID-19 infection and newly-
admitted patients awaiting a PCR test result, along with the
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use of rapid tests such as antigen-based lateral flow devices and
RT-LAMP assays, may therefore halt transmission chains for
which these are the entry points. Whilst these measures were in
place in hospitals such as QAH, it must also be noted that during
this second wave of infections in the UK, many of these
nosocomial outbreaks occurred when COVID-19 case
numbers were at their peak, largely as a result of the
unprecedented spread of the Alpha variant. The decreased
incubation period of this variant (Blanquart et al., 2022) likely
enabled it to spread more rapidly than control measures could
have been put in place. Hospitals across the country were at full
capacity during this time, and so sufficient isolation of patients
may have been difficult to manage, if not impossible. In most of
the large transmission clusters identified at QAH, it was rare for
HCWs to transmit the infection to patients, suggesting that
HCWs represent a low risk in terms of acting as an entry point
for the virus into the hospital or as vectors for transmission
between wards. This reduced risk is likely a reflection of the
effectiveness of PPE, routine HCW testing within the hospital
and general efforts made by staff to follow guidelines on physical
distancing. Control measures are likely more effective at
preventing transmission from HCWs than they are for patient
transmission (Lindsey et al., 2022). Indeed, the high number of
HCW samples present within this dataset (37.0%) results from
regular asymptomatic screening of staff within the hospital.

To understand the role that nosocomial transmission of
SARS-CoV-2 played in disease outcome, we classified patients
into those with both epidemiological and genomic evidence of
nosocomial transmission, and those where the combined
evidence suggests that infections may have been community
driven. This showed that over 40% of cases seen in patients
within 3-7 days from admission show little evidence of shared
infections within the hospital, suggesting that they may be
community infections with a long incubation time
misclassified as nosocomial infections. The same is true for
over 20% of likely and definite nosocomial cases. In such cases,
infection may have occurred within the hospital, but as a result
of a novel introduction from the community. Given that HCW
screening was performed regularly, such introductions may
result from visitation from pre- or asymptomatic members of
the public, highlighting regular testing of visitors to the
hospital as a key area for minimizing infection transmissions.
However, conversely nearly 40% of community-acquired
infections showed evidence of being part of a shared
infection chain with other cases within PHU. This indicates
that some cases seen in patients up to 2-days following
admission may in fact be hospital-acquired, albeit with a
rapid incubation time. It is also possible that clusters seen
within the hospital represent subsets of infections circulating
within the community at large. Thus, fully resolving hospital-
acquired and community-acquired infections remains a
challenge for IPC teams. However, whilst potentially
underestimating nosocomial incidence, cases with evidence
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from both approaches are likely to represent ‘true’
nosocomial cases.

Understanding the factors that influence the severity of
COVID-19 in patients remains a key question. We used this
estimate of ‘true’ nosocomial cases to observe any effects on
severity of COVID-19 resulting from nosocomial infections.
These data suggest that nosocomial infections are no more
likely to result in mortality from COVID-19 than community-
acquired infections after accounting for age and length of
hospital stay. Instead, hospital-acquired COVID-19 infections
are likely to preferentially affect older and more vulnerable
individuals in hospital for longer periods of time, who are
more at risk. Indeed, similar mortality rates between hospital
and community acquired infections have been previously
reported, with advanced age and frailty of the patients
identified as biases likely to underlie this association (Ponsford
etal, 2021). It was interesting to note that the NEWS2 score for
the nosocomial cases was actually lower at admission than those
within the community group. This may again link to the fact that
these patients were often older patients in long term care, rather
than patients admitted for acute illness. However, the maximum
NEWS?2 scores for both groups were almost identical, indicating
that the results of COVID-19 related pulmonary pneumonitis on
acute illness are common regardless of the mode of infection.
Interestingly, both ICU admission and intubation were lower in
cases identified as nosocomial as compared to community cases.
These data and the factors most influencing severity of COVID-
19 infections will be explored further in future studies.

A striking finding from our analyses, confirmed by other
genomic investigations of SARS-CoV-2 transmission in various
healthcare and social settings, is evidence for ‘super-spreaders’
and the severe impact of these individuals in outbreaks (Adam
et al., 2020). This is a phenomenon whereby one individual
transmits the infection to many other individuals, as seems to be
the case for the B.1.36.17 outbreak at QAH. At Cambridge
University Hospitals NHS Foundation Trust, up to 80% of
nosocomial infections were caused by approximately 20% of
patients during the first wave of the pandemic (Illingworth et al,,
2021), which occurred between March and June 2020. Many
factors may contribute to super-spreading events (SSEs) (Wong
et al, 2015), and the impacts of these events are usually severe
because they are not identified quickly enough to be reasonably
contained. Future research into what makes a patient a super-
spreader, such as high viral load (Avadhanula et al., 2021), will
be pivotal for informing how potential super-spreaders can be
quickly identified and isolated. PCR testing at this time in PHU
was performed using the Hologic Panther Fusion system, which
does not provide Ct scores to quantitatively assess viral load.
This unfortunately prevented assessment of individuals within
the B.1.36.17 cluster to understand whether a higher than
normal viral load may have impacted on transmission.

All of the SSEs that have been described for SARS-CoV-2,
including those in the present investigation, have been defined as
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SSEs retrospectively using either epidemiological or genomic
data, weeks or months after the event occurred. Rapid
turnaround WGS and application of tools that we have used
in this investigation, such as A2B Covid, genomic clustering and
phylogenetics, could enable outbreaks to be disentangled in
precise detail within the week that they are initiated, which
may enable precise control measures to be put in place soon
enough to contain the outbreak quickly. Such rapid feedback
from WGS has been trialed during the second wave of COVID-
19 in the UK through the Hospital Onset COVID-19 Infection
(HOCI) study, which shows the effectiveness of rapid genotyping
of patient infections and identification of linked cases for
impacting Infection Control Procedures (Stirrup et al. 2021;
Stirrup et al., 2022). The limitations of this approach are that it
requires easy access to WGS and specialist knowledge of
bioinformatics, which may not be readily available within all
hospital settings.

Whilst implementation of genomic data into
epidemiological models provides the most detailed
understanding of nosocomial transmission networks, the
primary limitation of using WGS data during a pandemic
when case numbers are high is that not all samples can be
sequenced. In this case, we generated sequence data for 64.4% of
the total number of positive cases (Figure 1A), suggesting that
links within transmission networks may have been missing from
our data set. In addition, whilst routine swabbing of staff and
patients will have identified some asymptomatic cases, it is likely
that other links in the chain may have been missed. Despite this,
our data represent a robust snapshot of SARS-CoV-2
transmission at QAH over the second wave of COVID-19
infections in the UK and provide a powerful resource for
understanding nosocomial transmission. In particular, these
data highlight that high community prevalence can result in
large scale increases in cases, and nosocomial spread of all
circulating variants as resources become stretched.

It was interesting to note from our investigation that many
of the wards affected by outbreaks were older hospital areas with
poorer ventilation and infrastructure than more modern areas,
which may play a significant role in transmission. The patient
admissions pathway introduced at PHU in May 2020 and
updated in May 2021 (Supplementary Figure 2) also
recommended guidelines that prioritised use of wards in the
modern estate (circa 2000s) with access to mechanical
ventilation, particularly for infectious elderly patients.

Finally, the role of super-spreaders in nosocomial infections
is also highlighted in our data, suggesting that rapid approaches
to identifying and limiting interactions with such patients
represents a key step in managing infection control. Indeed,
the introduction of POCT for all patients in the emergency
department in February 2021 allowed for rapid identification
and cohorting of COVID-19 positive patients from admission.
This appears to have had a major impact in reducing spread of
the virus, although this was introduced later in the Alpha wave
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when case numbers were already in decline and where vaccine
programs were underway, so the precise impact is difficult
to define.

During the first wave of infections in the UK, many patients
deemed medically fit were discharged to the community, and
elective work typically performed at Queen Alexandra Hospital
was ceased or moved to alternative clinical sites. Only acute
medicine, acute surgery and cancer care continued throughout.
Conversely, during the period discussed in this study, between
September 2020 and May 2021, much elective surgery and non-
acute care had reopened (with screening as outlined in
Supplementary Figure 2). There were no large shifts in policy
over this period that would have significantly impacted on the
population of patients within the hospital, although care of those
with COVID-19 infection often took priority over elective
admissions. In addition, patient behaviour in seeking medical
assistance meant people were often sicker when they presented,
as people avoided attending for fear of infection with COVID-
19. These factors meant that when cases peaked in the Alpha
wave, beds became prioritised for COVID-19 patients and
resources were moved from theatres to support ICU, allowing
an increase from 20 funded ICU beds to 61 ICU available beds,
providing 320% capacity (for both COVID-19 and non-COVID-
19 patients). This response to the acute pressures of severe cases
of COVID-19 throughout the Alpha wave, along with additional
requirements for isolation of patients otherwise fit for discharge,
may thus have had an indirect impact on the patient population
and hospitalisation times utilised in this study. So whilst hospital
policy remained largely unchanged over this time
(Supplementary Figure 1), the patient population may have
varied in response to COVID-19 pressures and clinical needs.

Transmission network analyses combining WGS genomic
and epidemiological approaches, developed and expanded
throughout the COVID-19 pandemic, will have benefits in
years to come in providing accurate information on
nosocomial outbreaks with other pathogens (Flowers et al,
2022). Furthermore, linking these data to patient outcomes
will allow us to understand the role of nosocomial spread in
severe disease, an element which we aim to address in further
research. Future pandemics of the scale seen for COVID-19 will
require WGS resources and capacities to be substantially scaled
up within hospital settings or institutes closely linked to
hospitals. This facility will allow a combined epidemiological
and genomic analysis method to reach its full potential in aiding
both immediate infection control and understanding of
pathogen transmission dynamics at the research level.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Frontiers in Cellular and Infection Microbiology

18

10.3389/fcimb.2022.1066390

Ethics statement

The studies involving human participants were reviewed and
approved by the Health Research Authority (HRA) and Health
and Care Research Wales (HCRW) following a favorable
opinion from the North West - Haydock Research Ethics
Committee on 24th April 2020 (Ref: 20/NW/0217).
Participants were offered the opportunity to opt-out of having
their anonymized data used in this study retrospectively. This
work is part of the Sequencing and Tracking of Phylogeny
(STOP COVID-19) study, which was posted to
ClinicalTrials.gov (Ref: NCT04359849) on 24th April 2020.
This work also forms part of the wider COVID-19 Genomics
UK (COG-UK) Consortium surveillance study, which was
approved by the Public Health England Research Ethics
Governance Group and granted ethical approval by the PHE
Research Ethics and Governance Group (REGG) on 8th April
2020, (PHE R&D ref: R&D NR0195). Written informed consent
from the participants’ legal guardian/next of kin was not
required to participate in this study in accordance with the
national legislation and the institutional requirements.

Author contributions

The manuscript was prepared by KC and SR with
contributions from all authors. SR led the south coast COG-
UK sequencing team, with assistance from SGland AB. SR and
AC conceived of the study and obtained funding. SR, KC, and
KL performed bioinformatics analyses of genomic data. AB,
SGL, SGo, CF, KC, KL, and SE worked on sequencing of SARS-
CoV-2 genomes within the COG-UK study. SW, AL, and KB
led SARS-CoV-2 clinical testing at QAH and provided
samples for sequencing for COG-UK. SL and AC provided
access to clinical data. All authors have approved the
final manuscript.

Funding

This work was primarily funded by the COVID-19
Genomics UK (COG-UK) consortium. COG-UK is
supported by funding from the Medical Research Council
(MRC) part of UK Research & Innovation (UKRI), the
National Institute of Health Research (NIHR) [grant code:
MC_PC_19027], and Genome Research Limited, operating as
the Wellcome Sanger Institute. The authors acknowledge use
of data generated through the COVID-19 Genomics Program
funded by the Department of Health and Social Care.
Additional funding came from the University of
Portsmouth Faculty of Science and Health, and the Wessex

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1066390
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Cook et al.

Academic Health Sciences Centre (AHSC). In addition, SR
and AB are funded by Research England’s Expanding
Excellence in England (E3) Fund. The primary funders had
no role in study design, data collection and analysis, decision
to publish, or manuscript preparation.

Acknowledgments

The authors would like to thank all patients and staff at
Queen Alexandra Hospital, Portsmouth, UK, who supported
this work to be undertaken throughout the pandemic. In
particular, we are very grateful to the IPC Team at PHU, who
provided the important local context for infections across the
hospital throughout the pandemic, in particular Dr Kathryn
Nobel who provided data for Supplementary Figures 1, 2. We
also thank the COG-UK Consortium and its members for their
constant support and assistance, and the UK National Institute
for Health Research Clinical Research Network (NTHR CRN). In
addition, we also gratefully acknowledge the hard work of
everybody at the University of Portsmouth who ensured that
this essential work could be performed, including not only
members of the Sequencing and Bioinformatics Group who
assisted with sequencing of patient samples (Jo Herbert,
Hannah Dent, and Hannah Paul), but also those in the
management, finance, purchasing and procurement teams of
the Faculty of Science and Health.

References

Adam, D. C,, Wu, P, Wong, J. Y., Lau, E. H. Y., Tsang, T. K., Cauchemez, S.,
et al. (2020). Clustering and superspreading potential of SARS-CoV-2 infections in
Hong Kong. Nat. Med. 26, 1714-1719. doi: 10.1038/s41591-020-1092-0

Avadhanula, V., Nicholson, E. G., Ferlic-Stark, L., Piedra, F. A,, Blunck, B. N,,
Fragoso, S., et al. (2021). Viral load of severe acute respiratory syndrome
coronavirus 2 in adults during the first and second wave of coronavirus disease
2019 pandemic in Houston, Texas: The potential of the superspreader. J. Infect. Dis.
223, 1528-1537. doi: 10.1093/INFDIS/JIAB097

Bhogal, T., Khan, U. T, Lee, R, Stockdale, A., Hesford, C., Potti-Dhananjaya, V.,
et al. (2021). Haematological malignancy and nosocomial transmission are
associated with an increased risk of death from COVID-19: results of a multi-
center UK cohort. Leuk Lymphoma 62, 1682-1691. doi: 10.1080/
10428194.2021.1876865/SUPPL_FILE/ILAL_A_1876865_SM6875.DOCX

Blackstone, J., Stirrup, O., Mapp, F., Panca, M., Copas, A., Flowers, P., et al.
(2021). Protocol for the COG-UK hospital onset COVID-19 infection (HOCI)
multicentre interventional clinical study: evaluating the efficacy of rapid genome
sequencing of SARS-CoV-2 in limiting the spread of COVID-19 in united kingdom
NHS hospitals. medRxiv 2021, 4.13.21255342. doi: 10.1101/2021.04.13.21255342

Blanquart, F., Hozé, N., Cowling, B. J., Débarre, F., and Cauchemez, S. (2022).
Selection for infectivity profiles in slow and fast epidemics, and the rise of SARS-
CoV-2 variants. Elife 11, €75791. doi: 10.7554/ELIFE.75791

Boshier, F. A. T., Venturini, C., Stirrup, O., Guerra-Assungio, J. A., Alcolea-
Medina, A., Becket, A. H., et al. (2021). The alpha variant was not associated with
excess nosocomial SARS-CoV-2 infection in a multi-centre UK hospital study. J.
Infect 83 (6), 693-700. doi: 10.1016/].JINF.2021.09.022

COVID-19 Genomics UK (COG-UK). (2020). An integrated national scale
SARS-CoV-2 genomic surveillance network. Lancet Microbe 1(3):€99-e100.
doi: 10.1016/S2666-5247(20)30054-9

Frontiers in Cellular and Infection Microbiology

19

10.3389/fcimb.2022.1066390

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Author disclaimer

The views expressed are those of the author and not
necessarily those of the Department of Health and Social Care
or PHE or UKHSA.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fcimb.2022.1066390/full#supplementary-material

COVID-19: epidemiological definitions of outbreaks and clusters in particular
settings - GOV.UK. (2021) Available at: https://www.gov.uk/government/
publications/covid-19-epidemiological-definitions-of-outbreaks-and-clusters/
covid-19-epidemiological-definitions-of-outbreaks-and-clusters-in-particular-
settings (Accessed December 3, 2021).

COVID-19 Genomics UK Consortium. (2021) Available at: https://www.
cogconsortium.uk/ (Accessed August 12, 2021).

Cov-Lineages. (2021) Available at: https://cov-lineages.org/lineage_list.html
(Accessed December 2, 2021).

Day, M. (2020). Covid-19: identifying and isolating asymptomatic people helped
eliminate virus in Italian village. BMJ 368, m1165. doi: 10.1136/BM].M1165

Evans, S., Agnew, E., Vynnycky, E., Stimson, J., Bhattacharya, A., Rooney, C.,
et al. (2021). The impact of testing and infection prevention and control strategies
on within-hospital transmission dynamics of COVID-19 in English hospitals.
Philos. Trans. R. Soc. B 376 (1829):20200268. doi: 10.1098/RSTB.2020.0268

Flowers, P., McLeod, J., Mapp, F., Stirrup, O., Blackstone, J., Snell, L. B., et al.
(2022). How acceptable is rapid whole genome sequencing for infectious disease
management in hospitals? perspectives of those involved in managing nosocomial
SARS-CoV-2. medRxiv 2022, 6.15.22276423. doi: 10.1101/2022.06.15.22276423

GISAID - Submission Tracker Global. (2021) Available at: https://www.gisaid.
org/index.php?id=208 (Accessed August 12, 2021).

Stimson, J. (2018). GitHub - JamesStimson/transcluster: Infer transmission
clusters from SNP and timing data. Available at: https://github.com/
JamesStimson/transcluster (Accessed August 12, 2021).

Huff, H. V., and Singh, A. (2020). Asymptomatic transmission during the
coronavirus disease 2019 pandemic and implications for public health strategies.
Clin. Infect. Dis. 71, 2752-2756. doi: 10.1093/CID/CIAA654

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2022.1066390/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1066390/full#supplementary-material
https://doi.org/10.1038/s41591-020-1092-0
https://doi.org/10.1093/INFDIS/JIAB097
https://doi.org/10.1080/10428194.2021.1876865/SUPPL_FILE/ILAL_A_1876865_SM6875.DOCX
https://doi.org/10.1080/10428194.2021.1876865/SUPPL_FILE/ILAL_A_1876865_SM6875.DOCX
https://doi.org/10.1101/2021.04.13.21255342
https://doi.org/10.7554/ELIFE.75791
https://doi.org/10.1016/J.JINF.2021.09.022
https://doi.org/10.1016/S2666-5247(20)30054-9
https://www.gov.uk/government/publications/covid-19-epidemiological-definitions-of-outbreaks-and-clusters/covid-19-epidemiological-definitions-of-outbreaks-and-clusters-in-particular-settings
https://www.gov.uk/government/publications/covid-19-epidemiological-definitions-of-outbreaks-and-clusters/covid-19-epidemiological-definitions-of-outbreaks-and-clusters-in-particular-settings
https://www.gov.uk/government/publications/covid-19-epidemiological-definitions-of-outbreaks-and-clusters/covid-19-epidemiological-definitions-of-outbreaks-and-clusters-in-particular-settings
https://www.gov.uk/government/publications/covid-19-epidemiological-definitions-of-outbreaks-and-clusters/covid-19-epidemiological-definitions-of-outbreaks-and-clusters-in-particular-settings
https://www.cogconsortium.uk/
https://www.cogconsortium.uk/
https://cov-lineages.org/lineage_list.html
https://doi.org/10.1136/BMJ.M1165
https://doi.org/10.1098/RSTB.2020.0268
https://doi.org/10.1101/2022.06.15.22276423
https://www.gisaid.org/index.php?id=208
https://www.gisaid.org/index.php?id=208
https://github.com/JamesStimson/transcluster
https://github.com/JamesStimson/transcluster
https://doi.org/10.1093/CID/CIAA654
https://doi.org/10.3389/fcimb.2022.1066390
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Cook et al.

Tllingworth, C. J. R, Hamilton, W. L., Jackson, C., Popay, A., Meredith, L.,
Houldcroft, C. J., et al. (2020). A2B-COVID: A method for evaluating potential
SARS-CoV-2 transmission events. medRxiv 2020, 10.26.20219642. doi: 10.1101/
2020.10.26.20219642

Illingworth, C., Hamilton, W. L., Warne, B., Routledge, M., Popay, A., Jackson,
C., et al. (2021). Superspreaders drive the largest outbreaks of hospital onset covid-
19 infections. Elife 10, 1-24. doi: 10.7554/eLife.67308

Jiang, X., Rayner, S., and Luo, M. H. (2020). Does SARS-CoV-2 has a longer
incubation period than SARS and MERS? . Med. Virol. 92, 476-478. doi: 10.1002/
JMV.25708

Kassambara, A. (2020). ggpubr: “ggplot2” based publication ready plots. r package
version 0.4.0. Available at: https://CRAN.R-project.org/package=ggpubr.

Katoh, K., Misawa, K., Kuma, K., and Miyata, T. (2002). MAFFT: a novel
method for rapid multiple sequence alignment based on fast Fourier transform.
Nucleic Acids Res. 30, 3059-3066. doi: 10.1093/NAR/GKF436

Li, H. (2018). Minimap2: pairwise alignment for nucleotide sequences.
Bioinformatics 34, 3094-3100. doi: 10.1093/BIOINFORMATICS/BTY191

Lindsey, B. B., Villabona-Arenas, C. J., Campbell, F., Keeley, A. J., Parker, M. D,
Shah, D. R, et al. (2022). Characterising within-hospital SARS-CoV-2 transmission
events using epidemiological and viral genomic data across two pandemic waves.
Nat. Commun. 13, 1-11. doi: 10.1038/s41467-022-28291-y

Lumley, S. F., Constantinides, B., Sanderson, N., Rodger, G., Street, T. L., Swann,
J., et al. (2021). Epidemiological data and genome sequencing reveals that
nosocomial transmission of SARS-CoV-2 is underestimated and mostly
mediated by a small number of highly infectious individuals. J. Infect 83, 473—
482. doi: 10.1016/].JINF.2021.07.034

Mapleson, D., Drou, N., and Swarbreck, D. (2015). RAMPART: a workflow
management system for de novo genome assembly. Bioinformatics 31, 1824-1826.
doi: 10.1093/BIOINFORMATICS/BTV056

Meredith, L. W., Hamilton, W. L., Warne, B., Houldcroft, C. J., Hosmillo, M.,
Jahun, A. S,, et al. (2020). Rapid implementation of SARS-CoV-2 sequencing to
investigate cases of health-care associated COVID-19: a prospective genomic
surveillance study. Lancet Infect. Dis. 20, 1263-1271. doi: 10.1016/S1473-3099
(20)30562-4

Nguyen, L.-T., Schmidt, H. A., von Haeseler, A., and Minh, B. Q. (2015). IQ-
TREE: A fast and effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol. Biol. Evol. 32, 268. doi: 10.1093/MOLBEV/MSU300

Paradis, E., and Schliep, K. (2019). Ape 5.0: an environment for modern
phylogenetics and evolutionary analyses in r. Bioinformatics 35, 526-528. doi:
10.1093/bioinformatics/bty633

Planas, D., Bruel, T., Grzelak, L., Guivel-Benhassine, F., Staropoli, I, Porrot, F.,
et al. (2021). Sensitivity of infectious SARS-CoV-2 B.1.1.7 and B.1.351 variants to
neutralizing antibodies. Nat. Med. 27, 917-924. doi: 10.1038/s41591-021-01318-5

Ponsford, M. J., Jefferies, R., Davies, C., Farewell, D., Humphreys, I. R,, Jolles, S.,
etal. (2021). Burden of nosocomial COVID-19 in Wales: results from a multicentre

Frontiers in Cellular and Infection Microbiology

20

10.3389/fcimb.2022.1066390

retrospective observational study of 2508 hospitalised adults. Thorax 76, 1246.
doi: 10.1136/THORAXJNL-2021-216964

Quick, J. (2020). nCoV-2019 sequencing protocol v3 (LoCost). Available at:
https://www.protocols.io/view/ncov-2019-sequencing-protocol-v3-locost-
bp2lén26rgqe/v3 (Accessed on 25th August 2020).

R Core Team (2021). R: A language and environment for statistical computing
(Vienna, Austria: R Foundation for Statistical Computing).

Snell, L. B, Fisher, C. L., Taj, U,, Stirrup, O., Merrick, B., Alcolea-Medina, A.,
et al. (2022). Combined epidemiological and genomic analysis of nosocomial
SARS-CoV-2 infection early in the pandemic and the role of unidentified cases in
transmission. Clin. Microbiol. Infect 28, 93-100. doi: 10.1016/].CMI.2021.07.040

Stimson, J., Gardy, J., Mathema, B., Crudu, V., Cohen, T., and Colijn, C. (2019).
Beyond the SNP threshold: Identifying outbreak clusters using inferred
transmissions. Mol. Biol. Evol. 36, 587-603. doi: 10.1093/MOLBEV/MSY242

Stirrup, O., Blackstone, J., Mapp, F., MacNeil, A., Panca, M., Holmes, A., et al.
(2022). Evaluating the effectiveness of rapid SARS-CoV-2 genome sequencing in
supporting infection control teams: the COG-UK hospital-onset COVID-19
infection study. Elife 11, e78427. doi: 10.7554/eLife.78427

Stirrup, O. T., Hughes, J., Parker, M., Partridge, D. G., Shepherd, J. G,
Blackstone, J., et al. (2021). Rapid feedback on hospital onset sars-cov-2
infections combining epidemiological and sequencing data. Elife 10, e65828.
doi: 10.7554/ELIFE.65828

Tian, F,, Tong, B, Sun, L., Shi, S, Zheng, B., Wang, Z, et al. (2021). N501y
mutation of spike protein in sars-cov-2 strengthens its binding to receptor ace2.
Elife 10, €69091. doi: 10.7554/ELIFE.69091

UK completes over one million SARS-CoV-2 whole genome sequences -
GOV.UK. (2021) Available at: https://www.gov.uk/government/news/uk-
completes-over-one-million-sars-cov-2-whole-genome-sequences (Accessed
December 2, 2021).

‘WHO Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19)
Dashboard With Vaccination Data. (2021) Available at: https://covid19.who.int/
(Accessed August 12, 2021).

Wickham., H. (2016). ggplot2: Elegant graphics for data analysis (Springer-
Verlag New York). Available at: https://CRAN.R-project.org/package=ggplot2.

Wilke, C. O. (2020) Cowplot: Streamlined plot theme and plot annotations for
“ggplot2”. r package version 1.1.1. Available at: https://CRAN.R-project.org/
package=cowplot.

Wong, G., Liu, W,, Liu, Y., Zhou, B., Bi, Y., and Gao, G. F. (2015). MERS, SARS,
and Ebola: The role of super-spreaders in infectious disease. Cell Host Microbe 18,
398-401. doi: 10.1016/].CHOM.2015.09.013

Yu, G. (2020). Using ggtree to visualize data on tree-like structures. Curr. Protoc.
Bioinf. 69, 96. doi: 10.1002/CPBL96

Yu, X, and Yang, R. (2020). COVID-19 transmission through asymptomatic

carriers is a challenge to containment. Influenza Other Respir. Viruses 14, 474.
doi: 10.1111/IRV.12743

frontiersin.org


https://doi.org/10.1101/2020.10.26.20219642
https://doi.org/10.1101/2020.10.26.20219642
https://doi.org/10.7554/eLife.67308
https://doi.org/10.1002/JMV.25708
https://doi.org/10.1002/JMV.25708
https://CRAN.R-project.org/package=ggpubr
https://doi.org/10.1093/NAR/GKF436
https://doi.org/10.1093/BIOINFORMATICS/BTY191
https://doi.org/10.1038/s41467-022-28291-y
https://doi.org/10.1016/J.JINF.2021.07.034
https://doi.org/10.1093/BIOINFORMATICS/BTV056
https://doi.org/10.1016/S1473-3099(20)30562-4
https://doi.org/10.1016/S1473-3099(20)30562-4
https://doi.org/10.1093/MOLBEV/MSU300
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1038/s41591-021-01318-5
https://doi.org/10.1136/THORAXJNL-2021-216964
https://www.protocols.io/view/ncov-2019-sequencing-protocol-v3-locost-bp2l6n26rgqe/v3
https://www.protocols.io/view/ncov-2019-sequencing-protocol-v3-locost-bp2l6n26rgqe/v3
https://doi.org/10.1016/J.CMI.2021.07.040
https://doi.org/10.1093/MOLBEV/MSY242
https://doi.org/10.7554/eLife.78427
https://doi.org/10.7554/ELIFE.65828
https://doi.org/10.7554/ELIFE.69091
https://www.gov.uk/government/news/uk-completes-over-one-million-sars-cov-2-whole-genome-sequences
https://www.gov.uk/government/news/uk-completes-over-one-million-sars-cov-2-whole-genome-sequences
https://covid19.who.int/
https://CRAN.R-project.org/package=ggplot2
https://CRAN.R-project.org/package=cowplot
https://CRAN.R-project.org/package=cowplot
https://doi.org/10.1016/J.CHOM.2015.09.013
https://doi.org/10.1002/CPBI.96
https://doi.org/10.1111/IRV.12743
https://doi.org/10.3389/fcimb.2022.1066390
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Multiple pathways of SARS-CoV-2 nosocomial transmission uncovered by integrated genomic and epidemiological analyses during the second wave of the COVID-19 pandemic in the UK
	1 Introduction
	2 Materials and methods
	2.1 Study site and Infection Prevention &amp; Control (IPC) procedures
	2.2 Laboratory diagnosis
	2.3 Sampling
	2.4 Sample exclusion
	2.5 Whole genome sequencing
	2.6 Genomic data analysis
	2.7 Epidemiological data analysis
	2.8 Definitions
	2.9 Data availability

	3 Results
	3.1 Vaccination led to a reduced prevalence of COVID-19
	3.2 The distribution of circulating SARS-CoV-2 variants in QAH changed as the Alpha variant prevailed
	3.3 HCW COVID-19 cases represented all variants circulating in the hospital
	3.4 Nosocomial spread amongst circulating variants
	3.5 Identification of shared transmission chains using viral genomics
	3.6 Transmission dynamics for AS.1
	3.7 Transmission dynamics for B.1.1.37
	3.8 Transmission dynamics for B.1.177
	3.9 Transmission dynamics for B.1.36.17
	3.10 Transmission dynamics for B.1.177.9
	3.11 Transmission dynamics for B.1.1.7
	3.12 Severe outcomes are not increased in nosocomial cases

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


