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s u m m a r y 

Objectives: Despite robust efforts, patients and staff acquire SARS-CoV-2 infection in hospitals. We in- 

vestigated whether whole-genome sequencing enhanced the epidemiological investigation of healthcare- 

associated SARS-CoV-2 acquisition. 

Methods: From 17-November-2020 to 5-January-2021, 803 inpatients and 329 staff were diagnosed with 

SARS-CoV-2 infection at four Oxfordshire hospitals. We classified cases using epidemiological definitions, 

looked for a potential source for each nosocomial infection, and evaluated genomic evidence supporting 

transmission. 

Results: Using national epidemiological definitions, 109/803(14%) inpatient infections were classified as 

definite/probable nosocomial, 615(77%) as community-acquired and 79(10%) as indeterminate. There was 

strong epidemiological evidence to support definite/probable cases as nosocomial. Many indeterminate 

cases were likely infected in hospital: 53/79(67%) had a prior-negative PCR and 75(95%) contact with a 

potential source. 89/615(11% of all 803 patients) with apparent community-onset had a recent hospital 

exposure. Within 764 samples sequenced 607 genomic clusters were identified ( > 1 SNP distinct). Only 

43/607(7%) clusters contained evidence of onward transmission (subsequent cases within ≤ 1 SNP). 20/21 

epidemiologically-identified outbreaks contained multiple genomic introductions. Most (80%) nosocomial 

acquisition occurred in rapid super-spreading events in settings with a mix of COVID-19 and non-COVID- 

19 patients. 

Conclusions: Current surveillance definitions underestimate nosocomial acquisition. Most nosocomial 

transmission occurs from a relatively limited number of highly infectious individuals. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of The British Infection Association. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

∗ Corresponding author at: Microbiology Department, John Radcliffe Hospital, Oxford University Hospitals NHS Foundation Trust, Headley Way, Oxford, United Kingdom. 

E-mail address: sheila.lumley@trinity.ox.ac.uk (S.F. Lumley). 
1 These authors contributed equally to this work. 
2 Membership of the OUH Microbiology laboratory and OUH Infection Prevention and Control teams is provided in the Supplement. 

https://doi.org/10.1016/j.jinf.2021.07.034 

0163-4453/© 2021 The Authors. Published by Elsevier Ltd on behalf of The British Infection Association. This is an open access article under the CC BY license 

( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.jinf.2021.07.034
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jinf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinf.2021.07.034&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:sheila.lumley@trinity.ox.ac.uk
https://doi.org/10.1016/j.jinf.2021.07.034
http://creativecommons.org/licenses/by/4.0/


S.F. Lumley, B. Constantinides, N. Sanderson et al. Journal of Infection 83 (2021) 473–482 

I

p

r

1

b

i

a

l

p

d

a

t

e

c

w

t

i

b

r

t

b

l

t

a

s

h

M

S

p

w

p

a

t

c

t

p

p

l

s

I

t

a

p

t

n

(

m

q

t

S

D

E

(

i

t

e

d

p

b

f

i

r

i

d

t

r

t

r

d

d

p

a

c

i

w

t

b

q

w

e

l

t

q

E

c

l

n

e

w

s

l

C

i

n

w

u

i

a

p

T

ntroduction 

Limiting acquisition of SARS-CoV-2 by patients and staff in hos- 

itals is an infection prevention and control (IPC) priority. Despite 

obust efforts, both patients and staff are infected in hospitals; 

0–40% of hospital-diagnosed COVID-19 cases are thought to have 

een acquired in hospital, with 8700 deaths following nosocomial 

nfection reported in the UK, 1–4 and higher rates of seroconversion 

re reported in healthcare workers compared to the general popu- 

ation. 5 , 6 

Distinguishing which patients have acquired infection in hos- 

ital allows potential transmission events to be investigated. Epi- 

emiological rules are frequently used for nosocomial classification 

nd outbreak investigation, using spatial and temporal patient data 

o make assumptions about acquisition and transmission. How- 

ver, such rules may exclude plausible transmission and leave un- 

ertainty around the source of individual infections. SARS-CoV-2 

hole-genome sequencing (WGS) has been proposed as an adjunct 

o assist hospital outbreak investigation. Individuals infected with 

dentical or near-identical ( ≤ 1 SNP) viruses, are more likely to 

e linked in a transmission chain than those with more distantly 

elated viruses, as demonstrated by previous retrospective studies 

hat have utilised WGS to identify nosocomial infections and out- 

reaks. 7–12 

We investigated whether sequencing could enhance epidemio- 

ogical investigation of healthcare-associated SARS-CoV-2 acquisi- 

ion in two areas: i) confirming/excluding nosocomial acquisition 

nd ii) understanding the role of outbreaks in nosocomial acqui- 

ition. We highlight the benefits and pitfalls of this approach, to 

elp guide local practice in individual centres. 

ethods 

tudy design, setting and participants 

The Oxford University Hospitals NHS Foundation Trust com- 

rises four hospitals with ∼1100 beds (mostly in 4-bed bays within 

ards of 20–30 beds) and ∼13,500 staff. The four hospitals are 

resented as “A”, a large acute hospital admitting both COVID-19 

nd non-COVID-19 patients; “B”, a smaller general hospital admit- 

ing both COVID-19 and non-COVID-19 patients; “C”, a hospital fo- 

used predominantly on cancer care; and “D”, a largely elective or- 

hopedic hospital, with C and D not routinely admitting COVID-19 

atients. Ward admission and discharge dates were available for all 

atients from 14 days before the first positive PCR, and the work 

ocation for those staff working exclusively or predominantly on a 

ingle ward. Public Health England (PHE) guidance for COVID-19 

PC was followed throughout the study, including the use of pa- 

ient pathways, personal protective equipment (PPE), symptomatic 

nd asymptomatic staff and patient testing (summarised in Sup- 

lement). 13 

Infections in patients and hospital staff were detected by symp- 

omatic and asymptomatic SARS-CoV-2 PCR testing of combined 

asal and oropharyngeal swabs by Thermo Fisher TaqPath assay 

2553/2773, 92% samples) and other platforms (details in Supple- 

ent). PCR-positive samples were stored at −80 °C for WGS. Se- 

uencing was attempted on all stored samples, regardless of cycle 

hreshold (Ct) value, using the ARTIC LoCost protocol 14 (details in 

upplement). 

efinitions 

Nosocomial SARS-CoV-2 infection was defined following NHS 

ngland and NHS Improvement definitions: 15 

• Community-Onset, PCR-positive ≤ 2 days after hospital admis- 

sion/attendance. 
474 
• Hospital-Onset Indeterminate Healthcare-Associated, PCR- 

positive 3–7 days after hospital admission (hereafter referred 

to as “Indeterminate nosocomial”). 
• Hospital-Onset Probable Healthcare-Associated, PCR-positive 8–

14 days after admission (“Probable nosocomial”). 
• Hospital-Onset Definite Healthcare-Associated, PCR-positive 

≥ 15 days after admission (“Definite nosocomial”). 

Enhanced nosocomial classification - prior negative PCR results 

available as a result of admission screening, weekly ward screen- 

ng and symptomatic testing) and admissions in the 14 days prior 

o diagnosis were used to determine whether additional support 

xisted for nosocomial acquisition. 

For the purpose of identifying plausible transmission events, in- 

icative incubation periods were defined as 1–14 days prior to a 

ositive PCR test. 16 Infectious periods were defined from 4 days 

efore to 7 days after a positive PCR for patients, and 4 days be- 

ore to the day of the positive PCR test for staff (reflecting that staff

solated at home for 10 days following a positive test). 17 Mean se- 

ial intervals, i.e. the duration between the symptom-onset time of 

n a transmission donor and recipient, have been estimated at 4–7 

ays, here 5 days is used. 18 , 19 

Individuals acquiring SARS-CoV-2 are denoted “recipients”, and 

hose transmitting infection as “donors”. A “plausible donor” for a 

ecipient, is identified by the donor and recipient being present on 

he same ward (“ward contact”), during the donor’s infectious pe- 

iod and the recipient’s incubation period. “Hospital contact” was 

efined as presence in the same hospital on the same calendar day, 

uring the donor’s infectious period and the recipient’s incubation 

eriod. 

Epidemiological outbreaks were defined following PHE guid- 

nce: 20 ≥ 2 cases of COVID-19 in patients or hospital staff ‘asso- 

iated with the same setting’, with ≥ 1 case (if a patient) meet- 

ng the definition of probable/definite nosocomial infection, ending 

hen no cases were diagnosed for 28 days. Here ‘associated with 

he same setting’ was defined as a ward contact. 

Genomic outbreaks were defined as for epidemiological out- 

reaks with the additional requirement for individual viral se- 

uences to be genomically linked. Genomically linked sequences 

ere defined as those sharing ≤ 1 SNPs, an association close 

nough to support transmission whilst minimising over-calling of 

inkage in non-nosocomial cases (see Supplement). Genomic clus- 

ers were defined as for genomic outbreaks, but without the re- 

uirement for ≥ 1 definite/probable nosocomial case. 

pidemiologic and genetic analysis 

We initially classified all cases according to epidemiologi- 

al definitions above, and then tested if there was epidemio- 

ogical evidence of a potential source case for each new defi- 

ite/probable/indeterminate patient and staff infection. We then 

valuated how many of these epidemiologically linked cases were 

ithin ≤ 1 SNPs of each other, i.e. had genomic evidence to 

upport transmission. Following this, we searched for epidemio- 

ogically defined outbreaks involving infected patients and staff. 

ommunity-onset cases were only included as part of an outbreak 

f they could have plausibly seeded the outbreak (i.e. their diag- 

osis preceded the first staff or nosocomial patient case on that 

ard), and not if admitted during an ongoing outbreak. 

Combined epidemiological and genomic analysis was performed 

sing R version 4.0.2 21 , with visualisation using ggplot2 22 and 

graph 

23 packages. Multiple sequence alignment and phylogenetic 

nalysis were performed with MAFFT) 24 and IQTree 25 respectively; 

hylogenies were prepared and visualised using Treeswift 26 and 

oytree 27 . 
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Fig. 1. Epidemic curves showing number of new SARS-CoV-2 PCR staff and inpatient positives at Oxford University Hospitals from 17 November 2020 - 5 January 2021 

based on clinical microbiology laboratory diagnosis by PCR. (A) total number of staff and inpatient positives (blue bars showing new positives per day, black line shows 

7 day rolling average) (B) SARS-CoV-2 positives split by staff and patients (nosocomial (definite, probable and indeterminate) and community-onset according to national 

surveillance definitions), lines show 7 day rolling average. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 

E

f

C

G

D

c

T

m

1

m

l

s

0

n

a

a

I

n

a

d

p

D

R

O

(

d

m

r

w

L

i

W

t

n

c

2

thics statement 

Deidentified data were obtained from the Infections in Ox- 

ordshire Research Database which has generic Research Ethics 

ommittee, Health Research Authority and Confidentiality Advisory 

roup approvals (19/SC/0403, 19/CAG/0144). 

ata sharing 

Study sequence data have been deposited in European Nu- 

leotide Archive under study accession number PRJEB43319. 

he multiple sequence alignment and corresponding maxi- 

um likelihood phylogeny is available from https://doi.org/ 

0.6084/m9.figshare.14883213.v2 and https://doi.org/10.6084/ 

9.figshare.14883216.v1. An interactive Microreact phy- 

ogeny is available at https://microreact.org/project/ 

roEhcsq8kkfNXTorBZaNb?&tal = 1&tns = 10&tts = 8&mns = 100&uvs = 

&uhs = 70&lns = 4&tc = 1&tl = 1&lu = w&fb = lineage__autocolour, 

osocomial_acquisition__autocolour&fl= nosocomial_acquisition__ 

utocolour 

The epidemiological datasets analysed are not publicly avail- 

ble as they contain personal data but are available from the 

nfections in Oxfordshire Research Database (https://oxfordbrc. 

ihr.ac.uk/research-themes-overview/antimicrobial-resistance- 
475 
nd-modernising-microbiology/infections-in-oxfordshire-research- 

atabase-iord/), subject to an application and research pro- 

osal meeting the ethical and governance requirements of the 

atabase. 

esults 

verview of cohort 

From 17-November-2020 to 5-January-2021, 1132 individuals 

803 inpatients, with 1104 admissions, and 329 staff) were newly 

iagnosed with PCR-confirmed SARS-CoV-2 infection ( Fig. 1 ). The 

edian inpatient age at diagnosis was 67 years (IQR 49–81, 

ange 0–102), 43% were female. 188/803 (23%) inpatient infections 

ere classified as nosocomial (definite, probable or indeterminate). 

ength of stay after the first positive PCR was a median of 6 days 

n community-onset cases vs. 8 days in nosocomial cases (Kruskal- 

allis p < 0.001). All-cause mortality within 28 days of a first posi- 

ive SARS-CoV-2 PCR was 14% after community-onset and 23% after 

osocomial infection ( p < 0.001) ( Table 1 ). 

Swabs from 764/1132 (67%) PCR-positive individuals were suc- 

essfully sequenced, including 116/188 (62%) nosocomial cases and 

61/329 (79%) staff cases (Tables S1, S2, Fig. S1). 
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Table 1 

Characteristics of 803 inpatients testing SARS-CoV-2 PCR positive between 17 November 2020 and 5 January 2021 at Oxford University Hospitals. 

All patients Nosocomial Community- onset Kruskal Wallis p -value 

Total number 803 188 (23%) 615 (77%) NA 

SexMale ( n ;%)Female ( n ;%) 454 (57%)349 (43%) 109 (58%)79 (42%) 345 (56%)270 (44%) 0.65 

Age (median; IQR) 67 (49–81) 76 (62–86) 63 (46–80) < 0.001 

Lowest Ct (median; IQR) 20 (14–27) 19 (14–28) 20 (15–27) 0.15 

Length of stay before first SARS-CoV-2 positive PCR (median; IQR) 1 (1–3) 9 (5–15) 1 (1–1) < 0.001 

Length of stay after first SARS-CoV-2 positive PCR (median; IQR) 6 (2–13) 8 (4–16) 6 (2–11) < 0.001 

28 day mortality (n;%) 129 (16%) 43 (23%) 86 (14%) < 0.001 

Successfully sequenced (n;%) 503/803 (63%) 116/188 (62%) 387/615 (63%) 0.44 

Table 2 

Epidemiological and genomic evidence for nosocomial acquisition of SARS-CoV-2 based on classification of 803 PCR-positive hospital in-patients. 

Definite nosocomial Probable nosocomial Indeterminate Community-onset 

Epidemiological evidence 

Standard epidemiological classification ∗ 51 58 79 615 

Enhanced epidemiological classification 

provides support for nosocomial 

acquisition ( n ,%) ∗∗

Yes No Yes No Yes No Yes No 

51 (100%) 0 56 (97%) 2 (3%) 53 (67%) 26 (33%) 89 (14%) 526 (86%) 

Donor/recipient closest epidemiological 

link identified 

Ward contact 

Hospital contact 

46 

5 

0 

0 

53 

3 

2 

0 

51 

2 

24 

2 

69 

20 

0 

0 

Combined epidemiological and genomic evidence 

Recipient and one or more 

epidemiological donor(s) sequenced ( n ,%) ̂ 

Ward contact 

Hospital contact 

25/46 

(54%) 

1/5 (20%) 

0 

0 

37/53 

(70%) 

2/3 (67%) 

1/2 (50%) 

0 

29/51 

(57%) 

1/2 (50%) 

15/24 

(63%) 

1/2 (50%) 

37/69 

(54%) 

5/20 (25%) 

0 

0 

Genomic linkage confirmed (n,%) ̂^ 
Ward contact 

Hospital contact 

17/25 

(68%) 

1/1 (100%) 

0 

0 

32/37 

(86%) 

1/2 (50%) 

1/1 (100%) 

0 

22/29 

(76%) 

1/1 (100%) 

6/15 (40%) 

0/1 (0%) 

17/37 

(46%) 

0/5 (0%) 

0 

0 

∗ Nosocomial classification according to national Public Health England definition. 
∗∗ Enhanced epidemiological classification for nosocomial acquisition, using prior negative PCR in the same admission, or previous hospital admission during the incubation 

period to provide additional support for nosocomial acquisition. Figures demonstrate number and% of nosocomial category. ̂ Figures presented as number sequenced over total 

number of recipients with one or more ward or hospital contacts identified ̂^ Figures presented as number genomically linked over total number of recipients sequenced, for 

ward contacts or hospital contacts. 
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tandard epidemiological classification 

osocomial classification 

Based on standard national definitions, 188/803 (23%) inpatient 

nfections were classified as nosocomial, subgrouped as definite 

 n = 51), probable ( n = 58) or indeterminate ( n = 79). In the UK, pa-

ients who acquired SARS-CoV-2 infection in hospital but were dis- 

harged before testing positive are not reported as nosocomial and 

o are not accounted for in these numbers, in part because com- 

unity testing results are not routinely available to hospitals. 

Enhanced” nosocomial classification 

Admission screening (within 24 h) was performed in 916/1104 

83%) of admissions. All 51 definite cases had prior-negative PCRs 

arlier in the same admission, providing additional support for 

osocomial acquisition. 56/58 (97%) probable cases had prior- 

egative PCRs. Although described as indeterminate, 53/79 (67%) 

f those diagnosed 3–7 days after admission had ≥ 1 prior neg- 

tive sample ( Table 2 ). Indeterminate cases with a prior-negative 

CR were diagnosed later during admission (median day 5, range 

–7), than those without a prior-negative (median day 3.5, range 

–7; p = 0.001). Therefore the greatest uncertainty around noso- 

omial acquisition exists for the 26 indeterminate cases without 

rior-negative PCRs and relatively short intervals between admis- 

ion and first positive PCR. By definition, those without a prior- 

egative PCR had no prior PCR tests obtained in the same hospital 

dmission, i.e. admission testing was not done. 

Amongst the 615 community-onset cases, a retrospective look- 

ack at the 14 days prior to SARS-CoV-2 diagnosis, revealed 89/803 

11%) had prior hospital admissions during which SARS-CoV-2 in- 

ection could have been acquired, and 69/89 (78%) of these had 
476 
ard contact with a plausible donor during that admission, sug- 

esting reporting definitions based only on current admissions 

nder-estimate the extent of nosocomial infection. 

Similar proportions of epidemiologically plausible donors were 

dentified for 46/51 (90%) definite cases, 55/58 (95%) probable 

ases and 75/79 (95%) indeterminate cases (exact p = 0.52). The 

roportion of cases with plausible donors identified did not differ 

n probable or indeterminate nosocomial cases with/without prior 

egative PCRs ( p > 0.90 and p = 0.59 respectively). 

pidemiological outbreak identification 

Applying an epidemiological outbreak definition considering all 

ard overlaps led to the identification of 3 outbreaks, the largest 

ontaining over 700 individuals, highlighting that it is an unwork- 

ble definition when inpatient prevalence is high. Therefore, to 

ore closely replicate IPC practice and provide more interpretable 

ata, the definition of an epidemiological outbreak was restricted 

o only include ward overlaps with patients and staff on the ward 

f nosocomial diagnosis. A total of 246 individual infections (46 

efinite, 53 probable, 56 indeterminate, 7 community-onset and 84 

taff), occurred in one of 25 outbreaks on 24 different wards. The 

edian outbreak size was 8 (IQR 3–12, range 2–32); 99/109 (91%) 

efinite and probable cases occurred in outbreaks. 

an genomics help to confirm/exclude nosocomial acquisition? 

enomics provides confirmatory evidence of nosocomial acquisition 

or most nosocomial cases 

Of the epidemiologically identified nosocomial acquisitions with 

lausible ward donors, 107/176 (61%) samples were successfully se- 

uenced alongside ≥ 1 plausible donor samples. Genomic support 
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or nosocomial acquisition was found for 78/107 (73%) sequenced 

nfections (17/25 (68%) definite, 33/38 (87%) probable and 28/44 

64%) indeterminate). Three further individuals with nosocomial 

nfection, but without ward contacts, were genomically linked to 

 hospital-level contact ( Table 2 ), i.e. plausibly representing trans- 

ission via an undiagnosed/unsequenced intermediate, staff con- 

act in communal areas, staff cross-covering multiple wards or 

hrough environmental contamination. 

enomics improves precision for cases without prior-negative PCR 

esults 

Genomics helped clarify uncertainty around cases without a 

rior-negative PCR ( Table 2 ). In the probable group, two individ- 

als lacked a prior-negative PCR; one was sequenced alongside a 

onor and confirmed as genomically-linked ( ≤ 1 SNP), and there- 

ore likely nosocomially-acquired. In contrast, in the indetermi- 

ate group, 26 individuals lacked a prior-negative PCR. 15/24 (63%) 

ere sequenced alongside ≥ 1 potential donors; only 6/15 (40%) 

ere genomically-linked. Hence absence of a prior-negative PCR in 

he indeterminate group was associated with a lower likelihood of 

osocomial-acquisition, but sequencing did support some of these 

nfections having a nosocomial source. 

enomics can confirm nosocomial acquisition in “community-onset”

ases 

Of the 69 individuals with community-onset infection with 

 prior hospital admission and a plausible donor, 37 were se- 

uenced alongside ≥ 1 plausible donor(s). 17/37 were genomically- 

inked, indicating 17 additional infections previously categorised 

s “community-associated” were plausibly nosocomially acquired 

 Table 2 ). 

ndiagnosed/unsequenced individuals limit utility of genomic data 

Amongst the 116 nosocomial cases sequenced, 13 (11%) were 

enetically-linked to ≥ 1 other case within 0–1 SNPs but with 

o documented ward or hospital contact (either patient or staff). 

hese may represent community acquisition in the case of inde- 

erminate cases, but may also be due to undiagnosed/unsequenced 

ndividuals providing the missing epidemiological link, e.g. due to 

ncomplete admission and ward-based patient screening and undi- 

gnosed staff cases. 

Genomic data was unable to provide confirmation of nosoco- 

ial acquisition for 22/116 (19%) of sequenced nosocomial cases. 

lthough we can conclude that these cases were not linked to any 

f the other cases sequenced, we cannot use this information to 

xclude nosocomial acquisition from undiagnosed/unsequenced in- 

ividuals, due to incomplete sampling/sequencing. 

an genomics improve understanding of transmission patterns in 

ospitals? 

pidemiological outbreaks often contain multiple genomically-distinct 

ntroductions 

Genomic data were used to refine the epidemiologically-defined 

utbreaks ( Fig. 2 B). Of the 246 staff and patients in an epidemio- 

ogical outbreak, 171 were sequenced (26/46 definite, 37/53 proba- 

le, 33/56 indeterminate patients, 2/7 community-onset and 73/84 

taff); 21 of the 25 epidemiological outbreaks had ≥2 members se- 

uenced and are described further. One epidemiological outbreak 

as confirmed genetically as a single outbreak (each case within 

–1 SNPs of another) and in 7 ‘outbreaks’ no individuals were ge- 

etically linked (all ≥ 2 SNPs from all other cases). In the remain- 

ng 13 epidemiological outbreaks there was a mix of genetically- 

inked and unlinked cases; 9 consisted of a single genetically- 

istinct outbreak in addition to unlinked cases, 3 had two dis- 

inct genomic outbreaks and one ward had evidence of 3 ge- 
477 
omic outbreaks. Overall 116/171 sequenced cases from epidemio- 

ogically defined outbreaks were confirmed to be in a genomically- 

upported outbreak (17/26 (65%) definite, 34/37 (92%) probable, 

6/33 (79%) indeterminate, 1/2 (50%) community-onset and 38/73 

52%) staff). This highlights that epidemiological investigation may 

verestimate the size of outbreaks, which often occur alongside 

enetically-distinct introductions. 

ost cases do not lead to onwards hospital transmission 

Considering the cohort as a whole, rather than just those in 

n epidemiological outbreak as above, of the 764 individuals with 

amples sequenced, 200 were placed in one of 43 genomic clus- 

ers on the basis of being linked to at least one other case within 

–1 SNPs and 564 were singletons. Therefore during the period 

f study, SARS-CoV-2 was introduced to OUH on at least 607 oc- 

asions, with evidence of onward transmission in 43 clusters (7% 

f introductions) ( Fig. 3 ). The median cluster size was 2 (range 2–

2). Of the 43 clusters, 17 contained both staff and patients, 16 pa- 

ients only and 10 staff only. 16/43 genomic clusters were classified 

s genomic outbreaks (i.e. contained ≥ 1 definite/probable nosoco- 

ial case). Compared to the epidemiological estimate that 91% of 

osocomially-acquired cases were linked to outbreaks, combining 

pidemiological and genomic data suggested 52/69 (75%) of all se- 

uenced definite/probable nosocomial cases occurred in one of 16 

enomic outbreaks, whereas 26% occurred as genomic singletons, 

2 SNPs from any other case. 

Use of hospital-level ward data, accounting for all patient 

oves before and after testing PCR positive, led to identification of 

n unfeasibly large epidemiological outbreak of over 700 individu- 

ls. However, using these data in combination with WGS provides a 

ore plausible identification of 15 additional individuals linked to 

utbreaks, who were missed by ward-based application of the out- 

reak definition due to patient ward moves during their incubation 

eriod, highlighting that outbreaks can span multiple wards. 

Only 7/25 epidemiologically-defined outbreaks started with a 

nown community-onset case, 2/7 were successfully sequenced, 

nd only 1 confirmed to be genetically-related to subsequent cases 

ithin 0–1 SNPS. Despite the partial sequencing of community- 

nset cases, these data are consistent with limited direct patient- 

atient spread from known community-onset SARS-CoV-2 infected 

atients. Approximately two-thirds of staff infections were geneti- 

ally distinct in this dataset, with 170/261 (65%) > 1 SNP different 

o all other cases, across 90 work locations. Although these cases 

ccurred on wards with existing outbreaks, they were more com- 

on in areas with transient patient contact e.g. outpatient areas 

nd dialysis units. 

The distribution of genomic clusters differed by hospital site; 

onsistent with the extent of exposure to COVID-19 admissions; 

nly isolated/single cases occurred at hospital “D” and only two 

lusters observed in hospital “C”(one staff pair and one trio con- 

aining 1 staff member and 2 patients). In contrast, hospitals “A”

nd “B” saw multiple larger clusters (notably, the proportion of 

ases sequenced was the same across all sites). In addition to 

ifferences in COVID-19 case load/infectious pressure, other fac- 

ors may have played a role, such as: patient pathways includ- 

ng co-location of non-COVID-19 and COVID-19 cohort wards, es- 

ates/facilities, including number of patient side rooms and ven- 

ilation, differences in staff mobility between COVID-19 and non- 

OVID-19 wards, staff facilities (communal/break areas) and adher- 

nce to social distancing. 

wo patterns of nosocomial acquisition seen 

Broadly two patterns of nosocomial acquisition were seen; pat- 

erns are shown on a representative example phylogeny in Fig. 4 . 
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Fig. 2. Outbreaks containing at least one definite or probable nosocomial case. (A) Using epidemiological data alone (nodes are linked purely using ward-based contacts) 

isolated grey nodes indicate individuals in a genomic but not epidemiologically-defined outbreak, (B) Using both epidemiological data and genomic data (nodes are linked 

both epidemiologically and genomically), isolated nodes indicate individuals in an epidemiological but not genomic outbreak. 

Each node represents an individual, all individuals in an epidemiological or genomic outbreak are shown in panel A with the sequenced subset in panel B. Node colours 

indicate the epidemiological group, grey nodes were not assigned to an epidemiological group. Lines indicate ward contact within an outbreak, line length is insignifiant. 

This demonstrates that epidemiological outbreaks consist of multiple genomic outbreaks and individual introductions, and conversely genomic outbreaks span multiple 

wards/epidemiological outbreaks. 69/176 (39%) nosocomial cases were not sequenced. 
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uperspreading events. These are characterised by a rapid accu- 

ulation of multiple cases within 1–2 serial intervals, e.g. > 5 

ases within a 7–10 day period, implying multiple transmissions 

er serial interval. 8 such events occurred during this study, 7 

t hospital “A”, and one at hospital “B”, typically occurring on 

on-COVID-19 wards, with open bays, involving both staff and 
478 
atients, and in specialties with patients highly dependent on 

ursing care (e.g. trauma, acute medicine, neurology). The me- 

ian outbreak size was 9 (range 7–32) and median duration 

2 days (range 7–35 days). Although infrequent, these 8 super- 

preading events accounted for 80% of cases linked to a genomic 

utbreak. 
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Fig. 3. Timing and size of SARS-CoV-2 genetic clusters. SARS-CoV-2 was introduced to OUH on at least 607 occasions, with evidence of onward transmission on 43 occasions. 

Isolates > 1 SNP from any previous sample were defined as distinct introductions and are plotted on separate horizontal lines, according to the date of the first positive 

sample in OUH for each individual. The size of the red dot indicates number of individuals diagnosed on each day. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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With a serial interval of 5 days, some outbreaks may repre- 

ent exposure to a single superspreading infection, but most are 

ubsequently propagated amongst staff/patients. Incomplete sam- 

ling and asymptomatic individuals without symptom onset dates 

revents confident identification of the source of each outbreak, 

owever, in two clusters, staff cases preceded patient cases, so 

taff could have acted as an index events. In the remaining six 

utbreaks, there were no cases diagnosed prior to the first defi- 

ite/probable nosocomial case to act as a plausible index, there- 

ore the outbreak was likely seeded by an undiagnosed or un- 

equenced patient/staff/visitor. No outbreaks were seeded by di- 

ect patient-patient transmission from known positive patients, 

owever we cannot exclude a non-sequenced cross-covering staff

ember providing the missing epidemiological link, by acquiring 

nfection from a known positive patient and seeding an outbreak 

n a non-COVID ward. 

ecurrent introductions. These are characterised by slow “rum- 

ling” accumulation of nosocomial and staff cases on a ward, on 
479 
oth non-COVID and mixed wards with side rooms accommodat- 

ng COVID and non-COVID patients ( Fig. 4 ). They consist of multi- 

le introductions of distinct viral variants over a more prolonged 

eriod of time, giving the appearance of a slowly progressing out- 

reak, but with no, or minimal, onward transmission within the 

nit. Genomic data is required to distinguish recurrent introduc- 

ions from genomic outbreaks. 

Recurrent introductions involving one or more definite/probable 

ase occurred on 6 different wards across hospitals “A ”, “B ” and 

D ”. Each mimicked an outbreak with between 3 and 6 staff and 

osocomial cases occurring on the ward over 2–6 week periods, 

owever all were genetically distinct introductions. 

iscussion 

In this retrospective cohort study of healthcare-associated 

ARS-CoV-2 transmission using combined epidemiological and se- 

uencing data we make several key findings that challenge current 

urveillance definitions and reveal most nosocomial transmission 
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Fig. 4. Example phylogeny demonstrating a superspreading event and recurrent introductions on a single ward at hospital “B”. The node and label colour indicates broad epi- 

demiological classification (community-onset, nosocomial, staff). The tip label gives the day of the outbreak the individual tested positive followed by the full epidemiological 

classification. The scale bar represents SNP distance. All cases were classified as part of the same epidemiological outbreak, however WGS reveals multiple introductions. The 

“community-onset” case diagnosed on day 44 of the outbreak, had a previous hospital admission with exposure on this ward during a superspreading event. 
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ccurs from a relatively limited number of highly infectious indi- 

iduals. 

Our findings suggest that the majority of cases occurring af- 

er > 7 days in hospital are nosocomially acquired, for exam- 

le 107/109 probable/definite cases had ≥ 1 prior-negative PCR 

est in the same admission, and most had plausible ward-based 

ources for their infection. However, surveillance definitions iden- 

ifying probable/definite nosocomially-acquired cases (on the basis 

f prior hospital stays of > 7 days) likely under-estimate the ex- 

ent of acquisition in hospital. In the UK, nationally reported noso- 

omial figures exclude indeterminate cases (diagnosed on day 3–7 

f their hospital stay); however several of these cases in our study 

ad prior-negative PCR tests during the same admission, plausible 

xposure to infectious patients, and genomic-linkage with other 

ases, all supporting acquisition in hospital, particularly for cases 

iagnosed on days 5–7. Furthermore, surveillance definitions con- 

idering only the current hospital stay, as in the UK, do not cap- 

ure nosocomial acquisition during a recent prior hospital stay, for 

hich we found both epidemiological and genomic evidence. Con- 

ideration should be given to revising surveillance definitions to 

ccount for prior-negative tests and infections diagnosed < 7 days 

nto admission. 

Consistent with defining most cases within 2 days of admis- 

ion as community-acquired, genomics demonstrated most cases 

n staff and patients are genomically-distinct from all others in the 

ospital; there were 607 genomic clusters within the 764 sam- 

les sequenced. This is similar to WGS-based findings in other 

ealthcare-associated infections over the last decade. 28 , 29 How- 

ver, in contrast to other nosocomial infections, we found evidence 

hat most nosocomial acquisition occurs in explosive superspread- 

ng events, with clusters of genomically-related cases occurring in 

hort time periods, as observed by others for SARS-CoV-2 in both 

ommunity and hospital settings. 9 , 30–33 . 

WGS added most value when investigating outbreaks dur- 

ng periods of high SARS-CoV-2 prevalence, given high rates 

f ward-based contact with infected patients. The majority of 

pidemiologically-defined outbreaks consisted of multiple genomic 
480 
ntroductions with some smaller genomic clusters. The role of staff

n outbreaks is overestimated from epidemiological data alone, 

ith genomics confirming only 52% of staff epidemiologically 

laced in an outbreak were genomically-linked, and the majority 

f sequenced staff cases were genomic singletons ( ≥ 2 SNPs from 

ny other case). Additionally, in hospitals not routinely admitting 

OVID-19 patients, rates of transmission were low, suggesting that 

solated acquisition from staff is relatively uncommon, and that 

ransmission requires a ‘perfect storm’ of mixed COVID and non- 

OVID wards, emergency admissions and dependent patients ac- 

ommodated in bays. 

The main limitations of genomic data were two-fold. Firstly, al- 

hough epidemiological data is available for all patients, genomic 

ata is limited by sample availability and difficulty of generating 

equences at low viral loads. Here 67% of the cohort were success- 

ully sequenced, in line with other similar hospital cohorts (20–

0%). 7 , 11 , 34 As such, genomic data does not enable nosocomial ac- 

uisition to be ruled out. Incomplete hospital sequencing datasets 

uffer from an ‘absence of evidence’ when attempting to exclude 

osocomial acquisition, which should not be mistaken for ‘evi- 

ence of absence’ of nosocomial acquisition. This may be mitigated 

n the future by integrated community epidemiological and ge- 

omic datasets, and could be addressed through probabilistic infer- 

nce methods that can account for missing data, or by further op- 

imising sequencing yields. Future approaches to evaluating trans- 

ission could also consider proxy markers of infectiousness such 

s Ct values (reflecting viral loads). 

Secondly, the rapid transmission of SARS-CoV-2 in relation to 

iral evolution and the short time spans of outbreaks are insuf- 

cient for substantial genetic variation to accumulate, and there- 

ore genomic data alone is insufficient to confer linkage or resolve 

he ordering of transmission; a combination of epidemiological and 

enomic data is required. A 1 SNP cut-off for defining linkage cap- 

ures the majority of cases genuinely linked to the cluster, with 

he compromise of including a few community-onset cases likely 

inked by chance. The sensitivity and specificity of this SNP thresh- 

ld for defining linkage varies according to the point during the 
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andemic at which it is being applied, both in terms of time since 

he start of the pandemic (greater overall viral diversity afforded 

y later time points in the pandemic), and the current rate of 

ransmission (locally reduced diversity during exponential periods 

f spread, such as was observed with the emergence of the alpha 

ariant in the winter of 2020). Improvements in sensitivity and 

pecificity to detect transmission might also be gained from con- 

idering patterns of intra-host variation. 35 , 36 Generally, however, 

oint epidemiologic and genomic analysis enable the limitations of 

ne method to be compensated for by the strengths of the other, 

cknowledging both approaches are limited by undiagnosed cases. 

Our data have several practical IPC implications. The small pro- 

ortion of cases leading to detected onward transmission high- 

ight that existing enhanced IPC practices are generally effective at 

reventing most patient-patient spread from known positive pa- 

ient cases, e.g. via triaging of patients into pathways on admis- 

ion and widespread diagnostic testing reducing contact between 

nfectious/susceptible individuals. However, rates of nosocomial in- 

ection remain too high, with the highest rates in hospitals caring 

or both COVID-19 and non-COVID-19 patients. 

When investigating nosocomial SARS-CoV-2 transmission, it is 

ital to consider the contributions of both patients and staff in 

nitiating and amplifying transmission. The identification of super- 

preading events highlights the importance of screening of both 

symptomatic patients and staff to help identify and control out- 

reaks early (whilst acknowledging that virus in up to half of 

ositive staff may not genetically be part of the outbreak). Sev- 

ral strategies can be used and scaled according to the situa- 

ion, from universal admission testing, weekly ward screening, 

symptomatic staff lateral flow device testing as standard, scaling 

p to on-demand full-ward lateral flow and PCR screening, and 

ore frequent regular screening if nosocomial cases are identi- 

ed. If multiple cases are observed within a single serial interval, 

ighly suggestive of a superspreading event, rapid action should be 

aken, which may involve temporary ward closure to mitigate sec- 

ndary transmission, recognising that those recently infected have 

he highest viral loads 37 and are most infectious to patients and 

taff38 . If resources allow, use of dedicated staff in high risk areas, 

nd self-isolation at home for staff exposed to a high risk event, 

ay also be appropriate. Challenges include recognising outbreaks 

panning multiple areas and implementing effective testing and 

ontrol measures, e.g. for patients who move between wards and 

taff who cross-cover multiple wards, including during nights and 

hose contracted by outside agencies. Communication that patients 

ischarged from a superspreading ward are at high risk for acqui- 

ition should lower the threshold for post-discharge SARS-CoV-2 

creening/testing. Variations in rates of nosocomial transmission 

uggest screening should be prioritised on wards and in special- 

ties with the highest risks (e.g. acute medicine, trauma, neurol- 

gy in our setting). As vaccination-mediated reductions in inpa- 

ient COVID cases occur, it will be important to raise awareness 

hat patients on low risk wards/pathways are still at risk of noso- 

omial acquisition, in addition to highlighting that in general out- 

reaks are caused by patients or staff not known to be positive. 

This study demonstrates that retrospective analyses of genomic 

ata is useful in some circumstances to guide future IPC practice, 

ith results consistent with similar studies in the UK. 7–10 It re- 

ains to be seen whether the additional costs of generating and 

nalyzing this genomic data near real-time ( < 48 hrs from sample 

o dissemination of results) are justified by additional IPC gains, or 

hether the rapid and rigorous application of gold standard epi- 

emiological methods in response to fast accumulation of noso- 

omial PCR-based diagnoses is the key intervention. This question 

ill be addressed by studies such as the COG-HOCI trial. 39 Regard- 

ess of WGS, there is a clear need for automated systems to rapidly 

ssimilate epidemiological data tracking patients over space and 
481 
ime to allow transmissions based on locations other than ward 

f diagnosis to be quickly identified and fed to IPC teams. 

In conclusion, epidemiological investigation can be enhanced by 

enomic data, to provide insights into nosocomial acquisition and 

utbreaks in the hospital setting, and provide practical insights to 

ptimise IPC interventions. 

unding 

This work was supported by the National Institute for Health 

esearch Health Protection Research Unit ( NIHR HPRU ) in Health- 

are Associated Infections and Antimicrobial Resistance at Ox- 

ord University in partnership with Public Health England (PHE) 

 NIHR200915 ), the NIHR Biomedical Research Centre, Oxford. The 

iews expressed in this publication are those of the authors and 

ot necessarily those of the NHS, the National Institute for Health 

esearch, the Department of Health or Public Health England. 

SFL is a Wellcome Trust Clinical Research Fellow. KKC is a Med- 

cal Research Foundation PhD student (MRF-145–0 0 04-TPG-AVISO). 

MW is a Wellcome Trust Clinical Career Development Fellow 

214,560/Z/18/Z). NS is an Oxford Martin Fellow and an NIHR Ox- 

ord BRC Senior Fellow. PCM holds a Wellcome Intermediate Fel- 

owship (110,110/Z/15/Z). DWE is a Robertson Foundation Fellow 

nd an NIHR Oxford BRC Senior Fellow. 

eclaration of Competing Interest 

DWE declares lecture fees from Gilead, outside the submitted 

ork. No other author has a conflict of interest to declare. 

cknowledgment 

We would like to thank all OUH staff who participated in the 

taff testing program, and the staff and medical students who ran 

he program. This work uses data provided by healthcare work- 

rs and collected by the UK’s National Health Service as part of 

heir care and support. We thank all the people of Oxfordshire who 

ontribute to the Infections in Oxfordshire Research Database. Re- 

earch Database Team: L Butcher, H Boseley, C Crichton, DW Crook, 

W Eyre, O Freeman, J Gearing (community), R Harrington, K Jef- 

ery, M Landray, A Pal, TEA Peto, TP Quan, J Robinson (community), 

 Sellors, B Shine, AS Walker, D Waller. Patient and Public Panel: G 

lower, C Mancey, P McLoughlin, B Nichols 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.jinf.2021.07.034 . 

eferences 

1. Wang D , Hu B , Hu C , Zhu F , Liu X , Zhang J , et al. Clinical characteristics of
138 hospitalized patients with 2019 novel Coronavirus-infected pneumonia in 

Wuhan, China. JAMA 2020; 323 :1061–9 . 
2. Carter B , Collins JT , Barlow-Pay F , Rickard F , Bruce E , Verduri A , et al. Nosoco-

mial COVID-19 infection: examining the risk of mortality. The COPE-nosocomial 
study (COVID in older people). J Hosp Infect 2020; 106 :376–84 . 

3. Discombe M. Covid infections caught in hospital rise by a third in 

one week n.d. https://www.hsj.co.uk/patient- safety/covid- infections- caught- in- 
hospital- rise- by- a- third- in- one- week/7029211.article (accessed May 20, 2021). 

4. Campbell D , Bawden A . Up to 8,700 patients died after catching Covid
in English hospitals. Guardian 2021 https://www.theguardian.com/world/2021/ 

may/24/up-to-8700-patients-died-after-catching-covid-in-english-hospitals . 
5. Eyre DW, Lumley SF, O’Donnell D, Campbell M, Sims E, Lawson E, et al. Differen-

tial occupational risks to healthcare workers from SARS-CoV-2 observed during 
a prospective observational study. Elife 2020; 9 . doi: 10.7554/eLife.60675 . 

6. Shah ASV , Wood R , Gribben C , Caldwell D , Bishop J , Weir A , et al. Risk of hos-

pital admission with Coronavirus disease 2019 in healthcare workers and their 
households: nationwide linkage cohort study. BMJ 2020; 371 :m3582 . 

7. Stirrup OT, Hughes J, Parker M, Partridge DG, Shepherd JG, Blackstone J, et al. 
Rapid feedback on hospital onset SARS-CoV-2 infections combining epidemio- 

logical and sequencing data. bioRxiv 2020. doi: 10.1101/2020.11.12.20230326 . 

https://doi.org/10.1016/j.jinf.2021.07.034
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0001
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0001
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0001
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0001
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0001
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0001
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0001
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0001
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0002
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0002
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0002
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0002
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0002
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0002
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0002
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0002
https://www.hsj.co.uk/patient-safety/covid-infections-caught-in-hospital-rise-by-a-third-in-one-week/7029211.article
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0004
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0004
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0004
https://doi.org/10.7554/eLife.60675
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0006
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0006
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0006
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0006
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0006
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0006
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0006
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0006
https://doi.org/10.1101/2020.11.12.20230326


S.F. Lumley, B. Constantinides, N. Sanderson et al. Journal of Infection 83 (2021) 473–482 

 

1

 

 

 

 

 

2

2

2

2  

2
2

2  

2  

3

 

3  

3  

3

3  

3  

 

3  

3

8. Snell LB, Fisher CL, Taj U, Merrick B, Alcolea-Medina A, Charalampous T, et al. 
Combined epidemiological and genomic analysis of nosocomial SARS-CoV-2 

transmission identifies community social distancing as the dominant interven- 
tion reducing outbreaks. bioRxiv 2020. doi: 10.1101/2020.11.17.20232827 . 

9. Illingworth C. Superspreaders drive the largest outbreaks of hospital onset 
COVID-19 infection n.d. https://osf.io/wmkn3/ (accessed May 20, 2021). 

10. Ellingford JM, George R, McDermott JH, Ahmad S, Edgerley JJ, Gokhale D, et al. 
Genomic and healthcare dynamics of nosocomial SARS-CoV-2 transmission. Elife 

2021; 10 . doi: 10.7554/eLife.65453 . 

11. Meredith LW , Hamilton WL , Warne B , Houldcroft CJ , Hosmillo M , Jahun AS ,
et al. Rapid implementation of SARS-CoV-2 sequencing to investigate cases 

of health-care associated COVID-19: a prospective genomic surveillance study. 
Lancet Infect Dis 2020; 20 :1263–71 . 

2. Lucey M, Macori G, Mullane N, Sutton-Fitzpatrick U, Gonzalez G, Coughlan S, 
et al. Whole-genome sequencing to track SARS-CoV-2 transmission in nosoco- 

mial outbreaks. Clin Infect Dis 2020. doi: 10.1093/cid/ciaa1433 . 

13. Public Health England. COVID-19: infection prevention and control (IPC) 
2020. https://www.gov.uk/government/publications/wuhan-novel-Coronavirus- 

infection-prevention-and-control (accessed May 25, 2021). 
14. Quick J. nCoV-2019 sequencing protocol v3 (LoCost) 2020. 

15. Wilcox M . Correct measurement and reporting of healthcare associated–
COVID-19 cases: letter to Regional Chief Nurses. Reg Med Dir 2020 . 

16. Lauer SA , Grantz KH , Bi Q , Jones FK , Zheng Q , Meredith HR , et al. The incu-

bation period of Coronavirus disease 2019 (COVID-19) from publicly reported 
confirmed cases: estimation and application. Ann Intern Med 2020; 172 :577–82 . 

17. Ferretti L, Wymant C, Kendall M, Zhao L, Nurtay A, Abeler-Dörner L, et al. Quan-
tifying SARS-CoV-2 transmission suggests epidemic control with digital contact 

tracing. Science 2020; 368 . doi: 10.1126/science.abb6936 . 
18. Griffin J , Casey M , Collins Á, Hunt K , McEvoy D , Byrne A , et al. Rapid review of

available evidence on the serial interval and generation time of COVID-19. BMJ 

Open 2020; 10 :e040263 . 
19. Park M, Cook AR, Lim JT, Sun Y, Dickens BL. A Systematic Review of COVID-19

Epidemiology Based on Current Evidence. J Clin Med Res 2020; 9 . doi: 10.3390/
jcm9040967 . 

0. COVID-19: epidemiological definitions of outbreaks and clusters in 
particular settings n.d. 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 May 20, 2021). 

21. Ripley BD . The R project in statistical computing. MSOR Connect 2001; 1 :23–5 . 
2. Wickham H . ggplot2: Elegant graphics for data analysis . Cham: Springer; 2016 . 

3. igraph – Network analysis software n.d. https://igraph.org (accessed June 1, 
2021). 

4. Katoh K , Frith MC . Adding unaligned sequences into an existing alignment using

MAFFT and LAST. Bioinformatics 2012; 28 :3144–6 . 
482 
5. IQ-TREE n.d. http://www.iqtree.org/ (accessed June 1, 2021). 
6. Moshiri N. TreeSwift. Github; n.d. 

27. Eaton DAR . Toytree: a minimalist tree visualization and manipulation library for 
Python. Methods Ecol Evol 2020; 11 :187–91 . 

8. Eyre DW , Cule ML , Wilson DJ , Griffiths D , Vaughan A , O’Connor L , et al. Diverse
sources of C. difficile infection identified on whole-genome sequencing. N Engl 

J Med 2013; 369 :1195–205 . 
9. Price JR , Cole K , Bexley A , Kostiou V , Eyre DW , Golubchik T , et al. Transmis-

sion of Staphylococcus aureus between health-care workers, the environment, 

and patients in an intensive care unit: a longitudinal cohort study based on 
whole-genome sequencing. Lancet Infect Dis 2017; 17 :207–14 . 

0. Lemieux JE, Siddle KJ, Shaw BM, Loreth C, Schaffner SF, Gladden-Young A, et al. 
Phylogenetic analysis of SARS-CoV-2 in Boston highlights the impact of super- 

spreading events. Science 2021; 371 . doi: 10.1126/science.abe3261 . 
31. Adam DC , Wu P , Wong JY , Lau EHY , Tsang TK , Cauchemez S , et al. Clustering

and superspreading potential of SARS-CoV-2 infections in Hong Kong. Nat Med 

2020; 26 :1714–19 . 
2. Endo A , Abbott S , Kucharski AJ , Funk S Centre for the Mathematical Modelling of

Infectious Diseases COVID-19 Working Group Estimating the overdispersion in 
COVID-19 transmission using outbreak sizes outside China. Wellcome Open Res 

2020; 5 :67 . 
3. Popa A, Genger JW, Nicholson MD, Penz T, Schmid D, Aberle SW, et al. Genomic

epidemiology of superspreading events in Austria reveals mutational dynamics 

and transmission properties of SARS-CoV-2. Sci Transl Med 2020; 12 . doi: 10.1126/ 
scitranslmed.abe2555 . 

4. Hamilton WL, Fieldman T, Jahun A, Warne B, Illingworth CJR, Jackson C, et al. 
Applying prospective genomic surveillance to support investigation of hospital- 

onset COVID-19. Lancet Infect Dis 2021. doi: 10.1016/S1473- 3099(21)00251- 6 . 
5. San JE , Ngcapu S , Kanzi AM , Tegally H , Fonseca V , Giandhari J , et al. Transmis-

sion dynamics of SARS-CoV-2 within-host diversity in two major hospital out- 

breaks in South Africa. Virus Evol 2021; 7 :veab041 . 
6. Borges V, Isidro J, Macedo F, Neves J, Silva L, Paiva M, et al. Nosocomial outbreak

of SARS-CoV-2 in a “non-COVID-19” hospital ward: virus genome sequencing 
as a key tool to understand cryptic transmission. Viruses 2021; 13 . doi: 10.3390/ 

v13040604 . 
37. Kissler SM, Fauver JR, Mack C, Olesen SW, Tai C, Shiue KY, et al. SARS-CoV-2 vi-

ral dynamics in acute infections. bioRxiv 2020. doi: 10.1101/2020.10.21.20217042 . 

8. Mo Y, Eyre DW, Lumley SF, Walker TM, Shaw RH, O’Donnell D, et al. Transmis-
sion dynamics of SARS-CoV-2 in the hospital setting. bioRxiv 2021. doi: 10.1101/ 

2021.04.28.21256245 . 
9. COG-UK Project hospital-onset COVID-19 infections study - full text view - 

clinicaltrials. Gov n.d. https://clinicaltrials.gov/ct2/show/NCT04405934 (accessed 
May 20, 2021). 

https://doi.org/10.1101/2020.11.17.20232827
https://osf.io/wmkn3/
https://doi.org/10.7554/eLife.65453
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0011
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0011
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0011
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0011
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0011
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0011
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0011
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0011
https://doi.org/10.1093/cid/ciaa1433
https://www.gov.uk/government/publications/wuhan-novel-Coronavirus-infection-prevention-and-control
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0015
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0015
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0016
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0016
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0016
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0016
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0016
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0016
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0016
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0016
https://doi.org/10.1126/science.abb6936
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0018
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0018
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0018
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0018
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0018
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0018
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0018
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0018
https://doi.org/10.3390/jcm9040967
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
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0021
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0021
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0022
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0022
https://igraph.org
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0024
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0024
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0024
http://www.iqtree.org/
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0027
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0027
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0028
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0028
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0028
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0028
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0028
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0028
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0028
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0028
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0029
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0029
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0029
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0029
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0029
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0029
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0029
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0029
https://doi.org/10.1126/science.abe3261
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0031
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0031
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0031
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0031
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0031
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0031
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0031
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0031
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0032
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0032
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0032
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0032
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0032
https://doi.org/10.1126/scitranslmed.abe2555
https://doi.org/10.1016/S1473-3099(21)00251-6
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0035
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0035
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0035
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0035
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0035
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0035
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0035
http://refhub.elsevier.com/S0163-4453(21)00377-7/sbref0035
https://doi.org/10.3390/v13040604
https://doi.org/10.1101/2020.10.21.20217042
https://doi.org/10.1101/2021.04.28.21256245
https://clinicaltrials.gov/ct2/show/NCT04405934

	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
	Introduction
	Methods
	Study design, setting and participants

	Definitions
	Epidemiologic and genetic analysis
	Ethics statement
	Data sharing
	Results
	Overview of cohort
	Standard epidemiological classification
	Nosocomial classification
	“Enhanced” nosocomial classification
	Epidemiological outbreak identification

	Can genomics help to confirm/exclude nosocomial acquisition?
	Genomics provides confirmatory evidence of nosocomial acquisition for most nosocomial cases
	Genomics improves precision for cases without prior-negative PCR results
	Genomics can confirm nosocomial acquisition in “community-onset” cases
	Undiagnosed/unsequenced individuals limit utility of genomic data

	Can genomics improve understanding of transmission patterns in hospitals?
	Epidemiological outbreaks often contain multiple genomically-distinct introductions
	Most cases do not lead to onwards hospital transmission
	Two patterns of nosocomial acquisition seen


	Discussion
	Funding
	Declaration of Competing Interest
	Acknowledgment
	Supplementary materials
	References


