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Abstract

Background: Despite evidence of the nosocomial transmission of novel coronavirus

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in hospitals worldwide,

the contributions of the pathways of transmission are poorly quantified.

Methods: We analysed national records of hospital admissions and discharges, linked

to data on SARS-CoV-2 testing, using an individual-based model that considers

patient-to-patient, patient-to-healthcare worker (HCW), HCW-to-patient and HCW-to-HCW

transmission.

Results: Between 1 March 2020 and 31 December 2020, SARS-CoV-2 infections that were

classified as nosocomial were identified in 0.5% (0.34–0.74) of patients admitted to an

acute National Health Service trust. We found that the most likely route of nosocomial

transmission to patients was indirect transmission from other infected patients, e.g.

through HCWs acting as vectors or contaminated fomites, followed by direct transmission

between patients in the same bay. The risk of transmission to patients from HCWs over

this time period is low, but can contribute significantly when the number of infected inpa-

tients is low. Further, the risk of a HCW acquiring SARS-CoV-2 in hospital is approximately

equal to that in the community, thereby doubling their overall risk of infection. The most

likely route of transmission to HCWs is transmission from other infected HCWs.

Conclusions: Current control strategies have successfully reduced the transmission of

SARS-CoV-2 between patients and HCWs. In order to reduce the burden of nosocomial
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COVID-19 infections on health services, stricter measures should be enforced that would

inhibit the spread of the virus between bays or wards in the hospital. There should also

be a focus on inhibiting the spread of SARS-CoV-2 between HCWs. The findings have im-

portant implications for infection-control procedures in hospitals.

Key words: SARS-CoV-2, healthcare workers, patients, healthcare-acquired infection, transmission

Introduction

Since the identification of novel coronavirus severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) in

January 2020, there have been confirmed cases in both

hospitalized patients and healthcare workers (HCWs)

that are suspected to be nosocomial in origin. Identifying

the source of infection in these cases is complicated by the

variable incubation period,1 the possibility of transmis-

sion from asymptomatic or pauci-symptomatic cases2 and

widespread community transmission. Airborne and drop-

let transmission is the predominant route, but there is

also potential for environmental transmission to both

patients and HCWs through contaminated surfaces,3 and

the Health and Safety Investigation Branch (HSIB) identi-

fied opportunities for HCWs to spread the virus due to

issues with building design and reduced cleaning in

shared staff areas, lack of social distancing, shared equip-

ment or the absence of universal face coverings in non-

clinical areas.4 There is evidence that in a nosocomial set-

ting, transmission can be mitigated by vigilant basic infec-

tion-control measures including the wearing of surgical

masks, and hand and environmental hygiene.5

A set of guidelines has been issued by the European

Centre for Disease Prevention and Control that can be used

to classify a case related to a recent hospitalization event as

nosocomial in origin6 but, even when nosocomial acquisi-

tion is suspected, it is not possible to attribute the source of

infection to either other patients or HCWs in most cases.

This issue is further complicated by conflicting reports of

the infection prevalence in HCWs, with some studies finding

that it is in line with community prevalence7 and others

identifying an increased risk to patient-facing staff.8 In the

absence of detailed genomic data, it is difficult to classify a

detected case as either community or nosocomially ac-

quired, although results from the REACT-2 study suggest

that by 13 July 2020, HCWs were approximately twice as

likely to have antibodies to SARS-CoV-2 than people in

non-healthcare roles8 and it is therefore possible that up to

half of infections in HCWs over that period were nosoco-

mial in origin. Contemporaneous studies estimating the lev-

els of infection in HCWs in UK trusts by polymerase chain

reaction (PCR) produced prevalence estimates ranging from

0% to 59% of the HCW population under study.9–13

Mathematical models are powerful tools that can be

used to estimate the probability and risk of a transmission

Key Messages

• Nosocomial novel coronavirus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections were

identified in 0.5% (0.34–0.74) of patients admitted to an acute National Health Service trust between 1 March 2020

and 31 December 2020 according to Public Health England and European Centre for Disease Prevention and Control

definitions of nosocomial, using national admission data records.

• Modelling using data from this time period suggests that the most likely route of nosocomial transmission to patients

was indirect transmission from other infected patients, i.e. transmission from outside of a bay, e.g. through

healthcare workers (HCWs) acting as vectors or contaminated fomites, followed by direct transmission between

patients in the same bay.

• The risk of transmission to patients from HCWs remains low, but can contribute significantly to the burden of

nosocomial infections when the number of infected inpatients is low.

• Results also suggest that the risk of a HCW acquiring SARS-CoV-2 in hospital is approximately equal to that in the

community, thereby doubling their overall risk of infection, and that the most likely route of transmission to HCWs is

transmission from other infected HCWs.

• Interventions to reduce the burden of nosocomial SARS-CoV-2 infections should focus on reducing the indirect (inter-

bay/ward) spread of the virus and developing strategies to reduce the risk of HCW-to-HCW transmission.
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occurring between two individuals and within populations.

We have developed an individual-based model that simu-

lates transmission between and within patients and HCWs.

Through analysis of national data, meta-analyses of con-

temptuous studies on HCW-infection rates and calibration

of this model, we have identified the highest risk routes for

transmission of SARS-CoV-2 within hospitals.

Methods

Patient-level data collection

Secondary Uses Service (SUS) data linked to test data from

PHE’s Second-Generation Surveillance System (SGSS) were

obtained for all admissions within the study period

(1 March 2020 through to 1 December 2020) that form

the start of a continuous inpatient spell completed before

the end of December. In all cases, data are grouped by

week of admission. Nosocomial admissions are those that

relate to a positive COVID-19 test carried out whilst the

patient was in hospital, on the 8th day following admission

or later. Negative admissions are those for patients who

had no positive COVID-19 test during the study period.

All figures include readmissions and the same patient can

have admissions to more than one trust. Patients are linked

by National Health Service (NHS) number or, when that is

missing, date of birth and local identifier. If either of those

is also missing, then the patient is removed from the data

set.

Meta-analyses of HCW-infection rates

Levels of UK hospital HCW infection with COVID-19

were analysed using data from studies included in world-

wide reviews of hospital-based HCW risk factors and se-

rology. Four reviews of hospital-based HCW risk factors

Figure 1 Schematic representation of the individual-based model used in this analysis. Patients and healthcare workers (HCWs) can be in any of the

infection states Susceptible, Exposed (infected but not yet infectious), Infected [infected and infectious, can be presymptomatic (i.e. detectable but

not yet symptomatic), symptomatic or asymptomatic] or Recovered, and transition between states probabilistically. Patients can be infected directly

from other patients or from HCWs, and there is also a pathway for the indirect spread of infection. HCWs can be infected by patients or other HCWs

and also by the general community while they are not on shift. P2P, patient-to-patient transmission; P2H, patient-to-HCW transmission; H2P, HCW-to-

patient transmission; H2H, HCW-to-HCW transmission; Comm, community acquisition.
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and serology were identified from a literature search of

PubMed and medXriv (Chen et al.,9 Chou et al.,10 Gómez-

Ochoa et al.,11 Galanis et al.12). These studies were included

in a meta-analysis together with a multicentre study con-

ducted by Public Health England (PHE).13 This identified

21 studies, with test data collected during 3 March to 12

June from settings in seven NHS England regions and

Scotland. Analyses were conducted for current-infection

testing (PCR tests) and cumulative-infection testing (anti-

body tests or combined results from antibody and PCR

tests), with additional details gathered from the studies to

enable stratification by COVID-19 symptom history, to

gather more granular temporal and spatial details (where

detailed data were only published in graphical format, these

were extracted using the digitize package in R14).

Individual-based model

We have developed an individual-based model that simu-

lates transmission between and within patients and HCWs.

The model is described in full in Supplementary Material

(available as Supplementary data at IJE online) but key

features are described here.

The model simulates transmission via six distinct path-

ways, namely transmission: (i) to HCWs in the community

from the general population (commScale), (ii) to HCWs

from infected patients in the hospital (P2H), (iii) to HCWs

from other HCWs while at work (H2H), (iv) to patients

sharing a bay with infected patients (P2P (direct)), (v) to

patients directly from infected HCWs (H2P), (vi) to patients

from other infectious patients outside of a shared bay, e.g.

by HCWs acting as a vector for droplets or from contami-

nated fomites (P2P (indir)) (Figure 1). The model is cali-

brated to linked patient and test data from the SUS data set

and SGSS between 1 March 2020 and 1 December 2020, a

meta-analysis of early prevalence data in HCWs in the liter-

ature and data from the SARS-CoV-2 Immunity and

Reinfection Evaluation (SIREN) study15 (Supplementary

Figure S1, available as Supplementary data at IJE online).

Adherence to infection prevention and control (IPC) guide-

lines such as wearing personal protective equipment (PPE)

and increased ward cleaning is implicit in the parameteriza-

tion since the data used to calibrate the model are taken

from NHS trusts during the first wave when these measures

we already in place. We assume that once a patient enters a

bay, they remain there for the entirety of their stay and that

a suspected COVID-19 patient would be preferentially

placed in bays with other confirmed or suspected cases.

Through calibration of this model, we have identified the

pathways associated with the highest risk of transmission to

both patients and HCWs (Figure 1). The hospital capacity is

fixed at 1000 beds and 8000 HCWs (�4000 on shift at any

time). In this work, hospital occupancy is set to 65% (as ob-

served in the first wave) meaning that patients are admitted

until 650 of the 1000 beds available are filled with a mix of

COVID-19 and non-COVID-19 patients. However, if 65%

of the beds are full and there are more COVID-19 patients

to be admitted on that day (according to the admissions file,

see Supplementary Material 1, available as Supplementary

data at IJE online), then the occupancy is allowed to tempo-

rarily exceed 65% until the next time step when fewer non-

COVID-19 patients will be recruited to bring the occupancy

back down to 65%.

Simulations

The model was simulated for 1536 time steps covering a

time period of 256 days (6 steps per simulated day) align-

ing with the collection period of the patient-level data.

Individual-level patient and HCW data on infection status

and location were recorded at each time step.

Model calibration

Where data were available, identifiable parameters were

assigned values from the literature (Supplementary Table

Table 1 Criteria for an outcome to be defined as related to a feasible parameter set

Criteria Minimum Maximum Source

1 Maximum number of cases identified in a day in the NHSE sit-

uation report standardized by number of beds in the trust

0.0077 0.058 NHSE situation report

2 Maximum number of cases in a day after 1 June in the NHSE

situation report standardized by number of beds in the trust

0 0.012 NHSE situation report

3 Maximum proportion of susceptible patients who develop a

nosocomial SARS-CoV-2 infection over entire data/simula-

tion period

0.01 0.1 17

4 Proportion of HCWs infected over entire data/simulation

period

0.025 0.25 15/Figure 3

NHSE, National Health Service, England; HCWs, healthcare workers.
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S1, available as Supplementary data at IJE online). The

unidentifiable parameters were iteratively calibrated to

within acceptable ranges using the methodology described

by Joslyn et al.16 The set of criteria whereby simulations

were deemed to be representative of observed data were

derived from aggregated hospital-level data on the infec-

tion rate in patients and HCWs drawn and are defined in

Table 1. Initially, log-10 uniform probability distribu-

tions were assumed for all transmission probabilities and

parameters were allowed to take on any value from 1 to

10–10. One thousand Latin Hypercube sampled parameter

sets were generated and simulations were executed as de-

scribed in the ‘Simulations’ section. For the next iteration,

a new distribution was derived for each parameter set by

identifying the highest-density regions for each parameter

set in which any of the tests were satisfied. This was re-

peated for two further iterations until a subset of runs

passed all four tests (Supplementary Figures S2 and S3,

available as Supplementary data at IJE online). The pa-

rameter sets that passed all four tests were then assessed

qualitatively against data on patient and HCW infections

(Supplementary Figure S3, available as Supplementary

data at IJE online) and carried forward for the next stage

of the analysis. The calibrated parameter ranges were also

compared qualitatively to the parameter values in a

previously published simple deterministic model of hospi-

tal transmission.17 A sensitivity analysis of the test criteria

values and calibrated parameter values was performed

and the partial-rank correlation coefficients are shown in

Supplementary Figure S3 (available as Supplementary

data at IJE online).

Defining testing criteria

Ranges for criteria 1 and 2 were standardized by trust size

(total number of beds) and taken to be the 25th and 75th

percentiles of the National Health Service, England

(NHSE) Situation Report data set to avoid the estimates

being skewed by reporting irregularities. The proportion of

susceptible patients who acquired a nosocomial infection

was estimated to be <10% based on a previous modelling

study demonstrating this outcome in a high-prevalence

area with higher-than-normal transmission rates.17 The

proportion of infected HCWs over the course of the epi-

demic was taken from the publicly accessible SeroTracker

database (https://serotracker.com/Analyze) combined with

data from the meta-analysis described above and published

data from the SIREN study.15 The range that a result must

fall into to pass the test relating to each criteria is detailed

in Table 1.

Figure 2 SARS-CoV-2 status of patients admitted to147 acute National Health Service, England (NHSE) trusts between weeks 10 and 48. (A) and (B)

Total number of admitted patients testing positive (A) and negative (B) for SARS-CoV-2 on admission to hospital by week of admission. (C) Number

of nosocomial cases detected in patients admitted to hospital in weeks 10–48 by week of admission. (D) Percentage of admissions that went on to de-

velop a detected nosocomial SARS-CoV-2 infection by week of admission. (E) Percentage of all negative admissions between weeks 10 and 48 that

developed a nosocomial SARS-CoV-2 infection. Data were obtained from the Secondary Uses Service (SUS) data set as admissions within the study

period (March to November) and form the start of a continuous inpatient spell completed before the end of December. In all cases, data are grouped

by week of admission. Nosocomial admissions are those that relate to a positive SARS-CoV-2 test carried out whilst the patient was in hospital, on

the 8th day following admission or later. Negative admissions are those for patients who had no positive SARS-CoV-2 test during the study period.

All figures include readmissions and the same patient can have admissions to more than one trust.
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Figure 3 Proportion of healthcare workers (HCWs) testing positive for SARS-CoV-2 over the first wave. Levels of UK hospital HCW COVID-19 in-

fection were analysed using data from studies included in worldwide reviews of HCW risk factors and serology. This identified 21 studies, with

test data collected during 3 March to 12 June 2020, from settings in seven National Health Service (NHS) England regions and Scotland.

Analyses were conducted for current-infection testing [polymerase chain reaction (PCR) tests] and cumulative-infection testing (antibody tests

or combined results from antibody and PCR tests), with additional details gathered from the studies to enable stratification by COVID-19 symp-

tom history, to gather more granular temporal and spatial details (where detailed data were only published in graphical format, these were

extracted using the digitize package in R14).
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Results

The risk of nosocomial infection in patients and

HCWs over the first wave

NHSE and PHE define a healthcare-associated case as any

patient who tests positive for SARS-CoV-2 for the first time

�8 days post admission to hospital.6,18 Over the course of

the first wave (1 March 2020 to 31 August 2020), one-third

of all laboratory-confirmed cases in England were linked to

a record of hospital attendance, 15.4% of which (�5.3% of

all confirmed cases) were suspected to be healthcare-associ-

ated,19 although this figure is likely biased by the increased

likelihood of a case being detected in hospital inpatients

compared with those in the general community. From the

analysis data from acute NHSE trusts over an extended time

period from weeks 10–48 (1 March 2020 to 1 December

2020), the number of non-COVID-19 admissions per week

ranged from 140 000–290 000 and the number of patients

who developed a nosocomial infection in a single week

peaked at �2000 (Figure 2A–C). The probability of a pa-

tient acquiring a nosocomial SARS-CoV-2 infection during

a hospital-admission spell increased with the number of

infected admissions in the week that the eventual nosoco-

mial case was admitted (Figure 2A, C and D) and ranged

from 1.7% at the peak of the epidemic to 0.125% towards

the end of the first wave (week 35, Figure 2D). Between

weeks 10 and 48, �0.5% of patients admitted to the 147

acute trusts had a detected nosocomial COVID-19 infection

according to NHSE definitions (Figure 2D).

Few data sources exist that accurately track HCW-infec-

tion rates over the first wave. To address this issue, we per-

formed a meta-analysis of studies estimating proportions of

HCWs exposed at the individual-trust level and found that

serological studies estimated cumulative prevalence ranges

from 3% to 48% (Figure 3). Stratifying the meta-analysis

by COVID-19-symptom status provided greater homogene-

ity in sampled populations, with the caveat that the defini-

tion of ‘symptomatic’ is study-specific; noting anosmia was

added to the UK COVID-19 definition towards the end of

the period spanned by these studies, on 18 May 2020.20 The

pooled estimate for positivity in asymptomatic subjects was

2.7% [95% confidence interval (CI): 1.9–3.8] and for stud-

ies excluding self-isolating HCW from the data, 2.4% (95%

CI: 1.6–3.8) (Figure 3A).13 The pooled estimate for symp-

tomatic subjects was 20.2% (95% CI: 16.0–25.1). A forest

plot (arranged in order of the study period midpoint) dem-

onstrates a clear ‘rise and fall’ temporal pattern (Figure 3B).

A corresponding symptomatic-stratification meta-analysis

of cumulative-infection-rate studies provides pooled esti-

mates of 10.7% (95% CI: 7.1–15.8) in HCW reporting no

history of COVID-19 symptoms and 31.6% (95% CI:

24.7–39.4) in post-symptomatic HCW. The SIREN study

recruited 20 787 HCWs in England between 10 June 2020

and 9 November 2020, and the results indicate that 31.8%

of enrolled HCWs had evidence of previous SARS-CoV-2

infection (by positive antibody test result) by 24 November

2020.15

The most probable routes of transmission of

SARS-CoV-2 within a hospital environment

Calibrating the individual-based model output to data

from the first wave indicates that whereas the probability

of infection of HCWs in the community is higher than that

of being infected by either other HCWs or patients, the

high contact rate between susceptible HCWs and infected

individuals in the hospital (patients or other HCWs) means

that the overall risk of transmission to a HCW in a single

day, defined as the probability of transmission multiplied

by the size of the population at risk, can be greater when in

the healthcare setting than in the community (Figure 4A, B

and Supplementary Figure S3, available as Supplementary

data at IJE online). On average, over the entire simulation

period, community transmission is responsible for the

highest proportion of the daily risk to a HCW (28.4%;

95% CI: 18.7–39.9) followed by HCW-to-HCW transmis-

sion (22.2%; 95% CI: 16.5–29.6) and then patient-to-

HCW (13.2%; 95% CI: 8.1– 20.7) (Figure 4C), although

the level of risk to a HCW and the most likely source of

transmission change over time (Figure 4A and D). During

the period in which the transmission rate in the community

is high, community transmission is the most likely source

of infection in >50% of simulations (Figure 4D), although,

between 16 May 2020 and 13 September 2020, when the

community incidence rate was greatly reduced due to the

first nationwide lockdown,20 HCW-to-HCW transmission

becomes the most likely source of transmission in the ma-

jority of model runs (Figure 4D). HCW-to-HCW trans-

mission accounts for the highest proportion of daily risk

when there is a high proportion of HCWs infected overall

(>1%, Figure 4E) but there is an increasingly important

role for patient-to-HCW transmission when the propor-

tion of beds occupied by COVID-19-positive admissions

is high (Figure 4F). The relative contribution of HCW-to-

HCW transmission decreases as the proportion of beds

occupied by COVID-19-positive admissions increases

(Figure 4E).

For nosocomial transmission to patients, the most com-

mon source of transmission was indirect transmission be-

tween patients, which increased with the proportion of

beds occupied by COVID-19-positive admissions (Figure

4A, B and F). Similarly to HCWs, the greatest source of

risk of transmission to patients changed over time, al-

though, on average, indirect transmission (e.g. by HCWs
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acting as vectors for droplets or through environmental or

fomite contamination) was the most likely source per day

(median 24.6%, 95% CI: 18.7–26.4) followed by direct

transmission to patients in the same bay as an infected pa-

tient (22.2%, 95% CI: 18.3–25.3) and finally by HCW-to-

patient transmission (7.1%, 95% CI: 6.1–10.6) (Figure 4C).

The risk of transmission from infected HCWs to patients

was highest when the proportion of infected HCWs was

high (Figure 4E) and from infected patients to others in the

same bay was highest when the proportion of overall beds

occupied by COVID-19 patients was high (Figure 4F).

Despite the absolute risk of transmission to patients from

HCWs being low, HCW-to-patient transmission is the

highest-rank transmission pathway for patients when the

number of HCWs infected is high (Figure 4C and E) and

this pathway decreases in significance as the proportion of

beds occupied by COVID-19-positive admissions increases

(Figure 4C and F).

Discussion

Modelling supported by national data from English hospi-

tals between March and November 2020 suggests that the

most likely source of nosocomial transmission to HCWs

was other HCWs. Further, the risk of an individual HCW

acquiring COVID-19 from another HCW is similar to their

risk of acquisition in the community. On average, the risk

of HCW acquisition of infection from a patient is less than

half that of acquisition in the community but, owing to the

high risk of HCW-to-HCW transmission, there is potential

for a small number of patient-to-HCW transmissions to

seed outbreaks in the HCW population.

The majority of nosocomial infections in hospital inpa-

tients result from indirect transmission from other patients,

followed by direct transmission from infected patients to

other patients sharing the same bay. We define direct trans-

mission as transmission to patients sharing a hospital bay

with an infectious individual resulting from e.g. close-contact

Figure 4 Probability and risk of transmission to patient and healthcare worker (HCW) populations. (A) Median and 95% CI of the risk over time of

transmission for each pathway under current interventions from 1000 model runs. (B) Median proportion of daily risk to HCWs and patients attribut-

able to each source of infection. (C) Distribution of the proportion of risk attributed to each source for HCWs and patients over the entire simulation

period. (D)–(F) Proportion of model runs in which each transmission pathway contributes the highest risk of transmission per day by date (D), on

days on which the percentage of HCWs infected was with the range on the x-axis (E) and on days on which the percentage of beds occupied by

COVID-19þ admissions was within the range on the x-axis (F). In all panels, risk is defined as transmission probability� number of susceptible indi-

viduals who could be exposed by that route; (e.g. for direct patient-to-patient transmission, where there is one infected patient and five susceptible

patients in bay 1, the risk of a direct patient-to-patient transmission occurring in that bay is 1�bP2P� 5, and the total risk of patient-to-patient trans-

mission is the sum over all bays of bP2P�n_infected�n_susceptible in each bay).
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aerosol transmission or poor ventilation within the bay.

Indirect transmission is defined as transmission from a patient

in a particular hospital bay to other patients outside of that

bay where such patients may be in the same ward or else-

where in the hospital. This indicates that avoiding the intro-

duction of the virus into bays occupied by non-COVID-19

patients and the prevention of inter-bay or ward transmission

are critical. Modelling suggests that the risk of transmission

to patients from HCWs remains low, but can contribute sig-

nificantly to the burden of nosocomial infections when the

number of infected inpatients is low.

These results suggest that IPC measures that are cur-

rently being implemented by NHSE trusts are mitigating

the risk of transmission between patients and HCWs. We

estimate that a maximum of 1% of susceptible inpatients

experienced a nosocomial SARS-CoV-2 infection that was

identified by PCR testing between March and December

2020, representing close to 40 000 detected cases. This is

likely to be an underestimate of the true burden of the nos-

ocomial transmission of SARS-CoV-2, due to (i) asymp-

tomatic infection being less likely to be detected than

symptomatic infection and (ii) some cases being misclassi-

fied as community-acquired due to cases being classified

using a strict cut-off of 8 days between admission and

specimen date. Conversely, there is also a possibility that

this is an overestimation due to patients being discharged

whilst incubating an undetected community-acquired in-

fection that is then classified as a nosocomial case. The

probability that an infected individual remains asymptom-

atic for the entire duration of their illness is estimated to be

16%, with a range of 6–41%.21,22 The simulated results

capture this uncertainty by allowing the proportion of

inpatients that ever develop a nosocomial infection to

reach as high as 3.5% (60% higher than observed in the

real-world data) when calibrating. The model calibration

implicitly includes the impact of PPE and other IPC meas-

ures taken by NHS hospitals over this time period. If these

interventions were lifted, we would expect the number of

nosocomial infections to increase. The risk of transmission

though each pathway may also change; e.g. if HCWs did

not wear PPE when treating, they may contribute to a

higher proportion of infections in patients, or there may be

in increase in indirect patient transmission through HCWs

acting as vectors.

To further reduce the risk of nosocomial transmission

in hospitals, interventions to limit indirect patient-to-

patient spread as well as transmission to HCWs are re-

quired. These interventions could include increased hand-

hygiene and surface-cleaning programmes as well as those

outlined by the HSIB such as changing the location of

equipment that is required regularly to avoid HCWs

crowding around desks or stations and encouraging social

distancing in non-clinical areas.4 These results suggest that

high levels of uptake of a vaccine that significantly reduces

transmission among the HCW population will also reduce

the impact of HCW-to-HCW transmission and could bring

HCW infection in line with the general community. If a

vaccine were to be administered to the majority of inpa-

tients a sufficiently long time before admission, then trans-

missions to and between patients will also fall.

The methodologies applied in this work are applicable

to different settings, e.g. other care facilities, non-acute

hospitals and health systems in other countries, and can be

extended to other time periods. The results presented here

have important implications for mitigating transmissions

in the event of a vaccine or immune response escaping vari-

ant emerging, or for settings in which vaccines have not yet

been widely introduced. Additionally, the risk of nosoco-

mial transmission remains, even with increasing rates of

vaccination in England. We expect that the dominant

routes of transmission will remain dominant with the

emergence of more transmissible variants of SARS-CoV-2.

In addition, the results presented here can be used to help

to determine where interventions to prevent nosocomial

transmission may have greatest effect, e.g. in a setting of

high HCW-to -HCW transmission; universal masking may

be likely to have greatest impact, whereas social distancing

of hospital beds may be a more effective strategy when di-

rect patient-to-patient transmission is high.

The model presented here has several limitations. The

spatial arrangement of wards and shared spaces such as

corridors and bathroom facilities, and their distribution

across several buildings, are not represented in the model.

These will vary from trust to trust. Further, increased

transmission between HCWs working on the same ward,

shared staff transport and the idea that HCWs may be

more likely to live with other HCWs and therefore be at in-

creased risk in the community are also not included.

Another limitation is that patients do not move bays dur-

ing their time in hospital. The parameter values used in this

work are our current best estimates but changes in hospital

occupancy levels and patient length of stay would cause

changes in the number and proportion of patients and

HCWs infected. Sensitivity analyses indicate that occu-

pancy and the length of stay of infected individuals have

the most significant impact on the contribution of each

route of transmission (Supplementary Figure S4, available

as Supplementary data at IJE online). Despite these limita-

tions, we believe that this model adequately captures the

main routes of transmission within a hospital and identifies

the key risks to patients and HCWs while in hospital.

Under current IPC guidelines, all patients should be tested

and cohorted into COVID-19-positive and non-infected

wards, alongside the widespread usage of face coverings
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and PPE.23 Our findings suggest that if this were not the

case, then the risk of transmission would be much higher

and the most likely source of transmission would shift

(Supplementary Figure S3, available as Supplementary

data at IJE online). For HCWs, if the transmission rate

was similar to that in the community early in the epidemic

when guidance on face coverings and social distancing had

not been introduced, the most significant source of trans-

mission would have been infected patients, followed by

HCW-to-HCW and community acquisition. In the patient

population, there is potential for even greater indirect

spread between patients without IPC measures.

Conclusion

Strategies to mitigate nosocomial transmission in England

have successfully reduced the transmission rate of SARS-

CoV-2 between patients and HCWs. To further reduce

nosocomial transmission, model findings suggest that

measures to inhibit the spread of the virus between bays or

wards as well as inhibiting the spread of SARS-CoV-2 be-

tween HCWs both on the ward and while spending time in

shared facilities should be the focus. The findings presented

here have important implications for infection-control pro-

cedures in acute hospitals in England and the methodolo-

gies demonstrated in this work can be applied to other

settings such as prisons, care homes and different hospital

types globally.
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