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AbstrAct
Objective
To describe the incidence of, risk factors for, and 
impact of vaccines on primary SARS-CoV-2 infection 
during the second wave of the covid-19 pandemic in 
susceptible hospital healthcare workers in England.
Design
Multicentre prospective cohort study.
setting
National Health Service secondary care health 
organisations (trusts) in England between 1 
September 2020 and 30 April 2021.
ParticiPants
Clinical, support, and administrative staff enrolled in 
the SARS-CoV-2 Immunity and Reinfection Evaluation 
(SIREN) study with no evidence of previous infection. 
Vaccination status was obtained from national 
covid-19 vaccination registries and self-reported.
Main OutcOMe Measure
SARS-CoV-2 infection confirmed by polymerase 
chain reaction. Mixed effects logistic regression 
was conducted to determine demographic and 
occupational risk factors for infection, and an 
individual based mathematical model was used 
to predict how large the burden could have been if 
vaccines had not been available from 8 December 
2020 .
results
During England’s second wave, 12.9% (2353/18 284) 
of susceptible SIREN participants became infected 
with SARS-CoV-2. Infections peaked in late December 
2020 and decreased from January 2021, concurrent 
with the cohort’s rapid vaccination coverage and 
a national lockdown. In multivariable analysis, 

factors increasing the likelihood of infection in 
the second wave were being under 25 years old 
(20.3% (132/651); adjusted odds ratio 1.35, 95% 
confidence interval 1.07 to 1.69), living in a large 
household (15.8% (282/1781); 1.54, 1.23 to 1.94, 
for participants from households of five or more 
people), having frequent exposure to patients with 
covid-19 (19.2% (723/3762); 1.79, 1.56 to 2.06, for 
participants with exposure every shift), working in 
an emergency department or inpatient ward setting 
(20.8% (386/1855); 1.76, 1.45 to 2.14), and being 
a healthcare assistant (18.1% (267/1479); 1.43, 
1.16 to 1.77). Time to first vaccination emerged as 
being strongly associated with infection (P<0.001), 
with each additional day multiplying a participant’s 
adjusted odds ratio by 1.02. Mathematical model 
simulations indicated that an additional 9.9% of all 
patient facing hospital healthcare workers would have 
been infected were it not for the rapid vaccination 
coverage.
cOnclusiOns
The rapid covid-19 vaccine rollout from December 
2020 averted infection in a large proportion of 
hospital healthcare workers in England: without 
vaccines, second wave infections could have been 
69% higher. With booster vaccinations being 
needed for adequate protection from the omicron 
variant, and perhaps the need for further boosters 
for future variants, ensuring equitable delivery to 
healthcare workers is essential. The findings also 
highlight occupational risk factors that persisted 
in healthcare workers despite vaccine rollout; a 
greater understanding of the transmission dynamics 
responsible for these is needed to help to optimise 
the infection prevention and control policies that 
protect healthcare workers from infection and 
therefore to support staffing levels and maintain 
healthcare provision.
trial registratiOn
ISRCTN registry ISRCTN11041050.

Introduction
In autumn 2020 England entered its second wave of 
the SARS-CoV-2 pandemic. During this eight month 
period (1 September 2020 to 30 April 2021), the 
National Health Service (NHS) was under considerable 
strain, with covid-19 related admissions peaking 
at 25 938 during the week of 4 January 2021.1 The 
most intense period of the second wave followed the 
lifting of England’s second national lockdown on 2 
December 2020,1 2 and it was likely amplified by the 
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WhAt Is AlreAdy knoWn on thIs topIc
Apparent and occupational risk factors for primary SARS-CoV-2 infection in 
healthcare workers were established before vaccine rollout, guiding local vaccine 
delivery
During rollout, coverage varied between healthcare worker groups, leading to 
disparities in exposure and protection across the workforce

WhAt thIs study Adds
The rapid covid-19 vaccine rollout from December 2020 averted infection in a 
large proportion of hospital healthcare workers in England
Demographic and occupational risk factors persisted in healthcare workers 
despite vaccine rollout and should guide further infection prevention and control 
measures
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emergence and spread of the more transmissible alpha 
variant (B.1.1.7).3 4 Fortunately, this period also saw 
the delivery of the UK’s first licensed covid-19 vaccine 
(Pfizer-BioNTech: 8 December 2020), with further 
vaccines introduced shortly after (AstraZeneca: 4 
January 2021; Moderna: 7 April 2021).5 6 A rapid 
vaccine rollout across England followed, prioritising 
frontline healthcare workers and achieving high 
population coverage.7 8

During the first wave, hospital healthcare workers 
were observed to be at higher risk of exposure to 
and infection with SARS-CoV-2 than the general 
population.9-12 Demographic characteristics, such 
as ethnicity, and occupational factors, such as 
occupational setting, shift work, and frequency of 
exposure to patients with covid-19, were associated 
with higher risk.13-19 Understanding how these factors 
contribute to infection risk within the healthcare 
workforce is essential for policy planning, especially 
in the context of emerging variants of concern, such 
as the omicron variant (B.1.1.529), which may require 
vaccine boosters for adequate protection against 
primary infection and reinfection.20-27 Staff shortages 
due to illness and isolation, particularly during the 
peak of the second wave before the vaccine rollout, 
compounded the already high clinical burden faced by 
the NHS in winter 2020-21.28 29 Protecting healthcare 
workers from infection is crucial to not only their 
health but also healthcare provision and the safety of 
patients.

In this study, we aimed to describe the incidence 
of, risk factors for, and impact of vaccines on primary 
SARS-CoV-2 infection during the second wave of the 
pandemic in a large cohort of susceptible healthcare 
workers in England, enrolled into the SARS-CoV-2 
Immunity and Reinfection Evaluation (SIREN) study. 
Our findings are relevant to inform hospital infection 
prevention and control policy for healthcare workers if 
further waves of the SARS-CoV-2 pandemic occur and 
to guide future winter pressure preparedness in the 
NHS, particularly if SARS-CoV-2 begins to contribute 
annually.

Methods
study design and participants
SIREN is a multicentre prospective cohort study 
among NHS staff in the UK across 135 healthcare 
organisations, investigating immunity to SARS-CoV-2 
following infection and vaccination. In England, SIREN 
centres represent secondary care health organisations 
(NHS trusts) that can operate over several hospital 
sites. The full study design and methods have been 
described previously.30 31

Our study population was SIREN participants who 
entered the second wave susceptible to a primary 
SARS-CoV-2 infection, defined as having no record 
of SARS-CoV-2 polymerase chain reaction (PCR) or 
serological positivity. We included participants in our 
statistical analysis if they were susceptible to primary 
infection on 1 September 2020 or on enrolment date, 
if enrolled between 1 September 2020 and 7 December 

2020 (delayed cohort entry). We excluded participants 
from this analysis if they enrolled after the start of the 
vaccine rollout (8 December 2020) or did not have 
documented and linked PCR tests during the second 
wave, defined here as 1 September 2020 to 30 April 
2021.

We restricted our analysis to participants recruited 
from English sites only to match source datasets for 
the modelling component of this study (appendix 1: 
mathematical modelling methods). For our risk factor 
(regression) analysis, we removed participants who 
could not contribute to all demographic, household, 
and occupational variables (missing gender, ethnicity, 
household, or postcode details).

Data collection and sources
Participants underwent fortnightly asymptomatic PCR 
testing and monthly antibody testing at their site of 
enrolment, as per protocol.31 PCR and serology assay 
type and threshold for positivity varied according 
to local laboratory protocols. In addition, frontline 
healthcare workers were able to participate in 
twice weekly lateral flow device testing (with PCR 
confirmation of positive lateral flow device results), 
as per government guidelines and hospital policy.32 
Data on demographics and exposures (workplace, 
community, and household) were collected in the 
enrolment questionnaire.

The SIREN database comprises all SARS-CoV-2 
PCR and serology results captured by the UK Health 
Security Agency (UKHSA) Second Generation 
Surveillance System (SGSS) since the beginning of the 
pandemic, whether taken clinically or as part of SIREN, 
and questionnaire results. We obtained participants’ 
vaccination data by questionnaire and linkage on 
personal identifiable information to the National 
Immunisation Management System (NIMS).

Outcome
We used primary infection, defined as the first PCR 
positive result of a susceptible participant, as the 
primary outcome of our statistical analyses. We 
defined the date of infection as the specimen date of 
the sample.

statistical analysis
We calculated the weekly incidence of primary 
SARS-CoV-2 infection and the weekly cumulative 
vaccination coverage (one or more doses) in SIREN 
participants susceptible to primary infection both 
nationally and regionally. We also estimated the 
weekly vaccination coverage for demographic and 
occupational subgroups. We used R version 4.1.1 for 
these analyses.

We stratified primary infection attack rates during 
the second wave by demographic, household, and 
occupational characteristics (gender, age group, 
ethnicity, medical conditions, Index of Multiple 
Deprivation fifth, household size, children in 
household, region, frequency of exposure to patients 
with covid-19, occupational setting, and occupation). 
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We calculated odds ratios and adjusted odds ratios 
for primary infection: adjustment used a mixed 
effects logistic regression model, reported with 95% 
confidence intervals and Wald test results. In this 
regression, all stratification characteristics were 
included as categorical variables (fixed effects) within 
organisation level clusters (random effects). We 
included continuous fixed effect variables to adjust 
for time contributing to the analysis (owing to the 
rolling recruitment to the cohort) and for time to first 
vaccination. We used Stata Statistical Software (release 
15.1) for these analyses.

Mathematical model
We assessed the impact of the vaccination programme 
on infection rates by using a mathematical model, 
with which we simulated a counterfactual scenario 
in which nobody was vaccinated. We compared this 
with modelled output for the scenario representing the 
vaccine rollout in England. This individual based model 
simulated transmission between and within patient 
facing hospital healthcare workers and patients. Full 
details and parameterisation of the modelling methods 
are given in appendix 1: mathematical modelling 
methods.

Participants enrolled in SIREN

Withdrew and requested their data to be removed

Excluded
Laboratory data missing
Vaccine dates are unreliable (pre-2020)
Infection history at enrollment could not be determined

1518
40

4383

252

5941

Participants from devolved administrations
Scotland
Wales
Northern Ireland

555
0

23

Participants not meeting study inclusion criteria*
Previous positive on record
Enrolled aer vaccine rollout
No linked PCR during second wave

11 182
11 314

350

19 491

Participants with missing characteristic data*
Missing gender data
Missing ethnicity data
Missing Index of Multiple Deprivation data
Missing household size data
Missing children in household data

9
37

219
49
32

44 546

Participants involved in SIREN
44 294

Participants with infection history and vaccine data
38 353

Participants susceptible to primary infection during second wave
18 862

Participants meeting criteria for this study
18 284

Participants able to be included in risk factor analysis
17 973

578

311

Fig 1 | Flow diagram of participant inclusion and exclusion criteria used to define study cohorts for analysis. crude attack rates by groups of 
susceptible participants excluded from risk factor analysis (devolved administrations (n=578) and missing data (n=311)) are available in 
supplementary tables a and b. Pcr=polymerase chain reaction. *Participants may meet more than one exclusion criterion
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In summary, the model had a susceptible-exposed-
infected-recovered (SEIR) structure: simulated 
individuals represented patient facing hospital 
healthcare workers and patients, all of whom 
were all fully susceptible at the start of pandemic, 
and who progressed on transmission through an 
incubation period before an infectious stage (including 
asymptomatic cases) and recovery. A schematic of the 
model is presented in appendix 2: supplementary 
figure C. The individual based model simulated 
transmission to patient facing hospital healthcare 
workers via three routes: from the public (community), 
from patients in hospital, and from other patient facing 
hospital healthcare workers. Nosocomial transmission 
to patients could occur via three routes: direct 
transmission to susceptible patients from infected 
patients, direct transmission from infected patient 
facing hospital healthcare workers (for example, 
by droplet or aerosol), and indirect transmission 
from infected patients (for example, via fomites). 
We included change in vaccination status by using a 
logistic growth curve fitted to data from SIREN-NIMS 
linked data (for patient facing hospital healthcare 
workers) and NIMS data (for the public). Vaccine 
efficacy was included from 21 days after the first 
dose, reducing transmission (by 50%) and preventing 
infection (at 70% efficacy, rising to 80% after two 
doses).33-35 The virulence of each variant circulating 
throughout the second wave and the probability of an 
individual having each variant were included by using 
previously published NHS regional data.36

The individual based model was calibrated using 
cumulative infection data from the SIREN study 
between 1 March 2020 and 8 December 2020, and from 
NHS Situational Reports (appendix 2: supplementary 
figure D).37

Participant and public involvement
As part of the SIREN study, we have engaged with 
our participants throughout via regular newsletters 
and webinars. More recently, we have established a 
participant and public involvement panel that will 
meet every six weeks to ensure that the research we 
generate remains relevant. The findings of this work 
will be discussed at the next webinar and participant 
and public involvement working groups.

results
We included 18 284 susceptible participants from 
England, recruited from 105 secondary care health 
organisations (fig 1). Table 1 shows their demographic, 
household, and occupational characteristics. Between 
the beginning of September 2020 and the end of 
April 2021, 2353 new primary infections occurred: a 
crude attack rate of 12.9%. Figure 2 shows the weekly 
incidence of primary infection in this cohort. Incidence 
peaked during the week of 29 December 2020 and then 
rapidly decreased, coinciding with vaccine rollout 
and England’s third national lockdown beginning 
on 6 January 2021 (fig 2). Vaccination coverage (first 
dose) was 26.9% (4914/18 284) on 31 December 

characteristic
susceptible to primary infection during 
second wave (n=18 284)

Gender:
 Female 15 528 (84.9)
 Male 2730 (14.9)
 Non-binary 17 (0.1)
 Prefer not to say 9 (0.0)
Age group:
 <25 675 (3.7)
 25-34 3566 (19.5)
 35-44 4544 (24.9)
 45-54 5555 (30.4)
 55-64 3627 (19.8)
 ≥65 317 (1.7)
Ethnicity:
 Asian 1207 (6.6)
 Black 297 (1.6)
 White 16 238 (88.8)
 Mixed race 296 (1.6)
 Other ethnic group 209 (1.1)
 Prefer not to say 37 (0.2)
Medical conditions:
 No medical conditions 13 595 (74.4)
 Immunosuppression 402 (2.2)
 Chronic respiratory disease 2365 (12.9)
 Chronic non-respiratory disease 1922 (10.5)
Index of Multiple Deprivation fifth*:
 1 (most deprived) 1936 (10.6)
 2 3243 (17.7)
 3 4216 (23.1)
 4 4341 (23.7)
 5 (least deprived) 4329 (23.7)
 Unknown 219 (1.2)
Household size:
 1 1828 (10.0)
 2 6068 (33.2)
 3 or 4 8535 (46.7)
 ≥5 1804 (9.9)
 Prefer not to say 49 (0.3)
Children in household:
 No children 10 780 (59.0)
 Children 7472 (40.9)
 Prefer not to say 32 (0.2)
Region:
 East Midlands 1803 (9.9)
 East of England 2263 (12.4)
 London 2065 (11.3)
 North East 373 (2.0)
 North West 1976 (10.8)
 South East 2398 (13.1)
 South West 4182 (22.9)
 West Midlands 1791 (9.8)
 Yorkshire and the Humber 1433 (7.8)
Frequency of close proximity to patients with 
covid-19:
 Every shift 3833 (21.0)
 Once a week 3050 (16.7)
 Once a month 1651 (9.0)
 Less than once a month 2646 (14.5)
 Never 7104 (38.9)
Occupational setting:
 Office 4002 (21.9)
 Patient facing (non-clinical) 687 (3.8)
 Outpatient 3273 (17.9)
 Maternity/labour ward 193 (1.1)

table 1 | Demographic, household, and occupational characteristics of siren 
participants susceptible to primary infection in second wave of sars-cov-2 in england. 
values are numbers (percentages)

(Continued)
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2021, 88.3% (16 143/18 284) on 31 January 2021, 
and 96.1% (17 576/18 284) on 30 April 2021. The 
peak incidence was highest in the East of England, 
London, and South East regions (fig 3), which all had 
the earliest rise in circulation of the alpha variant in 

the community (appendix 2: supplementary figure 
A).38 Rate of initial growth in vaccination coverage 
(26.8% (4825/17 973) by 31 December 2020) varied 
by occupational factors and ethnicity (fig 4). It was 
fastest among doctors (50.4% (923/1832); P<0.001 
for proportion comparison) and staff working in 
intensive care settings (41.2% (417/1012); P<0.001) 
or in theatres (38.9% (124/319); P<0.001). Growth 
in vaccination coverage was slowest in administrators 
(15.9% (464/2917); P<0.001), office based staff 
(18.6% (736/3953); P<0.001), and participants of 
black ethnicity (19.4% (55/284); P=0.006).

risk factors for infection in siren participants
Our regression analyses included 17 973 participants 
who met our criteria (fig 1). Table 2 shows analyses 
of potential demographic and household risk factors 
for primary infection, and table 3 shows occupational 
risk factors. Table 3 also shows the temporal variables 
included in the regression model.

Within demographic and household characteristics, 
we observed the highest infection rates in younger 
participants, participants of Asian or black ethnicity, 
and participants living in larger households (table 
2). Within occupational characteristics, the highest 
infection rates were in participants working in 
settings where they were often exposed to patients 
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Fig 2 | Weekly incidence of sars-cov-2 primary infections, and weekly cumulative vaccination coverage, in siren participants susceptible to 
primary infection in england, with calendar of england-wide covid-19 interventions during second wave (1 september 2020 to 30 april 2021). 
HcW=healthcare workers; lFD=lateral flow device

characteristic
susceptible to primary infection during 
second wave (n=18 284)

 Emergency department†/inpatient ward 1906 (10.4)
 Intensive care 1029 (5.6)
 Theatres 324 (1.8)
 Other 6870 (37.6)
Occupation:
 Nurse 6011 (32.9)
 Healthcare assistant 1497 (8.2)
 Doctor 1890 (10.3)
 Midwife 465 (2.5)
 Bedside therapist‡ 572 (3.1)
 Administrator/executive (office based) 2953 (16.2)
 Estates/porters/security 170 (0.9)
 Pharmacist 280 (1.5)
 Healthcare scientist 702 (3.8)
 Student§ 909 (5.0)
 Other 2835 (15.5)
*Residential relative deprivation score according to postcode and English Indices of Deprivation 2019.
†Including ambulance setting
‡Physiotherapist, occupational therapist, speech and language therapist.
§Medical student, nursing student, midwifery student, student: other.

table 1 | continued
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with covid-19, participants who worked in emergency 
department or inpatient ward settings, and participants 
working as healthcare assistants, bedside therapists, 
porters, and security and estates staff (table 3).

Before adjustment, univariate analyses suggested 
that many demographic, household, and occupational 
characteristics had a significant association with 
infection, in addition to those with the highest crude 
infection rates (table 2; table 3). However, after 
adjustment, which included time to first vaccination 
as a strongly associated predictor (P<0.001, with each 
additional day multiplying a participant’s adjusted 
odds ratio by 1.02), many of these associations were 
weakened. Characteristics that remained a strong risk 
(at P≤0.01) after adjustment were being under 25 years 
old, living in a household of three or more people, 
having exposure to patients with covid-19 at least 
once monthly, working in an emergency department or 
inpatient ward setting, and being a healthcare assistant.

We observed regional differences, which remained 
after adjustment, with the greatest adjusted odds ratios 
being for participants working either in the highest 
peak regions or in the Midlands and North West (where 
incidence in the autumn was above average). The 
factors included in the regression model accounted 
for 54% of the variation seen between organisation 
level clusters: the median second wave attack rate 
by organisation was 12.5% (interquartile range 8.9-
15.9%; n=92 organisations with study sample >50).

estimated impact of vaccines on patient facing 
hospital healthcare workers
Simulated infection rates in patient facing hospital 
healthcare workers under a “vaccine rollout” scenario, 
in which vaccination proceeded as observed via NIMS, 
began to diverge from a counterfactual “no vaccines 
available” scenario after 15 January 2021 (fig 5). 
Allowing for the latent period of SARS-CoV-2 infection, 
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Fig 3 | Positive polymerase chain reaction results as proportion of siren participants susceptible to primary infection in england tested by week, 
stratified by region (1 september 2020 to 30 april 2021)
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these cases would not be detectable by PCR until two to 
14 days later. In the model, 52.3% (interquartile range 
46.6-55.9%) of patient facing hospital healthcare 
workers were infected by the end of April 2021 in 

the counterfactual no vaccines available scenario 
simulations compared with 42.5% (37.5-46.4%) in 
the vaccine rollout scenario; this equates to a 19% cut 
in cumulative infections from the start of the pandemic 
due to vaccine rollout. As 28.2% (25.4-33.7%) of 
simulated patient facing hospital healthcare workers 
had been infected before the start of the second wave, 
the model results indicate that infections in patient 
facing hospital healthcare workers during the second 
wave would have been 69% (24.1/14.3) higher had 
vaccines not been available.

After 8 December 2020, the total attack rate in 
susceptible patient facing hospital healthcare workers 
in the counterfactual scenario simulations was twice 
as high as in the vaccine rollout scenario (fig 5). In 
these simulations, the greatest absolute effect of 
vaccines was seen in East of England, where 16.7% 
fewer patient facing hospital healthcare workers 
were infected between 8 December 2020 and 30 April 
2021 (33.4% (interquartile range 29.9-38.9%) versus 
17.1% (14.2-20.4%)), and the smallest absolute effect 
was seen in South West (9.5% difference: 17.8% 
(16.3-19.8%) versus 8.3% (7.0-9.1%)) (appendix 2: 
supplementary figures E and F). This reflects the timing 
of the alpha variant’s circulation in those regions 
(appendix 2: supplementary figure C).

discussion
During the eight months of England’s second wave of 
SARS-CoV-2, 12.9% of SIREN participants susceptible 
to primary infection became infected. From our 
mathematical model, we estimate that an additional 
9.9% of all patient facing hospital healthcare workers 
would have been infected during this period were it not 
for the rapid vaccination coverage, prioritising this group.

After peaking in late December 2020, new primary 
infections decreased sharply, concurrent with the 
rapid vaccination coverage in the cohort and a 
national lockdown. We found the strongest risk 
factor for infection in the second wave to be time to 
first vaccination: disparities in vaccination coverage 
within our cohort are likely to account for the strong 
univariate association of infection risk with black 
ethnicity disappearing after adjustment. In our 
multivariable analysis, risk of infection remained 
significantly higher for occupational groups with 
frequent exposure to patients with covid-19 and those 
working in an emergency department or inpatient 
ward setting or working as a healthcare assistant. 
These findings underscore the importance of research 
into the nature of healthcare workers’ role and setting 
specific contact with patients and staff, even in the 
context of vaccination. Combined, our analyses 
highlight the crucial role of rapid covid-19 vaccine 
deployment in averting infections in our cohort during 
the second wave and the importance of equitable 
rollout throughout the healthcare workforce.

strengths and weaknesses of study
SIREN is a large prospective cohort study that is well 
positioned to explore the incidence of SARS-CoV-2 

Nurse
Healthcare assistant
Doctor
Midwife
Bedside therapist
Administrator/executive

Estates/porters/security
Pharmacist

Asian
Black
White

Mixed race
Other ethnic group

Office
Patient facing (non-clinical)
Outpatient
Maternity/labour ward

Emergency department/
inpatient wards
Intensive care
Theatre
Other

Healthcare scientist
Student
Other

C

P
ro

po
rt

io
n

 v
ac

ci
n

at
ed

(1
st

 d
os

e)

0
May

Week commencing Tuesday

Dec Jan Feb Mar Apr

0.4

0.6

1.0

0.8

0.2

B

P
ro

po
rt

io
n

 v
ac

ci
n

at
ed

(1
st

 d
os

e)

0

0.4

0.6

1.0

0.8

0.2

A

P
ro

po
rt

io
n

 v
ac

ci
n

at
ed

(1
st

 d
os

e)

0

0.4

0.6

1.0

0.8

0.2

2020 2021

Fig 4 | Weekly cumulative vaccination coverage of siren participants susceptible 
to primary infection in england, stratified by demographic and occupational 
characteristics. Proportion of susceptible siren participants with complete 
characteristic data (n=17 973) and one or more dose of covid-19 vaccine, by date of first 
dose, stratified by ethnicity (a), occupational setting (b), and occupation (c)
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infection in the hospital workforce. We have well 
defined previous exposure history from an enrolment 
questionnaire (with negligible impact from missing 
data), a frequent PCR testing schedule, and laboratory 
records since the pandemic began through SGSS, 
regardless of participants’ enrolment date. This study 
gains considerable strength from our multifaceted 
approach, using both statistical and mathematical 
modelling built on data from SIREN and additional 
national datasets.

The main limitation of this study is the lack of 
detail at organisational level, which is needed to 
explore the impact of particular infection prevention 

and control policies during the second wave 
and organisational infrastructure. Disparities in 
infrastructure and pandemic response at the level 
of the organisation likely contributed to the residual 
variance seen between organisations that was not 
accounted for by our regression model. This study is 
also unable to unpick the behavioural nature of the 
demographic and occupational risk factors observed, 
which might contribute to the higher adjusted odds 
ratio of infection, but not unadjusted odds ratio, 
in male compared with female healthcare workers 
and the higher adjusted odds ratio in healthcare 
assistants, but not nurses, compared with office 

table 2 | association of demographic and household characteristics of susceptible siren participants with primary infection during second wave of 
sars-cov-2 pandemic in england (1 september 2020 to 30 april 2021)

characteristic
infected 
(n=2318)

total* 
(n=17 973) infected (%) Odds ratio (95% ci) P value

adjusted odds ratio† 
(95% ci) P value

Gender†:
 Female 1950 15 290 12.8 Reference - Reference -
 Male 365 2665 13.7 1.08 (0.96 to 1.22) 0.21 1.16 (1.01 to 1.33) 0.03
 Non-binary‡ - ≤17 - 1.05 (0.24 to 4.66) 0.95 1.00 (0.20 to 4.90) 01.00
Age group:
 <25 132 651 20.3 1.86 (1.51 to 2.29) <0.001 1.35 (1.07 to 1.69) 0.01
 25-34 540 3455 15.6 1.35 (1.20 to 1.53) <0.001 0.94 (0.82 to 1.08) 0.42
 35-44 555 4486 12.4 1.03 (0.92 to 1.16) 0.60 0.90 (0.79 to 1.02) 0.10
 45-54 659 5479 12.0 Reference - Reference -
 55-64 406 3591 11.3 0.93 (0.82 to 1.06) 0.30 1.00 (0.87 to 1.15) 0.98
 ≥65 26 311 8.4 0.67 (0.44 to 1.01) 0.05 0.73 (0.48 to 1.12) 0.15
Ethnicity:
 Asian 211 1163 18.1 1.57 (1.34 to 1.84) <0.001 1.23 (1.03 to 1.47) 0.02
 Black 65 284 22.9 2.10 (1.59 to 2.79) <0.001 1.18 (0.86 to 1.62) 0.30
 White 1983 16 034 12.4 Reference - Reference -
 Mixed race 33 288 11.5 0.92 (0.64 to 1.32) 0.64 0.72 (0.49 to 1.06) 0.10
 Other ethnic group 26 204 12.7 1.03 (0.68 to 1.57) 0.87 0.73 (0.47 to 1.13) 0.16
Medical conditions:
 No medical conditions 1736 13 355 13.0 Reference - Reference -
 Immunosuppression 38 396 9.6 0.71 (0.51 to 1.00) 0.05 0.75 (0.52 to 1.06) 0.10
 Chronic respiratory disease 290 2332 12.4 0.95 (0.83 to 1.09) 0.45 1.01 (0.88 to 1.16) 0.90
 Chronic non-respiratory disease 254 1890 13.4 1.04 (0.90 to 1.20) 0.60 1.11 (0.96 to 1.29) 0.16
Index of Multiple Deprivation fifth:
 1 (most deprived) 302 1922 15.7 1.36 (1.17 to 1.59) <0.001 1.05 (0.88 to 1.25) 0.58
 2 430 3220 13.4 1.13 (0.98 to 1.29) 0.09 1.04 (0.89 to 1.20) 0.64
 3 510 4200 12.1 1.01 (0.89 to 1.15) 0.89 0.99 (0.86 to 1.14) 0.90
 4 557 4323 12.9 1.08 (0.95 to 1.23) 0.24 1.05 (0.92 to 1.20) 0.48
 5 (least deprived) 519 4308 12.0 Reference - Reference -
Household size:
 1 189 1801 10.5 Reference - Reference -
 2 755 5971 12.6 1.23 (1.04 to 1.46) 0.01 1.21 (1.01 to 1.44) 0.04
 3 or 4 1092 8420 13.0 1.27 (1.08 to 1.50) 0.004 1.32 (1.09 to 1.59) 0.004
 ≥5 282 1781 15.8 1.60 (1.32 to 1.96) <0.001 1.54 (1.23 to 1.94) <0.001
Children in household:
 Children 1357 10 592 12.8 Reference - Reference -
 No children 961 7381 13.0 1.02 (0.93 to 1.11) 0.68 0.92 (0.81 to 1.05) 0.23
Region:
 East Midlands 265 1775 14.9 1.87 (1.58 to 2.22) <0.001 1.66 (1.18 to 2.32) 0.003
 East of England 375 2233 16.8 2.15 (1.84 to 2.52) <0.001 1.92 (1.41 to 2.60) <0.001
 London 316 1990 15.9 2.01 (1.71 to 2.37) <0.001 1.71 (1.27 to 2.31) <0.001
 North East 41 366 11.2 1.34 (0.95 to 1.89) 0.090 1.48 (0.81 to 2.69) 0.20
 North West 309 1956 15.8 2.00 (1.70 to 2.36) <0.001 1.91 (1.42 to 2.57) <0.001
 South East 267 2364 11.3 1.36 (1.15 to 1.60) <0.001 1.49 (1.12 to 1.98) 0.006
 South West 352 4102 8.6 Reference - Reference -
 West Midlands 256 1776 14.4 1.79 (1.51 to 2.13) <0.001 1.68 (1.23 to 2.29) 0.001
 Yorkshire and the Humber 137 1411 9.7 1.15 (0.93 to 1.41) 0.20 1.15 (0.81 to 1.62) 0.43

*311 participants excluded from risk factor analyses owing to missing characteristics data.
†Adjusted for above characteristics and those in table 3, with secondary care health organisation as random effect.
‡Owing to low absolute number of infections in participants identifying as non-binary, counts within gender categories have either been suppressed or rounded to nearest 5 to mitigate disclosure 
risk.
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workers. Understanding the behavioural elements 
contributing to these findings is important in order to 
identify people at risk and target appropriate infection 
prevention and control measures accordingly. Clearly, 
frequent close proximity to patients with covid-19 is 
a strong risk factor, and the nature of an individual 
healthcare worker’s contact with patients and working 
practices is likely to modify this.39

A limitation of the mathematical modelling work 
included in this study is that we used empirical 
data to inform the community prevalence in non-
healthcare workers: it does not incorporate a probable 
counterfactual increase in community cases in the 
absence of vaccines.40 Hence, in the simulation results, 
the contribution of community acquired infection 
in patient facing hospital healthcare workers to the 
overall infection risk in the “no vaccine” scenario is 
underestimated, and the simulated 9.9% reduction is 
a conservative figure.

strengths and weaknesses in relation to other 
studies
The Office for National Statistics’ population SARS-
CoV-2 prevalence study reported infection in 4.2% 
(95% confidence interval 3.7% to 4.6%) of healthcare 

professionals between 1 September 2020 and 7 
January 2021. Another study, REACT-1, reported 
infection in 2.1% (1.8% to 2.5%) and 0.7% (0.5% 
to 0.9%) of healthcare workers with direct patient 
contact between 6-22 January and 4-23 February, 
respectively.41-43 These findings should be compared 
with ours with caution: these studies consider different 
periods of the second wave, have less temporally dense 
testing protocols, have wider occupational definitions 
(for example, including primary care), and do not 
consider vaccination or susceptibility status. Our data 
are more relevant to hospital healthcare settings and 
better suited to guide hospital level policy.

Although studies before the vaccine rollout have 
previously highlighted demographic and occupational 
risk factors for SARS-CoV-2 infection,13 15 44 our study 
adds significantly to the literature by considering a 
period during rapid vaccination coverage, allowing the 
identification of risk factors that remain in the context 
of vaccination. Our chosen period of observation 
is likely the last opportunity in this pandemic to 
study a truly susceptible cohort and identify these 
demographic and occupational characteristics, 
as infection and vaccination patterns since the 
emergence of the omicron variant in November 2021 

table 3 | association of occupational and temporal characteristics of susceptible siren participants with primary infection during second wave of 
sars-cov-2 pandemic in england (1 september 2020 to 30 april 2021)

characteristic
infected 
(n=2318)

total* 
(n=17 973) infected (%) Odds ratio (95% ci) P value

adjusted odds ratio† 
(95% ci) P value

Frequency of close proximity to patients with 
covid-19:
 Every shift 723 3762 19.2 2.36 (2.10 to 2.65) <0.001 1.79 (1.56 to 2.06) <0.001
 Once a week 436 2981 14.6 1.70 (1.49 to 1.93) <0.001 1.45 (1.25 to 1.68) <0.001
 Once a month 219 1620 13.5 1.55 (1.31 to 1.82) <0.001 1.39 (1.16 to 1.66) <0.001
 Less than once a month 298 2609 11.4 1.28 (1.10 to 1.48) 0.001 1.19 (1.02 to 1.40) 0.03
 Never 642 7001 9.2 Reference - Reference -
Occupational setting:
 Office 393 3953 9.9 Reference - Reference -
 Patient facing (non-clinical) 93 676 13.8 1.45 (1.13 to 1.84) 0.003 1.24 (0.94 to 1.63) 0.12
 Outpatient 406 3223 12.6 1.31 (1.13 to 1.51) <0.001 1.02 (0.86 to 1.22) 0.80
 Maternity/labour ward 18 189 9.5 0.95 (0.58 to 1.57) 0.85 0.87 (0.51 to 1.49) 0.61
 Emergency department‡/inpatient wards 386 1855 20.8 2.38 (2.04 to 2.78) <0.001 1.76 (1.45 to 2.14) <0.001
 Intensive care 135 1012 13.3 1.39 (1.13 to 1.72) 0.002 0.90 (0.71 to 1.14) 0.39
 Theatres 31 319 9.7 0.98 (0.66 to 1.43) 0.90 0.80 (0.52 to 1.22) 0.30
 Other 856 6746 12.7 1.32 (1.16 to 1.49) <0.001 1.06 (0.91 to 1.23) 0.47
Occupation:
 Nurse 821 5918 13.9 1.43 (1.24 to 1.64) <0.001 1.12 (0.94 to 1.33) 0.20
 Healthcare assistant 267 1479 18.1 1.95 (1.63 to 2.34) <0.001 1.43 (1.16 to 1.77) 0.001
 Doctor 222 1832 12.1 1.22 (1.01 to 1.47) 0.03 0.99 (0.78 to 1.24) 0.91
 Midwife 46 458 10.0 0.99 (0.71 to 1.37) 0.95 0.76 (0.53 to 1.10) 0.15
 Bedside therapist§ 96 556 17.3 1.85 (1.44 to 2.38) <0.001 1.32 (0.99 to 1.76) 0.06
 Administrator/executive (office based) 296 2917 10.1 Reference - Reference -
 Estates/porters/security 31 170 18.2 1.97 (1.31 to 2.97) <0.001 1.34 (0.86 to 2.10) 0.20
 Pharmacist 34 270 12.6 1.28 (0.87 to 1.86) 0.21 0.89 (0.58 to 1.37) 0.61
 Healthcare scientist 55 689 8.0 0.77 (0.57 to 1.04) 0.09 0.73 (0.53 to 1.01) 0.06
 Student¶ 110 894 12.3 1.24 (0.98 to 1.57) 0.07 1.00 (0.78 to 1.29) 0.10
 Other 340 2790 12.2 1.23 (1.04 to 1.45) 0.01 1.02 (0.84 to 1.23) 0.87
Temporal characteristics:
 Time to vaccination (days after 8 December) - - - - - 1.02 (1.01 to 1.02) <0.001
 Time in cohort (days) - - - - - 1.00 (0.99 to 1.00) <0.001
*311 participants excluded from risk factor analyses owing to missing characteristics data.
†Adjusted for above characteristics and those in table 2, with secondary care health organisation as random effect.
‡Including ambulance setting.
§Physiotherapist, occupational therapist, speech and language therapist.
¶Medical student, nursing student, midwifery student, student: other.
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have led to very few people in the UK remaining fully 
susceptible. Future studies might struggle to recruit 
enough susceptible participants to have the statistical 
power needed to explore occupational risk factors for 
SARS-CoV-2, which are likely to contribute to future 
winter pressures.

Meaning of study: possible explanations and 
implications for clinicians and policy makers
This study shows a clear effect of vaccines on 
the incidence of SARS-CoV-2 infection in SIREN 
participants: without the vaccine rollout, which 
prioritised frontline healthcare workers, staff absence 
due to covid-19 could have been 69% higher during 
the second wave, threatening healthcare provision. 
Patients’ safety could have been affected both directly, 
through an increase in downstream nosocomial 
infections, and indirectly, through staff shortages, 
if the vaccine rollout had not occurred when it did. 
The differential impact of vaccines on demographic 
and occupational groups can, in part, be explained 
by variations in speed of coverage; equitable 
opportunities for healthcare staff to be vaccinated 
must be prioritised, with monitoring of uptake and 
targeted encouragement in groups with lower uptake. 
This is particularly important during the emergence of 

variants of concern, such as the omicron variant, that 
may necessitate boosters for suitable protection.26

The occupational group with the strongest 
association with infection after adjustment was 
healthcare assistants (P<0.001), followed by bedside 
therapists (physiotherapists, occupational therapists, 
and speech and language therapists) (P=0.06), 
bringing into question whether the nature of their 
interaction with patients carries additional risk. The 
maintained risk in certain healthcare settings and roles 
after adjustment, likely due to residual confounders 
not included in our model, highlight the importance 
of understanding the nature of staff-patient contact 
and staff-staff mixing in different healthcare worker 
groups and settings, including households,45 and 
consideration of whether factors such as optimisation 
of personal protective equipment could reduce 
infection rates in these at-risk groups.46

unanswered questions and future research
This study reinforces the importance of vaccination 
among healthcare workers during a significant wave 
of the SARS-CoV-2 pandemic in England: mechanisms 
to ensure high vaccination coverage, including 
boosters, throughout the workforce must be used to 
minimise the impact of future waves on the NHS and 
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healthcare provision. Focused patient and participant 
involvement work will be essential in understanding 
the barriers to achieving high vaccination coverage 
within at-risk demographic and occupational groups, 
including those impeding access and increasing 
hesitancy. This will be particularly important given 
the need for ongoing booster vaccination coverage 
to improve protection against the omicron variant, 
and the likely continued need for boosters for future 
variants of concern.

Future work should explore variability in the built 
environment, infection prevention and control and 
personal protective equipment policy, and ward based 
pressures across organisations and their associations 
with infection risk. Greater understanding of 
transmission dynamics among healthcare workers, 
particularly according to role and setting, will support 
NHS trusts in protecting their workforce and patients 
from SARS-CoV-2 infection and potentially other 
seasonal winter viruses.
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