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Abstract

Background: SARS-CoV-2 is known to transmit in hospital settings, but the contribution of infections acquired in
hospitals to the epidemic at a national scale is unknown.

Methods: We used comprehensive national English datasets to determine the number of COVID-19 patients with
identified hospital-acquired infections (with symptom onset >7 days after admission and before discharge) in acute
English hospitals up to August 2020. As patients may leave the hospital prior to detection of infection or have rapid
symptom onset, we combined measures of the length of stay and the incubation period distribution to estimate how
many hospital-acquired infections may have been missed. We used simulations to estimate the total number (identi-
fied and unidentified) of symptomatic hospital-acquired infections, as well as infections due to onward community
transmission from missed hospital-acquired infections, to 31st July 2020.

Results: In our dataset of hospitalised COVID-19 patients in acute English hospitals with a recorded symptom onset
date (n=65,028), 7% were classified as hospital-acquired. We estimated that only 30% (range across weeks and 200
simulations: 20-41%) of symptomatic hospital-acquired infections would be identified, with up to 15% (mean, 95%
range over 200 simulations: 14.1-15.8%) of cases currently classified as community-acquired COVID-19 potentially
linked to hospital transmission. We estimated that 26,600 (25,900 to 27,700) individuals acquired a symptomatic
SARS-CoV-2 infection in an acute Trust in England before 31st July 2020, resulting in 15,900 (15,200-16,400) or 20.1%
(19.2-20.7%) of all identified hospitalised COVID-19 cases.

Conclusions: Transmission of SARS-CoV-2 to hospitalised patients likely caused approximately a fifth of identified
cases of hospitalised COVID-19 in the “first wave”in England, but less than 1% of all infections in England. Using time
to symptom onset from admission for inpatients as a detection method likely misses a substantial proportion (>60%)
of hospital-acquired infections.
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amplifying transmission [2]. Moreover, many patients
acquiring SARS-CoV-2 in hospitals are at high risk for
severe outcomes and subsequent mortality [3]. Quanti-
fying hospital-acquired transmission of SARS-CoV-2 is
thus important both for prioritising control efforts and
for understanding the contribution of hospitals to sus-
taining the community epidemic.

SARS-CoV-2 transmission in healthcare settings has
been reported in many countries [3—6]. As the precise
time of infection is rarely known, establishing whether
an infection is hospital-acquired remains a challenge.
For SARS-CoV-2, hospital-acquired infections are usu-
ally defined by comparing the time of admission and
subsequent symptom onset [7] or first positive test [8].
If the delay is much longer than the incubation time,
then it is likely that an infection is hospital-acquired.
Thus, the proportion of patients with a hospital-
acquired SARS-CoV-2 infection will depend on the
definition used, with uncertainty driven by the unob-
servable nature of infection and the incubation period
distribution. Records for all hospitals in England, using
testing data and definitions of hospital-acquired if first
positive sample is taken more than 14 days from admis-
sion, indicate that 15% of detected SARS-CoV-2 infec-
tions in hospitalised patients could be attributed to
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hospital-acquired transmission [8] with analysis of data
from single hospital facilities suggesting a similar level
[3,9].

In the absence of frequent universal testing of all inpa-
tients, many hospital-acquired SARS-CoV-2 infections
will not be identified by hospitals prior to discharge.
Even with regular PCR testing of all inpatients regardless
of symptoms we would expect to miss many infections
because of short patient stays and potentially low PCR
sensitivity 1-2 days after infection [10].

In the spring of 2020 in England, the majority of inpa-
tient testing only occurred in those with symptoms,
either on admission or during hospital stay [11]. Many
patients who develop a symptomatic infection will do
so after discharge (Fig. 1) as hospital stays are typically
shorter than the interval from infection to symptom
onset (median length of stay=2.4 days, standard devia-
tion=0.4 days, for non-COVID patients in England vs.
incubation period average of 5.1 days [12]). Thus, there
may be a considerable proportion of hospital-acquired
infections that remained unidentified. Its magnitude and
further transmission to the community has been diffi-
cult to quantify. Additionally, a substantial proportion
of infected individuals never progress to be symptomatic
[13].
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Fig. 1 How might we underestimate hospital-acquired (HA) infections? With no asymptomatic screening in hospitals, detection of a
hospital-acquired case relies on symptom onset prior to patient discharge. In the schematic a“+"above the bed denotes a hospital-acquired
infection, and a red patient denotes one with symptoms. A patient with COVID-19 identified as being due to a hospital-acquired infection is

one with symptom onset after a defined cut-off (e.g. > 7 days from admission to symptom onset but prior to discharge, bottom row patient).
Patients with unidentified hospital-acquired infections are those with a symptom onset after discharge (top row patient, “missed”) or those with
symptom onset prior to the defined cut-off (middle row patient, “misclassified”). We focus on symptomatic infection: there will also be unidentified
asymptomatic hospital-acquired infection which we do not include. We estimate that fewer than 1% of individuals with symptom onset >7 days
from admission will have been infected in the community
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In this analysis, we used national, patient-level data-
sets of patients hospitalised with COVID-19 to estimate
the contribution of hospital settings to the first wave of
COVID-19 in acute Trusts in England. We estimated
the proportion of symptomatic hospital-acquired infec-
tions that have not been identified as hospital-acquired
and modelled onward transmission from these uniden-
tified infections in the community. We hence quantified
the likely contribution of symptomatic hospital-acquired
infections to the first wave of SARS-CoV-2 infections in
England.

Methods

Our primary aim was to estimate the total number of
symptomatic hospital-acquired SARS-CoV-2 infections
in England from 1st January to 31st July 2020. For each
identified symptomatic hospital-acquired infection, we
estimated how many were unidentified. Our secondary
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aim was to estimate the contribution of these uniden-
tified hospital-acquired infections to the community
epidemic.

All analyses were conducted in R version 4.0.3 [14] with
code available on Github [15]. The steps in the analysis
are outlined in Fig. 2.

Data sources

The healthcare system in England is represented by
the National Health System (NHS). NHS services are
mainly provided by NHS Trusts, i.e., collections of hos-
pitals (departments, buildings and facilities) that func-
tion as a single administrative unit. Acute medical care
Trusts are defined as an NHS Trust with only acute
hospitals (as opposed to Community or Mental Health
facilities). In this study, we used two data sources on
COVID-19 patients admitted to NHS Trusts (Addi-
tional file 2). The first is the ISARIC4C UK COVID-19
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Fig. 2 The analysis steps: a CO-CIN is inflated to match total COVID-19 hospitalised cases in SUS. b The same weekly adjustment is used to estimate
the number of identified hospital-onset, hospital-acquired (HOHA) cases. € The length of stay for non-COVID-19 hospital patients and incubation
period distribution is used to generate estimates of the proportion of hospital-acquired infections that would be identified (Fig. 1). This proportion
(p) is used to estimate how many unidentified hospital-acquired infections there would be for each identified hospital-onset hospital-acquired
infection by assuming a Binomial distribution and calculating the number of “trials” or “unidentified” hospital-acquired infections there were. d The
unidentified hospital-acquired infections with symptom onset after discharge (‘missed”) may return to hospital as a COVID-19 case: the trajectory
of their disease is calculated to determine their contribution to hospitalised cases. e These “missed” unidentified hospital-acquired infections are
assumed to contribute to onward transmission in the community: here we capture four generations of transmission to estimate the number of
hospital-linked infections and subsequent hospitalised cases under different R estimates
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Clinical Information Network (CO-CIN) study [16], a
national cohort of COVID-19 patients collected in 208
acute Trusts in England, Scotland, and Wales up to 3rd
December 2020, representing approximately two thirds
of COVID-19 UK admissions during the first wave of
SARS-CoV-2 infection. While not all NHS Trusts are
represented in the data (as some have specialist roles that
do not involve inpatient acute medical care), our CO-
CIN extract comprised 208 of 223 acute medical care
Trusts [17, 18]. We included 126 Trusts in England and
filtered the dataset for patients with a symptom onset
before 1st August 2020. CO-CIN recorded admission
date, discharge date, and earliest date of symptom onset
for patients. We excluded CO-CIN participants without a
recorded admission and symptom onset date (Additional
file 2).

The second is the SUS dataset [19] which contains data
on all patient admissions and discharges for all Trusts
in England. The SUS data were linked with testing data
[Second Generation Surveillance System (SGSS)] [19] to
derive length of stay distributions for non-COVID-19
patients and total COVID-19 hospital admissions by
week and NHS Trust.

These two data sources have their respective strengths
and limitations. The CO-CIN data include information
on the date of symptom onset [20] but are only a subset,
albeit the majority, of all hospitalised COVID-19 patients,
while the linked SUS/SGSS data include all known hos-
pitalised COVID-19 patients but lack information on
symptom onset date. Symptom onset dates do not rely
on knowledge of testing regimens which vary over time
and between Trusts. To address these different issues, we
decided to use SUS data to adjust CO-CIN information
to account for enrolment variation between settings, giv-
ing a database combining the best features of both.

Setting

Our baseline population is all acute English Trusts in
CO-CIN. These are aggregated as a single “England” pop-
ulation for our main analysis. A sensitivity analysis mod-
elled the individual acute Trust level prior to aggregation
(Additional file 12).

Length of stay distribution

We used empirical length of stay (LoS) estimates for
non-COVID-19 patient stays from SUS for each English
acute Trust in CO-CIN for patients admitted each week
(Additional file 2). To get a LoS distribution for England,
LoS estimates across all including Trusts were pooled by
week. The average length of stay was between 1.75 and
3.5 days across this time period. Inpatients were defined
as those with a length of stay of at least 0.5 days.
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a. Identifying COVID-19 cases as infected in hospital

The number of identified hospital-acquired COVID-
19 cases per day in each Trust was estimated by
comparing the dates of symptom onset and hospital
admission for each in-patient within CO-CIN. Our
analysis used a 7 day cut-off: we defined an identi-
fied hospital-acquired infection as an inpatient with
symptoms onset more than 7 days after admission
(Table 1) aligned with English definitions and the
ECDC definition for a Probable [8—14] and Definite
(>14 days) healthcare-associated COVID-19 case [7,
21]. As such, identified hospital-acquired infections
are by definition symptomatic infections. In sensitiv-
ity analyses we explored cut-offs of 4 and 14 days.

b. Accounting for enrolment into CO-CIN

We accounted for the fact that only a subset of all
hospitalised COVID-19 patients was enrolled in
CO-CIN as follows: we calculated the proportion of
COVID-19 patients recorded in SUS in a given week
that were included in the corresponding CO-CIN
data (Fig. 2a). We then weighted the weekly estimates
of the number of identified hospital-acquired infec-
tions from the CO-CIN data using the inverse of
these weekly proportions to obtain estimates of iden-
tified hospital-acquired COVID-19 cases corrected
for under-reporting in CO-CIN (Fig. 2b, Additional
file 4). Our method assumes that there is no bias in
enrolment of hospital- versus community-onset
cases.

c. Proportion of hospital-acquired infections that are
identified

Not all symptomatic infections with SARS-CoV-2
are identified (e.g., some individuals are infected
with SARS-CoV-2 in hospital and subsequently have
symptoms that are not confirmed to be COVID-19).
All identified cases of COVID-19 with symptom
onset in a hospital setting are classified as either hos-
pital- or community-acquired. However, some are
misclassified (e.g., those that are infected in hospital
but have a symptom onset prior to the cut-off thresh-
old for defining hospital-acquired cases) (Fig. 1). Our
aim was to estimate both overlooked symptomatic
SARS-CoV-2 infections that were not identified and
that were misclassified (Fig. 1, Table 1). We did not
consider those who acquire infection but remain
asymptomatic.

To calculate the proportion of symptomatic hospital-
acquired infections that were identified as such, we
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calculated the probability that a patient with a hos-
pital-acquired infection has a symptom onset that
falls in the definition period, i.e., before discharge
and after the cut-off threshold (Fig. 1). The calcula-
tions were based on the incubation period of SARS-
CoV-2 (Table 2), length of stay distribution of non-
COVID-19 patients and assumed that all infections
led to a symptom onset: hence it is the proportion of
hospital-acquired infected individuals that will ever
have symptoms and are identified (Additional file 5).
Uncertainty was included by sampling from param-
eter distributions (Table 2, Additional file 10).

We did not account for misclassification of “commu-
nity-acquired” as “hospital-acquired” as we estimated
that fewer than 1% of inpatients with symptom
onset 5 or more days after admission were latently
infected when admitted i.e., hospital-onset, com-
munity-acquired (Table 1, Additional file 3). Hence,
our definition of “misclassified” only considers those
“hospital-acquired” infections misclassified as “com-
munity-acquired”

. Reclassifying community-acquired COVID-19 cases
as hospital-acquired
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The number of patients with unidentified hospital-
acquired infections was calculated by multiplying the
number of identified hospital-acquired SARS-CoV-2
infections by the inverse of the proportion that were
estimated to be identified (Fig. 2) and then subtract-
ing the number identified. To determine the contri-
bution of these unidentified hospital-acquired infec-
tions to the hospital burden of cases of COVID-19,
we simulated their return as a COVID-19 hospital
admission: we estimated the entire disease progres-
sion trajectory for each unidentified “missed” hospi-
tal-acquired infection by sampling from known natu-
ral history distributions (Fig. 2) to determine how
many may return to hospital and be misclassified
“community-acquired” infection.

For each patient estimated to have had an unidenti-
fied “missed” hospital-acquired infection, we sam-
pled a time from infection to discharge using the
length of stay distribution of non-COVID patients
(Additional file 8), and assumed a date of discharge
of 5 days before the detection date of the associated
identified COVID-19 case (Fig. 2d). This corresponds
to the difference in the average length of stay of iden-
tified SARS-CoV-2 positive cases (~7 days) and those

thought to be SARS-CoV-2 negative (~2 days) in

Table 2 Parameters values used in the model

Definition Values/distributions Refs.
Baseline Sensitivity analysis
Proportion of individuals with unidentified unif (range=0.1-0.15) [31-33]

hospital-acquired infections that will be subse-
quently admitted to hospital with COVID-19

Proportion of community infections that will be  norm (0.035, 0.0005) [31]
hospitalised cases of COVID-19

Time to symptom onset from infection (incubation distribution)

Mean distribution lognormal (mean=1.62, sd =0.4) [12]

Standard deviation in estimates of mean and  0.064
standard deviation 0.0691

Time to hospitalisation from symptom onset Scenario 1 (baseline): lognormal (mean=1.66,  Scenario 2: gamma Additional file 7 [20, 34, 35]
sd=0.89) (shape=7,scale=1)

Scenario 3: lognor-

mal (mean=144,

sd=0.72)

Sum of means of infection to symptom onset and symptom onset to hospitalisa-
tion=>5.14+7=12.1 days

Average number of secondary infections from ~ “rt” 08,12
one infected individual in the community (R)

Time from infection to hospitalisation

[22], Additional file 9

Time period over which an infected individual ~ gamma (shape =4, scale =0.875) [35]
is infectious
Number of days before associated identified 5 1 Assumptions

hospital-acquired case detection that a patient
with a unidentified “missed” hospital-acquired
infection is discharged from hospital

See Additional file 6 for more details
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SUS. In a sensitivity analysis, we explored the impact
of this parameter by setting it to 1 day. From this date
of discharge, we estimated the proportion of these
unidentified “missed” infections expected to return
as a hospitalised COVID-19 case as well as the tim-
ing of their return. The proportion expected to return
varied for each simulation (Fig. 2, Additional file 6).
Recalling exact dates of symptom onset is hard, hence
we used a scenario analysis (scenarios 1-3) to explore
three different distributions for the symptom onset to
hospitalisation parameter (Table 2, Additional file 7).

e. Hospital-linked cases

We defined a “hospital-linked infection” as an infec-
tion that occurred in the community but was caused
by a patient that was estimated to have had an uni-
dentified “missed” hospital-acquired infection. This
time series of community infections was calculated
by estimating four generations of onwards infection
under varying assumptions about the reproduction
number (Additional file 6). This is approximately the
number of infections caused within 1 month after
discharge (~ 6.7 day serial interval, Additional file 6).
In a sensitivity analysis, we explored the impact of
increasing this to seven generations of onward infec-
tion.

We explored three reproduction number values: (1) a
constant value of 0.8, (2) a constant value of 1.2 both
with a range generated as £ 5% of the constant value,
and (3) a time-varying estimate “Rt” for which we
used upper/lower bounds for the 50% credible inter-
val from a publicly available repository [22] (Addi-
tional file 9).

Results

Identified and classified hospital-acquired cases

In CO-CIN, using a symptom onset-based definition,
we found 7% (n=65,028) of COVID-19 cases in acute
English Trusts were identified and classified as a hospi-
tal-acquired infection (having a symptom onset more
than 7 days after admission and before discharge) before
31st July 2020. By adjusting for enrolment in CO-CIN
(Fig. 2b), we estimated that with this same cut-off there
were 6640 “hospital-onset, hospital-acquired” identified
cases across acute English Trusts up to the 31st July 2020.

Proportion of infections identified

We estimated 30% (20-41%, range across weeks and
sampling, Additional file 10) of symptomatic hospi-
tal-acquired infections (using a 7 day cut-off) were
identified using a symptom onset based definition for
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England. Across all acute English Trusts the range was
0-82% (Fig. 3). The proportion identified decreased
with increasing cut-off day from admission (Fig. 3c) and
is tightly linked to the LoS distributions (Additional
file 2). These results imply that for every single identified
hospital-acquired SARS-CoV-2 infection (using a 7 day
cut-off) there were, on average, two unidentified sympto-
matic hospital-acquired infections.

Contribution of missed infections

We estimated that across England, 20,000 (mean; 95%
range over 200 simulations to nearest 100: 19,200,
21,100) hospital-acquired infections were unidentified
from acute Trusts if a 7 day symptom-based cut-off was
used to identify hospital-acquired cases. The majority of
patients with unidentified hospital-acquired infections
were not identified due to the discharge of the infected
patient prior to symptom onset (“missed”) (Figs. 1 and
3¢): 12,300 (11,400, 13,400) in total.

A proportion of the patients with unidentified hospital-
acquired infections with a symptom onset after discharge
returned as hospitalised cases and were misclassified:
we found 1500 (1200, 1900) or 2.1% (1.7%, 2.6%) of cases
originally classified as “community-onset, community-
acquired” should have been classified as “community-
onset, hospital-acquired” for a 7 day cut-off.

We found that there could have been 47,400 (mean;
95% range over 600 simulations: 45,000, 50,000 for the
time-varying R value) hospital-linked infections of indi-
viduals in the community, acquired from patients with
“missed” hospital-acquired infections during the first
wave. We estimated that these hospital-linked infections
would result in 1600 (1600, 1700) “community-onset,
hospital-linked” hospitalised cases with a 7 day cut-off.
The values are reduced by one-third with an R constant
at 0.8 (Additional file 11). These contribute 2.3% (2.1%,
2.4%) of “community-onset, community-acquired” cases
over the first wave with a 7 day cut-off and under both
scenario 1 or 2 (Additional file 11).

This contribution of community-linked infections to
hospital admissions with COVID-19 varied depending
on the timing of hospital admission post symptom onset
(captured here by Scenarios 1-3, Table 2, Fig. 4). The pro-
portion of COVID-19 hospital admissions due to hospi-
tal-transmission was greatest when total case numbers
first declined (peak in COHL in Fig. 4D at ~4% in late
April).

The number of unidentified hospital-acquired infec-
tions and hence reclassification levels increased or
decreased under a 14 or 4 day cut-off respectively (Addi-
tional file 11).
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Contribution of hospital settings to cases, infections
and onward transmission
To summarise, using a 7 day cut-off, we estimated that
there have been a total of 26,600 (mean, 95% range over
200 simulations: 25,900, 27,700) symptomatic hospi-
tal-acquired SARS-CoV-2 infections in acute English
Trusts (E, Fig. 5) prior to August 2020. Of these, a total
of 15,900 (15,200, 16,400) infections correspond to
patients with COVID-19 that were identified as symp-
tomatic cases in hospitals (B+ C, Fig. 5): as such only
60% of symptomatic hospital-acquired infections were
identified. Over the whole first wave, we estimated that
15% (14.1%, 15.8%) of cases originally classified as com-
munity-acquired were hospital-acquired or hospital-
linked [(C+ F)/(A —B), Fig. 5].

The estimated percentage of identified COVID-19
cases in hospitals that were hospital-acquired is then

20.1% (19.2%, 20.7%) [(B+C)/A, Fig. 5]. Accounting for
onward transmission from unidentified “missed” hospi-
tal-acquired infections, we estimated that 22.1% (21.2%,
22.9%) of hospitalised COVID-19 cases were hospital-
acquired or hospital-linked [(B+ C+F)/A, Fig. 5] using
the median time-varying R value.

If 20.1% of COVID-19 cases identified in hospitals were
hospital-acquired then, assuming that 3% of symptomatic
cases were hospitalised, we estimated that hospital-
acquired infections likely contributed to fewer than 1% of
infections of the overall English epidemic of COVID-19
in wave 1.

Assuming similar levels of hospital transmission in
non-acute English trusts suggests approximately 31,100
(30,300, 32,400) symptomatic infections could have been
caused in total by symptomatic hospital-acquired trans-
mission in England.
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Trust-level and sensitivity analysis

When aggregated, the results from the analysis on an
individual Trust-level predicted a slightly higher pro-
portion of cases to be hospital-acquired (25% vs. 20%)
(Additional file 12). Varying the day of discharge of the
unidentified “missed” infections had little impact on total
case numbers, but did affect hospital-linked cases (Addi-
tional file 11). Increasing the number of onward genera-
tions from four to seven, increased the mean number of

hospital-linked cases over 200 simulations by 51%, 33%
or 135% for the time-varying (“rt”) and constant R esti-
mates 0.8 or 1.2 respectively.

Discussion

We estimated that before 31st July 2020 20.1% (19.2%,
20.7%) of identified COVID-19 cases in hospitals were
likely to have been hospital-acquired infections and
that within-hospital transmission likely contributed
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directly to 26,600 (mean, 95% range over 200 simula-
tions: 25,900, 27,700) symptomatic infections, and a
further 47,400 (45,000, 50,000) hospital-linked infec-
tions. These results are based on a 7 day cut-off for
symptom onset from admission and prior to discharge
for defining an identified hospital-acquired case.
Despite these levels of infection, we estimated hospi-
tal transmission to patients caused fewer than 1% of all
infections in England in the first wave (prior to 31st July
2020). To some extent this reflects effective infection
prevention within hospital settings with over 4 million
non-COVID-19 patients being cared for in hospital set-
tings during this period. However, the high proportion of
hospital cases that were due to hospital-acquired infec-
tions is worrying as these are the most vulnerable mem-
bers of our society and hence may have the most severe
consequences. In addition, we did not account for the
substantial proportion of asymptomatic infections in our
analysis and thus, the impact of hospital transmission on
the community epidemic is likely an underestimate [13].
This is the first study to estimate the total number of
symptomatic hospital-acquired infections (not just the
percentage of known cases that are hospital-acquired)
and their wider contribution to community transmis-
sion prior to 31st July 2020. In particular, we found that
the contribution of hospital-acquired infections to the

epidemic likely varied over time, increasing in impor-
tance as community infections initially dropped, empha-
sising the need to determine where most infections are
occurring at any one time during an epidemic. Analysis
of subsequent waves of infection in England supports this
wider contribution, finding that efforts to reduce in hos-
pital transmission could substantially enhance the effi-
ciency of potential community lockdown measures [23].

Our results show that relying on symptom onset
>7 days after admission in inpatients as a detection
method for hospital-acquired SARS-CoV-2 will miss
a substantial proportion (>60%) of symptomatic hos-
pital-acquired infections. This depends on the length
of stay for non-COVID admissions but suggests that in
many settings estimates of the number of infections due
to transmissions in hospital settings will be substantial
underestimates. For example, Read et al. [24] acknowl-
edged that the estimated proportion of nosocomial infec-
tions during the first epidemic wave of COVID-19 in the
UK that was based on symptom onset data, is likely to be
higher if accounted for unidentified cases. This is particu-
larly relevant for low-resource settings with short lengths
of stay for non-COVID patients and which rely on symp-
tom onset screening for SARS-CoV-2 infection.

An alternative cut-off, of say only 3 or 5 days from
admission, would classify more infections correctly as
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hospital-acquired SARS-CoV-2 infections but would mis-
classify more community-acquired infections. Striking
the right balance is difficult with a more reliable detec-
tion method being routine testing of patients, which will
confirm symptomatic as well as detect pre-symptomatic
and asymptomatic SARS-CoV-2 infections. However,
even with screening on admission, symptomatic or not,
and retesting 3 days after admission, a portion of infec-
tions will likely not be detected during inpatient stays due
to short lengths of stay. Our estimates of the proportion
of hospital cases that are due to hospital-acquired infec-
tion are higher than those from England wide studies [8,
24] and those from single hospital settings in the UK [3,
9, 25-27], as we estimate all hospital-acquired infections
whether identified or not during their hospital stay. Our
estimates of all infections are similar to previous mod-
elling work using an SEIR model which estimates that
nosocomial transmission was responsible for 20% (IQR
14.4, 27.1%) of infections in inpatients [28].

Our work implies that it may be effective to screen
patients upon hospital discharge to detect infection,
or to quarantine hospital patients on discharge to pre-
vent ongoing community transmission: we estimate this
would detect up to 40% of hospital-acquired infections
that would become symptomatic (that would otherwise
be “missed” in Fig. 3c). Hence, depending on the test
sensitivity by time from infection, up to 70% of hospi-
tal-acquired infections could be detected. The onward
community transmission from these infections may be
especially important as community prevalence of SARS-
CoV-2 infection decreases.

Currently, much more routine screening and test-
ing is implemented in English hospitals contributing to
the detection of infections prior to symptom onset or
discharge [23, 29]. However, screening will need to be
conducted with high frequency to avoid missing those
infected prior to discharge, or to screen on, and for sev-
eral days after, discharge. Our work is directly linked to
the situation prior to August 2020 where little routine
testing was in place and would be affected substantially
by the new pandemic situation with new variants and
vaccination. However, our conclusion that symptomatic
screening of inpatients has limited efficacy in detecting
nosocomial transmission is still highly relevant to sup-
port the need for ongoing regular screening of asymp-
tomatic hospital patients and to emphasize potential
missing infections.

Further work is needed to determine the precise risk
of returning as a hospital case for those infected in hos-
pitals. If our values (10-15%) are found to be conserva-
tive, then this percentage could increase substantially. If
it were found to be higher, reflecting the poorer health
of hospitalised patients and hence potentially increased
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susceptibility, then the proportion of hospital cases that
are hospital-acquired could increase to 30—40%.

The interpretation of our results is limited by several
simplifications. Firstly, we did not explicitly capture dis-
ease and hospital attendance variation by age. Future
work could stratify our estimates to account for an older
and more vulnerable hospital population. Secondly,
we likely underestimated the total number of hospital-
acquired infections as we modelled only those that pro-
gress to symptoms. While a non-negligible proportion
of SARS-CoV-2 infections is likely to be asymptomatic
[13], hospital-acquired infections were defined using the
date of symptom onset in the UK. In addition, (a propor-
tion of) symptomatic infections require medical care
and therefore directly contribute to the hospital burden.
We, thus, focussed on estimating the magnitude of under
detection of these symptomatic hospital-acquired infec-
tions and their wider impact on community transmission.

Thirdly, we assumed a fixed number of four generations
for onward transmission in the community to generate
hospital-linked infections, and did not account for infec-
tions in healthcare workers, nor in the setting to which
hospitalised patients were discharged to, such as long-
term care facilities. The impact of onward transmission
from hospital-acquired infections may be underestimated
in this work since these settings may have high levels and
large heterogeneity in onward transmission, or overesti-
mated if four generations is longer than the average chain
from recently hospitalised individuals. There is some
data that, on average, this distribution is extremely right-
skewed [30], but the likely different behaviour patterns of
recently hospitalised individuals makes it hard to accu-
rately predict length of transmission chains. Moreover,
in our baseline scenario the number of secondary infec-
tions was usually less than one (time-varying R, Addi-
tional file 9) meaning that there would be diminishing
numbers of secondary infections in each chain. Indeed,
our sensitivity analysis shows that in the baseline, a fur-
ther three generations contribute only a further ~50% of
cases. However, with an increasing number of genera-
tions it becomes harder to contribute these linked cases
to the transmission conditions in hospitals rather than to
community transmission levels—our four generations of
cases were chosen to be an indication of what may hap-
pen in the short time after hospital discharge.

Fourthly, we assumed that equal levels of infection
control policies were in place in all NHS Trusts during
this time period as we had no data to inform variation.
Moreover, some of the “missed” cases may have been
detected by community screening although there was lit-
tle in place in England in this time (prior to August 2020).
Finally, identification of hospital infection using CO-CIN
relied on symptom onset date, which may be unreliably
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recorded potentially leading to bias in the patient popula-
tion. While we cannot assess the biases, it is reasonable
to expect that symptoms were recorded well in a clinical
setting, and frequently (~ 65,000 patients included). An
alternative definition of hospital-acquired infection reli-
ant on the date of first positive swab would have its own
limitations: patients could enter with symptoms and not
test positive until more than a week into their stay [25].

We report our results around a baseline scenario and,
despite including parameter sampling within multiple
simulations, find a relatively small uncertainty range.
Future work should build on our sensitivity analy-
sis, which highlights the importance of understanding
onward transmission (to accurately capture hospital-
linked cases), to better understand disease and transmis-
sion heterogeneity and hence the importance of hospital
settings to pathogen spread.

Conclusions

Due to the delay from infection to symptom onset,
hospital-acquired transmission of SARS-CoV-2 may be
missed under common definitions of a hospital-acquired
infection. We estimated that nearly 20% of symptomatic
COVID-19 patients in hospitals in England in the first
wave acquired their infection in hospital settings. Whilst
this is likely to have contributed little to the overall num-
ber of infections in England, the vulnerability of the hos-
pital community means that this is an important area for
further focus. Increased awareness and testing, especially
of patients on discharge, as is now commonly in place, is
needed to prevent hospitals becoming vehicles for SARS-
CoV-2 transmission.
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