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Abstract: Objective: Knowledge of the role of hospital conditions in SARS-CoV-2 transmission should
inform strategies for the prevention of nosocomial spread of this pathogen and of similarly transmitted
viruses. This study aimed to identify risk factors for nosocomial acquisition of SARS-CoV-2. Methods:
We ran a nested case-control study with incidence density sampling among adult patients hospitalized
for >7 days (August-December 2020). Patients testing positive for SARS-CoV-2 after the 7th day of
hospitalization were defined as cases and matched with controls (1:4) by date of admission, hospitalization
duration until index date, and type of department. Individual and contextual characteristics were
gathered, including admission characteristics and exposures during the risk period. Conditional logistic
regression was used to estimate the odds ratios (ORs) with respective 95% confidence intervals (CI)
separately for probable (diagnosed on day 8-13) and definitive (diagnosed after day 14) nosocomial sets.
Results: We identified 65 cases (31 probable; 34 definitive) and 219 controls. No individual characteristic
was related to nosocomial acquisition of SARS-CoV-2. Contextual risk factors for nosocomial acquisition
were staying in a non-refurbished room (probable nosocomial: OR = 3.6, 1.18-10.87), contact with
roommates with newly diagnosed SARS-CoV-2 (probable nosocomial: OR = 9.9, 2.11-46.55; definitive
nosocomial: OR = 3.4, 1.09-10.30), and contact with roommates with a first positive test 21-90 days before
the beginning of contact (probable nosocomial: OR = 10.7, 1.97-57.7). Conclusions: Hospital conditions
and contact with recently infected patients modulated nosocomial SARS-CoV-2 transmission. These
results alert us to the importance of the physical context and of agile screening procedures to shorten
contact with patients with recent infection.
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1. Introduction

Nosocomial transmission of SARS-CoV-2 has been reported widely [1-5] and can
pose both a risk to the individual patient and an increased burden on the functioning of
healthcare services [6]. Studies performed in 2020 and 2021 have estimated the secondary
attack rate of infection by the ongoing SARS-CoV-2 variants to be between 15 and 23% [7,8].
Populations of hospitalized patients often include frail individuals who remain at risk for
severe complications from infection despite vaccination [9].

To prevent and mitigate nosocomial transmission, several non-pharmaceutical measures
were adopted aiming towards “zero nosocomial infection” in various hospitals, particularly
in those with centralized response teams and robust surveillance systems [10-13].

In addition to the epidemiological investigation attempting to mitigate an already
established outbreak, it is fundamental to identify individual and contextual risk factors
that can inform us of which policies and structural changes need to be implemented to
decrease nosocomial spread of SARS-CoV-2 or similarly transmitted viruses.

This study aims to identify risk factors for nosocomial acquisition of SARS-CoV-2
in a Portuguese university hospital between August 2020 and December 2020 through a
matched case-control study design.

2. Materials and Methods

Centro Hospitalar Universitario Sao Joao is a tertiary university public hospital in
Porto, Portugal, with approximately 1100 beds. Construction of the main hospital building,
where the study takes place, was finished in 1959. Many wards in the hospital are still
organized according to the original hospital architecture and include rooms with up to
10 beds without private toilets. Ward refurbishment works have been in place for several
years, which decreased the number of beds to up to three per room; implemented heating,
ventilation, and air conditioning (HVAC) systems; and provided each room with a toilet.

The study took place during the second wave of the SARS-CoV-2 pandemic in Portugal,
when up to 10% of the study hospital’s beds were occupied with SARS-CoV-2-positive
patients. During the study period, several protective measures were in place in the hospital,
including universal masking for healthcare professionals and patients, visitor restrictions,
postponement of all non-urgent surgical procedures, and changing of several workflows.
Intensive training for healthcare professionals was provided, and guidelines for high-risk
procedures were promptly adopted. The hospital-wide electronic surveillance system was
adapted to guarantee timely and concerted action towards prevention of transmission.
In the emergency room, patients with fever or respiratory symptoms were allocated in
dedicated respiratory areas.

Universal nasopharyngeal PCR screening for SARS-CoV-2 prior to hospital admission
had been in place since March 2020. Regular screenings during hospitalization were
progressively introduced in November 2020 (screening on the 5th day of hospitalization)
and December 2020 (screening every 5 days of hospitalization).

Patients who tested positive for SARS-CoV-2 were allocated to dedicated cohorts
since the beginning of the pandemic. Patients who improved clinically were discharged
from isolation after 20 days since symptom onset without the need for additional tests.
For asymptomatic or mild infections in non-immunocompromised patients, there was the
option of early discharge from isolation after 10 days if a negative nasopharyngeal swab
PCR was obtained at that time.

Case-control eligibility criteria

We performed a nested case-control study with incidence density sampling. Adult
individuals hospitalized between 1 August and 23 December 2020 and hospitalized for more
than 7 days were eligible. Psychiatry, obstetrics, burn unit, and long-term hospitalization
departments were excluded due to their particular characteristics and the low frequency of
cases. Patients with a positive SARS-CoV-2 test or COVID-19 infection diagnosis before
admission, at admission, or within 7 days from admission were also excluded.
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Cases, controls, and matching

Cases were defined as patients with a first positive SARS-CoV-2 test after eight or more
days of hospitalization, regardless of symptomatology (all patients had tested negative on
admission). Cases were classified as either probable nosocomial (first positive test between
8 and 13 days) or definitive nosocomial (14 or more days after admission). Date of the first
positive test was defined as the index date for each case.

Each case was matched to a sample of patients who were still at risk of infection
at the index date, i.e., with no positive test before and up to 14 days after index date
(to exclude patients who could be in the incubation period) (Figure S1). Controls were
selected randomly, with replacement, at a ratio of up to 4 controls per case and taking into
account the matching variables. Matching was based on date of admission (+/—3 days),
hospitalization day at index date (+/—1 day), and type of department at index date
(medical, surgical, or intensive care).

Risk factors

Several individual characteristics (inherent to the patient) and contextual factors
(regarding hospital conditions) were gathered from the electronic health records. These
factors were either non-variable characteristics (mainly related to the patient) or conditions
that might change during hospitalization (mainly contextual aspects). For the latter, we
considered conditions to which patients were exposed in the risk time window, i.e., in the
14 days before the index date (Figure 1).

- 14 days (risk period)
Probable

Nosocomial . +
{tested positive
between day 8 | control
and day 13)

- 14 days (risk period)

Definitive I e m

Nosocomial
{tested positive | control>

day 14 or after)

Duration of hospitalization ! First positiee test [ #

VARIABLES

Fixed Varying (assessed during the risk period)

Sex Highest dependency level

Age Stay in the emergency room (ER) and type of ER (COVID-12 vs. non-
Comorbidities COVID-19)

Type of admission Surgical procedure

Department at admission/ index  In-hospital transfer
Type of rooms (shared vs. Individual, refurbished vs. non-refurbished)
Contact with other patients in the same room
Contact with SARS-CoV-2 positive patients already discharged from
isolation
Contact with newly-diagnosed SARS-CoV-2 positive patients
Contact with patients exposed to high risk procedures

Figure 1. Risk factors evaluated and risk period considered.

Individual characteristics included sex, age, comorbidities at admission (hypertension,
chronic lung disease, heart failure, ischemic heart disease, diabetes mellitus, active neo-
plasm, transplant, and/or renal replacement therapy), and the highest level of patients’
dependency on hygiene, eating, or moving activities, recorded in the 14 days prior to
index date.
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To address hospital characteristics, we analyzed type of admission (urgent vs. elective),
department at admission and index dates (further classified as medical, surgical, and
intensive/intermediate care), emergency room (ER) stay, surgery, type of ward, in-hospital
patient movement, and exposure to high-risk procedures and to other patients. These
characteristics were assessed for the 14-day risk period.

Patients’ movement within the hospital was defined as transition between departments
and between rooms (number of different rooms up to index date). Rooms were further
characterized as shared (>1 bed) or private and as not refurbished (up to 10 beds per
room, no in-room toilets) or refurbished (up to 3 beds per room, in-room toilets, heating,
ventilation, and HVAC systems). Patients were classified as having stayed in a shared and
in a non-refurbished room if they had been allocated at least once to one such room during
their hospital stay. Additionally, the maximum number of beds in the rooms where the
patient stayed was recorded.

A roommate was defined as a patient who shared the same room as the case/control
for any duration and regardless of the physical distance between assigned beds.

Positivity for SARS-CoV-2 among roommates was recorded, which could have hap-
pened in the 90 days prior to the beginning of contact (SARS-CoV-2-positive roommates
already discharged from isolation) or between the beginning of contact and the index date
(newly diagnosed SARS-CoV-2 roommates). The total duration of contact with roommates
and with SARS-CoV-2-positive roommates (in hours) was quantified.

Contact with a roommate exposed to high-risk aerosol-generating procedures in the
14 days prior to the index date was also recorded (detailed definition listed in Supplemen-
tary Table S1).

Data were retrieved from the electronic information system through the in-house
business intelligence platform HVITAL: the administrative software was SONHO v2, the
laboratory software was Clinidata v5.3.1, the nursing registries and the medical diaries
used SClinico v2. Some data were manually reviewed and screened for incongruences, as
was the case with the dates of SARS-CoV-2 diagnosis and discharge from isolation.

Statistical analysis

Cases and controls were characterized using descriptive statistics and stratified accord-
ing to the type of nosocomial SARS-CoV-2 infection (probable vs. definitive). Categorical
data were presented using frequency counts and percentages, and continuous data were
presented using median with first and third quartiles. Conditional logistic regression was
used to estimate crude and adjusted odds ratios (ORs) with respective 95% confidence
intervals (ClIs) for the entire sample and separately for probable and definitive nosocomial
sets. We present the results for the crude and adjusted models. First set of adjustment was
conducted for matching variables (admission and index dates and department at index
date), and the final adjustment performed also included stay in non-refurbished rooms,
which was significantly related with nosocomial infection in the crude analysis and could
be a confounder of the evaluated exposures.

Sensitivity analyses were performed to further understand possible risk factors: (a) re-
stricting for those that were in non-refurbished rooms; (b) excluding patients who were in
intensive care in the 14 days previously or at the index date.

Analyses were performed with R software version 4.0.3.3.

3. Results

After excluding nine patients without available controls for pairing, we included
65 cases matched with 219 controls selected from a population of 3089 eligible patients
(Figure 2). Most cases were matched with four controls (59%), and 12% of cases were
matched with one control. Around 25% of patients were controls of more than one case
(most of them of two cases) and three definitive cases were controls from other cases. As
expected, due to the longer hospital length of stay, a lack of controls was more likely to
occur for definitive nosocomial cases.
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Adult hospitalizations with LOS 2 8 days
between 01/08/2020 and 23/12/2020

(n=3951)

- Hospitalizations from long-term care departments, Psychiatry,
Obstetrics, Burns unit, and at-home hospitalizaton (n=471)

Excluded ) ) .
- Patients with no SARS-CoV-2 PCR result on admission (n=52)

A 4

- Patients with positive SARS-CoV-2 PCR test up to 7 days after
admission (n=265)

A

Eligible hospitalizations (n=3163)

v 4
Positive SARS-CoV-2 No positive SARS-
test before discharge CoV-2 test before
(n=74) discharge (n=3089)
v v
Matching criteria:

- Admission date (+/- 3 days)

- LOS until index date (+/- 1 day)

- Hospitalization department at index date
(medical; surgical; intermediate/intensive care)

Ratio case:control 1:4

Excluded Excluded |- SARS-CoV-2 positive tgst within 14 days after the index date
No controls availiable |€ |- No national Health Service number to track results of external
D i SARS-CoV-2 tests
- Death within 14 days after the index date;
v v
65 cases 219 matched
controls
v v 4 v
1 2 3 4
matched matched matched matched
control controls controls controls
N=6 N=2 N=10 N=38

Figure 2. Flowchart for cases and controls selection.

Table 1 presents the distribution of the matching variables in cases and controls. The
highest frequency of cases (22%) was observed between 23 and 29 November (week 48),
followed by 11 cases two weeks earlier and 10 cases three weeks earlier. The median
duration of hospitalization was 14 days for cases and controls; 10 days (interquartile
range 8 to 10 days) for probable nosocomial cases and 23 days (19-30) for definitive
nosocomial cases. Almost 70% of cases occurred in medical departments, particularly in
Internal Medicine, and 25% in surgical departments, most frequently in Urology, General
Surgery, and Neurosurgery (34% of definitive nosocomial cases and 17% of probable
nosocomial cases).
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Table 1. Matching criteria.
Nosocomial Controls
SARS-CoV-2 Cases (0 = 219)
(n = 65) -

Week of the admission date &P 44 (41; 46) 44 (41; 46)
Length of stay until index date ? 14.0 (10.0; 23.4) 14.0 (9.0; 21.0)
Type of department at index date % (n)

Surgical 17 (25.2) 56 (25.6)

Medical 45 (69.2) 156 (71.2)

Intensive care 3 (4.6) 7 (3.2)

2 Median (percentile 25; percentile 75); ® week of the year (within 52 weeks; minimum = 32 (3-9 August 2020);

maximum = 50 (7-13 December 2020)).

Table 2 presents the frequency of different characteristics among cases and controls
in probable nosocomial and definitive nosocomial sets. Most patients were male and over

mostly hypertension, diabetes, and heart failure.

Table 2. Characteristics of cases and controls.

64 years of age. The majority of admissions had been urgent (non-elective) and to medical
departments. Around 80% of cases and controls had one of the studied comorbidities,

SARS-CoV-2 Nosocomial Transmission

Probable Definitive
Controls Cases Controls Cases
(n =114) (n=31) (n =105) (n=34)

Age (years)

18-54 30 (26.3) 6 (19.4) 29 (27.6) 7 (20.6)

55-64 17 (14.9) 6 (19.4) 20 (19.0) 4 (11.8)

65-74 27 (23.7) 5(16.1) 30 (28.6) 11 (32.4)

>75 40 (35.1) 14 (45.2) 26 (24.8) 12 (35.3)
Male 63 (55.3) 17 (54.8) 64 (61.0) 19 (55.9)
Urgent admission 87 (76.3) 28 (90.3) 80 (76.2) 29 (85.3)
Type of admission department

Surgical 21 (18.4) 5(16.1) 23 (21.9) 10 (29.4)

Medical 74 (64.9) 19 (61.3) 53 (50.5) 20 (58.8)

Intensive care 19 (16.7) 7 (22.6) 29 (27.6) 4(11.8)
Dependent patient 78 (68.4) 24 (77.4) 45 (42.9) 13 (38.2)
Comorbidities 95 (83.3) 22 (71.0) 84 (80.0) 29 (85.3)
Arterial hypertension 57 (50.0) 15 (48.4) 53 (50.5) 19 (55.9)
Chronic obstructive pulmonary
disease 15 (13.2) 6 (19.4) 9 (8.6) 3(8.8)
Heart failure 30 (26.3) 6 (19.4) 13 (12.4) 9 (26.5)
Ischemic heart disease 19 (16.7) 5(16.1) 14 (13.3) 4(11.8)
Diabetes mellitus 21 (18.4) 8 (25.8) 34 (32.4) 14 (41.2)
Active neoplasm 34 (29.8) 5(16.1) 29 (27.6) 6 (17.6)
Transplant 4 (3.5) 0(0.0) 5 (4.8) 0(0.0)
Renal replacement therapy 4 (3.5) 0(0.0) 2 (1.9) 1(2.9)
Contextual characteristics
(14 days prior to index date)
Emergency room visit ? 82 (71.9) 28 (90.3)
Surgeries 23 (20.2) 3(9.7) 31 (29.5) 10 (29.4)
Stay in a non-refurbished room 54 (47 .4) 24 (77 .4) 54 (51.4) 20 (58.8)
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Table 2. Cont.
SARS-CoV-2 Nosocomial Transmission
Probable Definitive
Controls Cases Controls Cases
(n=114) (n=31) (n =105) (n=34)
Number of different rooms
1 71 (62.3) 15 (48.4) 59 (56.2) 21 (61.8)
2 34 (29.8) 11 (35.5) 26 (24.8) 9 (26.5)
3 9(7.9) 5(16.1) 20 (19.0) 4 (11.8)
Stay in a shared ward 106 (93.0) 31 (100.0) 100 (95.2) 34 (100.0)
Maximum number of beds in room
1 8 (7.0) 0(0.0) 5 (4.8) 0(0.0)
2-4 39 (34.2) 8 (25.8) 42 (40) 16 (47.1)
5-9 51 (44.7) 17 (54.8) 32 (30.5) 15 (44.1)
>10 16 (14) 6 (19.4) 26 (24.8) 3 (8.8)
Contact with other patients 106 (93.0) 31 (100.0) 100 (95.2) 33(97.1)
Duration of contact (hours)
<750 60 (56.6) 16 (51.6) 39 (39.0) 13 (39.4)
751-1500 34 (32.1) 12 (38.7) 33 (33.0) 14 (42.4)
>1500 12 (11.3) 3(9.7) 28 (28.0) 6 (18.2)
Contact with patients exposed to
high-risk procedures 64 (56.1) 21 (67.7) 51 (48.6) 18 (52.9)
Contact with SARS-CoV-2-positive
patients already discharged from 30 (26.3) 14 (45.2) 9 (8.6) 6 (17.6)
isolation
Contact with newly diagnosed 12 (10.5) 9.(29.0) 12 (11.4) 12 (35.3)

SARS-CoV-2-positive patients

2 Only for probable cases and respective controls.

In the 14-day risk period, 90% of probable nosocomial cases and 72% of controls had
been to the emergency room. One fifth of the cases had undergone surgery (10% of probable
and 30% of definitive nosocomial cases), as well as 25% of the controls. Around half of
the controls and 68% of the cases were in a non-refurbished room. All the cases and 94%
of the controls stayed in shared rooms. Patient transfer between rooms was frequent and
occurred in 44% and 40% of the cases and controls. Around 30% of the cases were in contact
with SARS-CoV-2-positive patients that were already discharged from isolation (vs. 18% of
the controls). Almost 1/3 of the cases were in contact a patient who had a newly diagnosed
SARS-CoV-2 infection during contact (vs. 11% of the controls).

Table 3 presents the characteristics significantly associated with risk of acquisition of
SARS-CoV-2 infection at the hospital, taking into account the confounding effect of type of
department, date of admission, length of stay (model 2), and stay in non-refurbished wards
(model 3). A full analysis, including all individual and contextual characteristics analyzed,
can be found in Supplementary Table S2. We observed that no individual characteristic
was related with nosocomial acquisition of SARS-CoV-2. Regarding contextual variables,
having shared a room with patients who were newly diagnosed with SARS-CoV-2 infection
during contact was the only risk factor for nosocomial infection, with association being
found both among probable and definitive nosocomial cases. This association was evident
even after adjusting for matching variables and potential confounders (OR 3.84 crude and
3.35 adjusted analysis for probable nosocomial cases, and OR 10.17 crude and 9.92 adjusted
analysis for definitive nosocomial cases).
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Table 3. Characteristics associated with risk for nosocomial SARS-CoV-2 acquisition.
Probable (n = 145) Definitive (n = 139)
Crude Analysis M22 M3 P Crude Analysis M2? M3P
Stay in non-refurbished wards 4.16 478 358 127 114 0.72
y (1.59-10.85) (1.65-13.83) (1.18-10.87) (0.57-2.81) (0.49-2.66) (0.27-1.91)
ggﬁiisrjé;(\)f?gjpv;;tiﬁve patients 273 32 251 244 2.23 227
already discharged from isolation (1-7.48) (1.03-9.92) (0.78-8.03) (0.75-7.94) (0.68-7.38) (0.65-7.93)
Sharing room with newly diagnosed 3.84 3.85 3.35 10.17 9.91 9.92
SARS-CoV-2-positive patients (1.37-10.72) (1.35-11.02) (1.09-10.3) (2.2-46.97) (2.13-46.2) (2.11-46.55)

b

2 After adjusting for matching variables; ° after adjusting for matching variables and stay in non-

refurbished wards.

Additionally, for the probable nosocomial group, having stayed in a non-refurbished
room at least once was associated with the acquisition of infection in the crude (OR 4.16)
and adjusted analysis (OR 3.58). This association was not found in the definitive nosoco-
mial group.

Having shared a room with SARS-CoV-2-positive patients already discharged from
isolation and having visited the emergency room in the 14 days prior to the index date were
positively associated with acquisition of SARS-CoV-2 infection in the probable nosocomial
group in the crude model, but these associations lost significance after adjustment.

Restricting the analysis to patients who had been admitted to non-refurbished wards
showed no positive association with risk factors (Table S2). In the analysis which excluded
patients with a stay in intensive care in the 14 days prior to the positive test, acquisition
of nosocomial SARS-CoV-2 was associated with the same risk factors found in the crude
analysis of the whole dataset: stay in a non-refurbished room, sharing a room with a newly
diagnosed SARS-CoV-2-infected patient, and sharing a room with a SARS-CoV-2-infected
patient who had been discharged from isolation (Table S3).

4. Discussion

This study strengthens the notion that intra-hospital transmission is dependent mostly
on contextual characteristics as opposed to individual vulnerability.

The only factor associated both with probable and definitive nosocomial infection was
sharing a room with newly diagnosed SARS-CoV-2 patients. This has been recognized as a
major driver of nosocomial transmission of SARS-CoV-2. Risk of positivity in roommates
of patients with newly diagnosed SARS-CoV-2 infections was estimated to be 40% in an
institution with single or double rooms [14]. Hospital transmission occurs in clusters,
and nosocomial outbreaks may have higher Rt than what is observed in community
transmission [6].

Early recognition and isolation of SARS-CoV-2 patients is therefore a key step in
preventing nosocomial transmission. At the height of the pandemic, widespread strategies
included screening on admission, frequent testing during hospitalization, and contact
tracing, but their efficacy can be hindered by the risk of transmission from asymptomatic
or paucisymptomatic patients, which can last for several days [15,16]. Healthcare workers
can also be a source of outbreaks or links in nosocomial chains of transmission [6]. Since
healthcare workers were not routinely tested in our institution, we cannot estimate their
putative contribution. During periods of elevated community transmission, universal test-
ing is a valid complement to daily symptom screening as strategies to hasten identification
and isolation of patients with acute SARS-CoV-2 infection, especially if broad criteria are
used and if asymptomatic patients are included [6,17].

Room conditions were associated with increased risk but only among probable noso-
comial cases. For other types of nosocomial respiratory infections, rooms’ occupancy and
bed distance, supporting ventilation systems, and type of materials/equipment have been
recognized as important drivers of transmission [5]. In particular, improved ventilation has
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been postulated as an important measure in curbing indoor transmission of SARS-CoV-2,
including in the hospital setting [18]. Reducing the number of patients per room lowers the
number of patients exposed to any given SARS-CoV-2 case. Also, increasing the availability
of single-patient rooms has been recognized as an effective measure in the prevention of
nosocomial transmission of infections, including SARS-CoV-2 [19,20]. Surprisingly, the
risk of transmission was not specifically associated with the number of beds per room in
our study, which may point to the importance of the role played by air conditioning with
high-efficiency particulate air filters and non-shared bathrooms in reducing transmission
in the refurbished rooms.

We observed an unexpected association between the risk of nosocomial acquisition of
SARS-CoV-2 and contact with patients with prior SARS-CoV-2 infection already discharged
from isolation. This association was only found in the probable nosocomial infection group
(where it lost significance after adjustment) and in the sensitivity analysis, where patients
who had exposure to intensive care during the risk period were excluded.

The duration of infectivity in SARS-CoV-2 infection is disputed: viable virus shedding,
a surrogate marker of infectivity, is thought not to surpass 10 days in non-severe cases in
immunocompetent patients [21] and 20 days in severe or critical cases [22] for pre-omicron
strains. Some agencies such as the ECDC have recommended antigen testing before
discharge from isolation [23], which was not routinely performed during the study period
in our institution. For severely immunosuppressed patients, a negative molecular test was
required for terminating isolation precautions, along with a 14-day period after symptom
onset and clinical improvement. However, cases of viable virus shedding persisting for
months have been reported [24-26] in this patient population. Therefore, it is possible that
some of the roommates already discharged from SARS-CoV-2 isolation were still shedding
viable virus and posed a transmission risk.

The main strength of our study was the possibility to include in the analysis contextual
factors which are cumbersome to obtain through manual review of electronic health records.
However, errors in automatic processes of data extraction, such as those related to recording,
may be difficult to correct. Manual review was performed in order to correct incongruent
data, but we cannot exclude the possibility that some errors might have persisted and
resulted in misclassification of the evaluated characteristics.

This case-control study used a density incident sampling process, which allowed
us to select a representative sample of patients at risk within the cohort of interest, min-
imizing bias related to its retrospective nature. Additionally, several contextual factors
change during hospital stay, and it is often impossible to retrieve from databases the exact
hospitalization moment when an exposure occurred. This study was able to define the
exposure in the 14 days before the index date, decreasing reverse causation and improving
causal reasoning.

Our study has several limitations. Firstly, this study was not an outbreak investigation
and, thus, did not intend to evaluate transmission as an individual event for each patient.
However, staying in a room or ward where an outbreak is ongoing would likely be an
independent risk factor for SARS-CoV-2 acquisition, as described in a recent paper by
Aghdassi et al. [27]. Also, outbreaks were not labeled as such in our database, and therefore,
we were unable to differentiate between exposure to one newly diagnosed SARS-CoV-
2 patient and exposure to ongoing transmission with several cases. Additionally, our
study was probably underpowered to detect relevant associations, as shown by the wide
confidence intervals in our outcome measures. Moreover, some relevant comorbidities
such as obesity were not systematically recorded in the electronic records and, therefore,
not studied as potential risk factors. Furthermore, healthcare workers were not tested
routinely, and we were not able to assess which patients we in contact with healthcare
workers diagnosed with SARS-CoV-2 infection, since it is also not possible to retrieve
patient-healthcare worker contact information from our electronic records. Similarly, we
were unable to study the role of visitors in transmission, but this mechanism likely played
a minor role during the study period, since visits to the hospital were restricted according
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to national policy. In addition, specific hospital areas such as long-term care departments
were excluded from the analysis due to their different characteristics and low incidence of
nosocomial SARS-CoV-2 during the study period. Nosocomial SARS-CoV-2 transmission
in those settings might be driven by different risk factors which should be assessed in
further studies. Finally, the behavior of the pandemic during the study period is likely
divergent from what would be currently found, or from what would be found in the future,
due to different circulating SARS-CoV-2 strains and the onset of vaccination. However, the
incidence of nosocomial cases has been reported to remain high even with more-recent
strains and in vaccinated populations [28], particularly after discontinuation of infection
control measures [29,30]. In these contexts, despite significantly lower severity, SARS-CoV-
2 mortality is still relevant in certain patient populations [28], and therefore, it remains
relevant to understand which features of the hospital setting are driving transmission.

In conclusion, early identification of SARS-CoV-2-positive patients is likely the main
tool in mitigating nosocomial transmission. Testing policy should be informed by local epi-
demiology, and an increase in the number of cases should be met with routine frequent and
transversal testing within the hospital. Also, our results are consistent with the literature
that suggests that building or renovating hospital structures according to the principles of
infection prevention will play a role in mitigating transmission of respiratory viruses.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm13175251/s1, Figure S1: Controls selection criteria; Table S1:
List of clinical procedures with risk of generating aerosols; Table S2: Analysis restricted to patients
in non-refurbished wards; Table S3: Analysis excluding patients who had been in intensive care in
the previous 14 days. Table S4. Analysis excluding patients who had been in intensive care in the
previous 14 days.

Author Contributions: Conceptualization, FA.,S.C., R.D., PA,, N.R-P,, CL.-A. and A A ; method-
ology, FA,S.C,CL,MG., AP,RD, PA, N.R.-P, CL.-A. and A.A; software, S.C., C.L. and A.P;
validation, EA., S.C. and C.L.; formal analysis, F.A., S.C. and C.L.; writing—original draft preparation,
F.A. and S.C.; writing—review and editing, FA., S.C., C.L, M.G,, RD., PA,, N.R.-P, C.L.-A. and
A.A; supervision, C.L.-A. and A.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by FCT—Fundacao para a Ciéncia e Tecnologia, L.P. through
the projects with references UIDB/04750/2020 and LA /P/0064/2020 and DOI identifiers https:
//doi.org/10.54499 /UIDB/04750/2020 and https:/ /doi.org/10.54499 /LA /P /0064 /2020.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Centro Hospitalar de Sao Joao on 18 February
2021 (CE-20-2021).

Informed Consent Statement: Patient consent was waived due to the retrospective nature of
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to ethical reasons.

Conflicts of Interest: F.A. has received honoraria from lectures from Pfizer. S.C. and C.L. have
contracts with IQVIA II TECNOLOGY SOLUTIONS PORTUGAL, UNIP, LDA. M.G. has received
consulting fees for research in mental health policies by The Health Policy Partnership and has a
contract agreement as a clinical researcher in PrIMAVeRa project GA 101034420; R.D. has received
honoraria for lectures from Associacao de Infeciologistas do Norte, Portugal, and has participated in
a Data Safety Monitoring Board or Advisory Board (Astarte Study). N.R.-P. has received support for
attending meetings and travel from Merck and honoraria from lectures from Merck and Pfizer.

1.  Rhee, C; Baker, M.; Vaidya, V.; Tucker, R.; Resnick, A.; Morris, C.A.; Klompas, M.; The CDC Prevention Epicenters Program.
Incidence of Nosocomial COVID-19 in Patients Hospitalized at a Large US Academic Medical Center. JAMA Netw. Open 2020, 3,
€2020498. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/jcm13175251/s1
https://www.mdpi.com/article/10.3390/jcm13175251/s1
https://doi.org/10.54499/UIDB/04750/2020
https://doi.org/10.54499/UIDB/04750/2020
https://doi.org/10.54499/LA/P/0064/2020
https://doi.org/10.1001/jamanetworkopen.2020.20498
https://www.ncbi.nlm.nih.gov/pubmed/32902653

J. Clin. Med. 2024, 13, 5251 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Rickman, H.M.; Rampling, T.; Shaw, K.; Martinez-Garcia, G.; Hail, L.; Coen, P.; Shahmanesh, M.; Shin, G.Y.; Nastouli, E.; Houlihan,
C.F. Nosocomial Transmission of Coronavirus Disease 2019: A Retrospective Study of 66 Hospital-acquired Cases in a London
Teaching Hospital. Clin. Infect. Dis. 2021, 72, 690-693. [CrossRef] [PubMed]

Taylor, J.; Rangaiah, J.; Narasimhan, S.; Clark, J.; Alexander, Z.; Manuel, R.; Balasegaram, S. Nosocomial COVID-19: Experience
from a large acute NHS Trust in South-West London. J. Hosp. Infect. 2020, 106, 621-625. [CrossRef] [PubMed]

Cooper, B.S; Evans, S.; Jafari, Y.; Pham, TM.; Mo, Y.; Lim, C.; Pritchard, M.G.; Pople, D.; Hall, V.; Stimson, J.; et al. The burden
and dynamics of hospital-acquired SARS-CoV-2 in England. Nature 2023, 623, 132-138. [CrossRef]

Yu, I.T,; Xie, Z.H.; Tsoi, K.K,; Chiu, Y.L.; Lok, SSW,; Tang, X.P,; Hui, D.S; Lee, N.; Li, YM.; Huang, Z.T.; et al. Why did outbreaks
of severe acute respiratory syndrome occur in some hospital wards but not in others? Clin. Infect. Dis. 2007, 44, 1017-1025.
[CrossRef] [PubMed]

Abbas, M.; Nunes, T.R.; Martischang, R.; Zingg, W.; Iten, A.; Pittet, D.; Harbarth, S. Nosocomial transmission and outbreaks of
coronavirus disease 2019: The need to protect both patients and healthcare workers. Antimicrob. Resist. Infect. Control 2021, 10, 7.
[CrossRef]

Hawkins, L.P.A,; Pallett, S.J.C.; Mazzella, A.; Anton-Vazquez, V.; Rosas, L.; Jawad, S.M.; Shakespeare, D.; Breathnach, A.S.
Transmission dynamics and associated mortality of nosocomial COVID-19 throughout 2021: A retrospective study at a large
teaching hospital in London. |. Hosp. Infect. 2023, 133, 62—69. [CrossRef]

Wolfensberger, A.; Kufner, V.; Zaheri, M.; Zeeb, M.; Nortes, I.; Schreiber, PW.; Vazquez, M.; Schérer, V.; Scheier, T.; Schmutz, S.;
et al. Nosocomial COVID-19 Incidence and Secondary Attack Rates among Patients of Tertiary Care Center, Zurich, Switzerland.
Emerg. Infect. Dis. 2022, 28, 2087-2090. [CrossRef]

Yek, C. Risk Factors for Severe COVID-19 Outcomes Among Persons Aged >18 Years Who Completed a Primary COVID-19
Vaccination Series—465 Health Care Facilities, United States, December 2020-October 2021. MMWR Morb. Mortal. Wkly. Rep.
2022, 71, 19-25. [CrossRef]

Huang, Q.; Mondal, A; Jiang, X.; Horn, M.A; Fan, E; Fu, P.; Wang, X.; Zhao, H.; Ndeffo-Mbah, M.; Gurarie, D. SARS-CoV-2
transmission and control in a hospital setting: An individual-based modelling study. R. Soc. Open Sci. 2021, 8, 201895. [CrossRef]
Li, Q.; Wang, L.; Wang, B.; Lu, H. The COVID-19-designated hospitals in China: Preparing for public health emergencies. Emerg.
Microbes Infect. 2021, 10, 998-1001. [CrossRef] [PubMed]

Kaito, D.; Matsumura, K.; Yamamoto, R. Hospital Preparedness for COVID-19: The Known and The Known Unknown. Keio J.
Med. 2021, 70, 25-34. [CrossRef]

Cheng, V.C.; Wong, S.; Tong, D.W.; Chuang, VW.; Chen, ] H; Lee, L.L.; To, KK,; Hung, L.E; Ho, P,; Yeung, D.T,; et al. Multipronged
infection control strategy to achieve zero nosocomial coronavirus disease 2019 (COVID-19) cases among Hong Kong healthcare
workers in the first 300 days of the pandemic. Infect. Control Hosp. Epidemiol. 2022, 43, 334-343. [CrossRef] [PubMed]

Karan, A.; Klompas, M.; Tucker, R.; Baker, M.; Vaidya, V.; Rhee, C. The Risk of Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) Transmission from Patients With Undiagnosed Coronavirus Disease 2019 (COVID-19) to Roommates in a Large
Academic Medical Center. Clin. Infect. Dis. 2022, 74, 1097-1100. [CrossRef] [PubMed]

Xin, H.; Wong, J.Y.; Murphy, C.; Yeung, A.; Ali, S.T.; Wu, P.; Cowling, B.J. The Incubation Period Distribution of Coronavirus
Disease 2019: A Systematic Review and Meta-analysis. Clin. Infect. Dis. 2021, 73, 2344-2352. [CrossRef] [PubMed]

Hart, W.S.; Maini, PK.; Thompson, R.N. High infectiousness immediately before COVID-19 symptom onset highlights the
importance of continued contact tracing. Elife 2021, 10, e65534. [CrossRef]

Grassly, N.C.; Pons-Salort, M.; Parker, E.P.K.; White, PJ.; Ferguson, N.M.; Imperial College COVID-19 Response Team. Comparison
of molecular testing strategies for COVID-19 control: A mathematical modelling study. Lancet Infect. Dis. 2020, 20, 1381-1389.
[CrossRef]

Aghalari, Z.; Dahms, H.U.; Sosa-Hernandez, J.E.; Oyervides-Munoz, M.A.; Parra-Saldivar, R. Evaluation of SARS-COV-2
transmission through indoor air in hospitals and prevention methods: A systematic review. Environ. Res. 2021, 195, 110841.
[CrossRef]

Stiller, A.; Salm, E; Bischoff, P.; Gastmeier, P. Relationship between hospital ward design and healthcare-associated infection rates:
A systematic review and meta-analysis. Antimicrob. Resist. Infect. Control 2016, 5, 51. [CrossRef]

Evans, S.; Agnew, E.; Vynnycky, E.; Stimson, ].; Bhattacharya, A.; Rooney, C.; Warne, B.; Robotham, J. The impact of testing and
infection prevention and control strategies on within-hospital transmission dynamics of COVID-19 in English hospitals. Philos.
Trans. R. Soc. B 2021, 376, 20200268. [CrossRef]

Cevik, M.; Tate, M.; Lloyd, O.; Maraolo, A.E.; Schafers, ].; Ho, A. SARS-CoV-2, SARS-CoV, and MERS-CoV viral load dynamics,
duration of viral shedding, and infectiousness: A systematic review and meta-analysis. Lancet Microbe 2021, 2, e13—e22. [CrossRef]
van Kampen, J.J.; van de Vijver, D.A; Fraaij, P.L.; Haagmans, B.L.; Lamers, M.M.; Okba, N.; van den Akker, J.P.; Endeman, H.;
Gommers, D.A.; Cornelissen, ].J.; et al. Duration and key determinants of infectious virus shedding in hospitalized patients with
coronavirus disease-2019 (COVID-19). Nat. Commun. 2021, 12, 267. [CrossRef]

Choi, B.; Choudhary, M.C.; Regan, J.; Sparks, J.A.; Padera, R.F; Qiu, X.; Solomon, I.H.; Kuo, H.H.; Boucau, J.; Bowman, K ; et al.
Persistence and Evolution of SARS-CoV-2 in an Immunocompromised Host. New Engl. ]. Med. 2020, 383, 2291-2293. [CrossRef]
[PubMed]


https://doi.org/10.1093/cid/ciaa816
https://www.ncbi.nlm.nih.gov/pubmed/32562422
https://doi.org/10.1016/j.jhin.2020.08.018
https://www.ncbi.nlm.nih.gov/pubmed/32841703
https://doi.org/10.1038/s41586-023-06634-z
https://doi.org/10.1086/512819
https://www.ncbi.nlm.nih.gov/pubmed/17366443
https://doi.org/10.1186/s13756-020-00875-7
https://doi.org/10.1016/j.jhin.2022.12.014
https://doi.org/10.3201/eid2810.220321
https://doi.org/10.15585/mmwr.mm7101a4
https://doi.org/10.1098/rsos.201895
https://doi.org/10.1080/22221751.2021.1931467
https://www.ncbi.nlm.nih.gov/pubmed/33993856
https://doi.org/10.2302/kjm.2020-0011-OA
https://doi.org/10.1017/ice.2021.119
https://www.ncbi.nlm.nih.gov/pubmed/33736729
https://doi.org/10.1093/cid/ciab564
https://www.ncbi.nlm.nih.gov/pubmed/34145449
https://doi.org/10.1093/cid/ciab501
https://www.ncbi.nlm.nih.gov/pubmed/34117868
https://doi.org/10.7554/eLife.65534
https://doi.org/10.1016/S1473-3099(20)30630-7
https://doi.org/10.1016/j.envres.2021.110841
https://doi.org/10.1186/s13756-016-0152-1
https://doi.org/10.1098/rstb.2020.0268
https://doi.org/10.1016/S2666-5247(20)30172-5
https://doi.org/10.1038/s41467-020-20568-4
https://doi.org/10.1056/NEJMc2031364
https://www.ncbi.nlm.nih.gov/pubmed/33176080

J. Clin. Med. 2024, 13, 5251 12 of 12

24.

25.

26.

27.

28.

29.

30.

Leung, W.E; Chorlton, S.; Tyson, J.; Al-Rawahi, G.N.; Jassem, A.N.; Prystajecky, N.; Masud, S.; Deans, G.D.; Chapman, M.G,;
Mirzanejad, Y.; et al. COVID-19 in an immunocompromised host: Persistent shedding of viable SARS-CoV-2 and emergence of
multiple mutations: A case report. Int. J. Infect. Dis. 2022, 114, 178-182. [CrossRef]

Hensley, M.K,; Bain, W.G.; Jacobs, J.; Nambulli, S.; Parikh, U.; Cillo, A.; Staines, B.; Heaps, A.; Sobolewski, M.D.; Rennick, L.J.;
et al. Intractable Coronavirus Disease 2019 (COVID-19) and Prolonged Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) Replication in a Chimeric Antigen Receptor-Modified T-Cell Therapy Recipient: A Case Study. Clin. Infect. Dis.
2021, 73, e815-e821. [CrossRef] [PubMed]

European Centre for Disease Prevention and Control Guidance on Ending the Isolation Period for People with COVID-19, Third
Update. 2022. Available online: https://www.ecdc.europa.eu/en/publications-data/covid-19-guidance-discharge-and-ending-
isolation (accessed on 16 January 2024).

Aghdassi, S.J.S.; Schwab, E.; Pefia Diaz, L.A.; Brodzinski, A.; Fucini, G.B.; Hansen, S.; Kohlmorgen, B.; Piening, B.; Schlosser,
B.; Schneider, S.; et al. Risk factors for nosocomial SARS-CoV-2 infections in patients: Results from a retrospective matched
case-control study in a tertiary care university center. Antimicrob. Resist. Infect. Control 2022, 11, 9. [CrossRef]

Dave, N.; Sjcholm, D.; Hedberg, P.; Ternhag, A.; Granath, F.; Verberk, J.D.; Johansson, A.F.; van der Werff, S.D.; Nauclér, P.
Nosocomial SARS-CoV-2 Infections and Mortality During Unique COVID-19 Epidemic Waves. JAMA Netw. Open 2023, 6,
€2341936. [CrossRef] [PubMed]

Smith, D.R.M.; Duval, A.; Grant, R.; Abbas, M.; Harbarth, S.; Opatowski, L.; Temime, L. Predicting consequences of COVID-19
control measure de-escalation on nosocomial transmission and mortality: A modelling study in a French rehabilitation hospital. J.
Hosp. Infect. 2024, 147, 47-55. [CrossRef] [PubMed]

Pak, T.R.; Rhee, C.; Wang, R.; Klompas, M. Discontinuation of Universal Admission Testing for SARS-CoV-2 and Hospital-Onset
COVID-19 Infections in England and Scotland. JAMA Intern. Med. 2023, 183, 877-880. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ijid.2021.10.045
https://doi.org/10.1093/cid/ciab072
https://www.ncbi.nlm.nih.gov/pubmed/33507235
https://www.ecdc.europa.eu/en/publications-data/covid-19-guidance-discharge-and-ending-isolation
https://www.ecdc.europa.eu/en/publications-data/covid-19-guidance-discharge-and-ending-isolation
https://doi.org/10.1186/s13756-022-01056-4
https://doi.org/10.1001/jamanetworkopen.2023.41936
https://www.ncbi.nlm.nih.gov/pubmed/37948082
https://doi.org/10.1016/j.jhin.2024.02.020
https://www.ncbi.nlm.nih.gov/pubmed/38467250
https://doi.org/10.1001/jamainternmed.2023.1261

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

