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A B S T R A C T   

Objectives: Despite the quick implementation of infection prevention and control procedures and the use of 
personal protective equipment within healthcare facilities, many cases of nosocomial COVID-19 transmission 
have been reported. We aimed to estimate the frequency and impact of healthcare-associated COVID-19 (HA- 
COVID-19) and evaluate the contribution of whole-genome sequencing (WGS) in cluster investigation. 
Methods: We estimated the frequency and mortality of HA-COVID-19 infections from September 1 to November 
30, 2020, with a focus on the evolution of hospitalized community-associated COVID-19 (CA-COVID-19) cases 
and cases detected among healthcare workers (HCWs) within the Sorbonne University Hospital Group (Paris, 
France). We thoroughly examined 12 clusters through epidemiological investigations and WGS. 
Results: Overall, 209 cases of HA-COVID-19 were reported. Evolution of HA-COVID-19 incidence closely corre
lated with the incidence of CA-COVID-19 and COVID-19 among HCWs. During the study period, 13.9 % of 
hospitalized patients with COVID-19 were infected in the hospital and the 30-day mortality rate of HA-COVID-19 
was 31.5 %. Nosocomial transmission of SARS-CoV-2 led to clusters involving both patients and HCWs. WGS 
allowed the exclusion of one-third of cases initially assigned to a cluster. 
Conclusions: WGS analysis combined with comprehensive epidemiological investigations is essential to under
stand transmission routes and adapt the IPC response to protect both patients and HCWs.   

1. Introduction 

In December 2019, the severe acute respiratory syndrome corona
virus 2 (SARS-CoV-2) was identified in the city of Wuhan, China, 
following a pneumonia outbreak of unknown etiology (Zhu et al., 2020). 
Within two months, this novel coronavirus spread throughout the world 
and the World Health Organization (WHO) declared the associated 

illness, known now as COVID-19 (coronavirus disease 2019), a global 
pandemic on March 11, 2020. Three SARS-CoV-2 infected patients were 
reported on January 24 in France, the first confirmed cases in Europe 
(Bernard Stoecklin et al., 2020). Since then, COVID-19 has caused five 
epidemic waves in France, leading to more than 18,000,000 confirmed 
cases, 128,000 deaths, and major socio-economic issues (WHO Coro
navirus (COVID-19) Dashboard, 2021). 
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The COVID-19 pandemic has placed a heavy burden on hospitals and 
has posed unprecedented challenges for infection prevention and con
trol (IPC). Despite the early implementation of IPC strategies and the use 
of personal protective equipment (PPE), healthcare-associated COVID- 
19 (HA-COVID-19) has been a cause of public health concern since the 
beginning of the pandemic. The occurrence of nosocomial transmission 
of COVID-19, affecting both healthcare workers (HCWs) and patients, 
has been well described (Heinzerling et al., 2020; Meredith et al., 2020; 
Paltansing et al., 2021). Frontline healthcare workers have a higher risk 
of infection and hospitalization due to COVID-19 than the general 
community, affecting both their physical and mental health (Nguyen 
et al., 2020; Shah et al., 2020; Xiong et al., 2021). In addition, recent 
studies suggest that, due to their relative frailty and older age, inpatients 
with HA-COVID-19 have a higher mortality rate than those with 
community-associated (CA-COVID-19) infections (Rickman et al., 2021; 
Ponsford et al., 2021). 

Whole-genome sequencing (WGS) has proven to be an efficient tool 
to track SARS-CoV-2 nosocomial outbreaks (Løvestad et al., 2021; Lucey 
et al., 2021; Borges et al., 2021). Combined with comprehensive 
epidemiological investigations, WGS of SARS-CoV-2 strains from HCWs 
and patients has provided a better understanding of transmission 
patterns. 

The primary objective of this observational study was to estimate the 
frequency and mortality of HA-COVID-19 infections over a three-month 
period within the Sorbonne University Hospital Group (GH-SU, Paris, 
France). The secondary objective was to investigate clusters of HA- 
COVID-19 by WGS to elucidate the transmission routes of SARS-CoV-2. 

2. Methods 

We followed the ORION statement guidelines for transparent 
reporting of outbreaks and nosocomial infection (Stone et al., 2007). 

2.1. Institutional settings 

The study was carried out at GH-SU, a 2,448-bed, university- 
affiliated public hospital, composed of seven different healthcare facil
ities (Saint-Antoine, Pitié-Salpêtrière, Charles Foix, La Roche-Guyon, 
Tenon, Armand-Trousseau and Rothschild Hospitals) located in the 
eastern part of Paris, France. In total, 18,770 HCWs work in the group, 
including 12,340 nurses and nurse-assistants, 2930 senior medical 
doctors, 900 residents, and 2600 administrative/technical workers. In 
2020, the group recorded 131,939 admissions for a total of 1,109,986 
hospitalization-days and 179,184 visits to the emergency room. 

2.2. Study design 

We performed a retrospective analysis of all laboratory-confirmed 
HA-COVID-19 cases between September 1 and November 30, 2020. As 
part of this study, CA-COVID-19 inpatients, and cases of COVID-19 
occurring in HCWs, were also recorded. A HA-COVID-19 case was 
defined as a patient admitted without symptoms suggestive of COVID-19 
who had a SARS-CoV-2 positive PCR test at least three days (possible HA 
case) or 14 days (definite HA case) after admission. A case was consid
ered to be symptomatic if symptoms suggestive of COVID-19 (fever, 
cough, sore throat, headache, myalgia, anosmia, ageusia, and diarrhea) 
were present. A cluster was defined by two or more cases of HA-COVID- 
19 in two patients (or in one patient and one HCW) from the same ward 
within 14 days. During the study period, visits to patients were limited 
to those for compassionate purposes. Wearing surgical masks was 
mandatory for all HCWs, except during aerosol-generating treatments 
and procedures (endotracheal intubation / suction, bronchoscopy, non- 
invasive ventilation, aerosol therapy, etc.) where FFP2 masks were used. 
Contact and droplet precautions were required when managing sus
pected or confirmed cases of COVID-19. 

2.3. Contact tracing and epidemiological data 

Socio-demographic data, as well as administrative data related to the 
hospital stay, were extracted from the hospital information system 
(ORBIS, Dedalus, Healthcare Systems Group). The infection control staff 
investigated all HA-COVID-19 cases and COVID-19 cases among HCWs 
and identified contacts. A contact was defined as an HCW or patient who 
spent at least 15 min face to face at a distance <2 m with a COVID-19 
case (i.e., starting 48 h before symptoms onset or seven days before a 
positive PCR if asymptomatic) without any mask or patients who shared 
a multi-bed room. All contacts were immediately tested for SARS-CoV-2 
and testing was repeated seven days later if the first test was negative. In 
the event of a cluster, all patients and HCWs from the same ward were 
systematically tested. 

Data concerning CA-COVID-19 cases hospitalized in the hospital 
group during the study period were extracted from the French National 
Uniform Hospital Discharge Database (PMSI). 

2.4. Statistical analysis 

The times of occurrence of an event (e.g., time between admission 
and HA-COVID-19 diagnosis or time between HA-COVID-19 diagnosis 
and death) were considered right-censored variables. They were 
modeled according to the Kaplan-Meier estimator and, when possible, 
are described according to the median and its 95 % confidence interval 
(95 %CI). Incidence is expressed as the number of weekly cases and as 
the ratio per 100 hospitalized patients. The dates of diagnosis of both 
HA-COVID-19 cases and cases occurring among HCWs were based on the 
first positive PCR test, whereas the dates of CA-COVID-19 diagnosis 
were determined by the hospital admission date. The peak date of the 
incidence curve was estimated using a bootstrap resampling method. 
The growth rate was assessed by fitting an exponential model (log(y) =

r * t + b) to the incidence data. Two models were fitted on either side of 
the epidemic peak: the doubling and halving times were assessed. All 
statistical analyses were performed using R (R Foundation for Statistical 
Computing, Vienna, Austria) v4.0.5, in particular, the ‘incidence’ 
package (Kamvar et al., 2019). 

2.5. Whole-genome sequencing 

Complete genome sequencing was performed on 114 samples using 
the Illumina RNA Prep with Enrichment kit (Ref: 20040537, Illumina) 
and Respiratory Virus Oligos Panel V2 (ref: 20044311, Illumina) on a 
NovaSeq instrument (2 × 100 bp). Consensus sequences were generated 
by mapping the reads using Bowtie v.2.3.4.3 (Langmead and Salzberg, 
2012) against the Wuhan-Hu-1 reference sequence (NC_045512.2) and 
BCFtools v1.10.2 (Danecek et al., 2021) for variant calling. The 127 
SARS-CoV-2 genomes have been deposited in the GISAID database. 
Nextstrain classification (Hadfield et al., 2018) was used to assign a 
lineage to each SARS-CoV-2 strain. 

2.6. Phylogenetic analysis 

SARS-CoV-2 genomes were aligned using mafft v7.450 (Katoh and 
Standley, 2013) with 586 European sequences from January to 
December 2020 extracted from the GISAID database. The resulting 
alignment was then fed into IQTREE v2.0 using a GTR+G nucleotide 
substitution model, 1000 bootstrap replicates, and the Wuhan-Hu-1 
reference sequence (NC_045512.2) as an outgroup to produce a 
maximum likelihood (ML) tree. The corresponding tree was annotated 
using the iTOL v6 online tool (Letunic and Bork, 2021). Monophyletic 
clades in the ML tree within which the maximum pairwise distances 
between sequences did not exceed 1e-4 substitutions per base (i.e., 3 
substitutions per genome) were considered to be clonally related. Pair
wise single nucleotide substitution (SNP) matrices were obtained using 
pairsnp v0.2.0 (Tonkin-Hill, 2021). 
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2.7. Ethical approval 

The study was declared to the Data Protection Commission (Number 
20210218113547). Data were recorded as part of the hospital’s routine 
for outbreak investigation. 

3. Results 

3.1. Case detection and epidemiological investigation 

From September 1 to November 30, 2020, 209 incident cases of HA- 
COVID-19 (71 possible and 138 definite) were detected. The median age 
of HA-COVID-19 cases was 79.6 years [95 %CI 63.5–87.4] and the sex 
ratio (M/F) 0.74. Among the 209 HA-COVID-19 cases, 138 (66.0 %) 
occurred in adults with short hospital stays, 65 (31.1 %) in patients from 
medium and long-term care facilities, and 6 (2.9 %) in pediatric patients. 
The median time to a HA-COVID-19 diagnosis from hospital admission 
was 23 days [95 %CI 20–27]. Among the 209 HA-COVID-19 cases, 127 
(60.8 %) developed typical clinical signs of COVID-19 before or in the 
days following a positive PCR test. Most (n = 187, 85.2 %) cases were 
part of a cluster. Thirty-one clusters were identified and the median 
number of patients/HCWs within a cluster was 4 [95 %CI 2.5–6.0]. 
Forty-four (31.5 %) patients died (all-cause mortality) within 30 days 
after their first positive PCR test and death was attributable to COVID-19 
infection for 90 % according to the infection-control unit practitioner 
and the medical doctor in charge of patients. The median time to death 
was 83 days [95 %CI 50 – NA] from diagnosis. 

Fig. 1. Healthcare-associated COVID-19 weekly incidence. Evolution of the 
weekly incidence of healthcare-associated COVID-19 cases, community- 
associated COVID-19 hospitalized patients, and COVID-19 infections among 
healthcare workers, from ISO week 36 to ISO week 49, 2020. HA-COVID: 
healthcare-associated COVID-19, CA-COVID: community-acquired COVID-19, 
HCW: healthcare workers with COVID-19 infection. The X axis represents the 
time by ISO week from week 36 to week 49 and the Y axis the incidence levels 
expressed as the number of cases per week. 

Fig. 2. Daily growth rate and doubling/halving 
time of COVID-19 infections healthcare- 
associated, community-associated and among 
HCWs. Estimation of the daily growth rate and 
doubling or halving time according to weekly 
incidence levels of healthcare-associated 
COVID-19 cases (A), community-associated 
COVID-19 hospitalized patients (B), and 
COVID-19 infections among healthcare workers 
(C) during the ascending and descending phases 
on each side of the incidence peak from ISO 
week 36 to ISO week 49, 2020. BEFORE: 
ascending phase before the peak of incidence, 
AFTER: descending phase after the peak of 
incidence. The X axis represents the time by ISO 
week from week 36 to week 49 and the Y axis 
the incidence levels expressed as the number of 
cases per week.   
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3.2. Epidemiological curve 

Between September 1 and November 30, 2020, 209 incident cases of 
HA-COVID-19 and 1034 incident cases of COVID-19 infection among 
HCWs were detected, whereas 1388 patients with CA-COVID-19 infec
tion were hospitalized in GH-SU. During this period, the weekly inci
dence of COVID-19 cases in the city of Paris increased from 180 cases to 
a maximum of 600 cases per 100.000 population in mid-October (Sup
plementary figure 1). The median weekly incidence of HA-COVID-19 
was 9.5 cases [95 %CI 4.5–21.5], corresponding to 3.47 [95 %CI 
2.97–7.22] for 100 CA-COVID-19, and 0.2 [95 %CI 0.09–0.40] for 100 
hospitalized patients, respectively. The median weekly incidence of 
COVID-19 among HCWs was 63.50 cases [95 %CI 45.75–93.25], 34.03 
[95 %CI 17.33–36.73] for 100 CA-COVID-19 hospitalized patients and 
1.21 [95 %CI 0.91–1.78] for 100 hospitalized patients. The median 
weekly incidence of CA-COVID-19 hospitalization was 89 cases [95 %CI 
62.25–135.50] and 1.74 [95 %CI 1.27–2.79] for 100 hospitalized pa
tients. The kinetics of the three epidemiological curves clearly over
lapped, the magnitude of the epidemic curve of HA-COVID-19 cases 
being lower (Fig. 1). A graphical representation of the model of the 
epidemic growth rate is shown in Fig. 2. The epidemic peak for HA- 
COVID-19 cases (Fig. 2A) and cases occurring among HCWs (Fig. 2B) 
was observed on October 19, 2020 (week 43). The peak for CA-COVID- 
19 cases (Fig. 2C) was shifted to October 26, 2020 (week 44). The 
growth rate in the ascending phase was two times higher for HA-COVID- 
19 cases (0.07 [0.05 – 0.09]) than those among HCWs or CA-COVID-19. 
In the descending phase, the decrease was slower for HA-COVID-19 
cases (− 0.06 [− 0.09 to − 0.03]). There was a strong correlation be
tween the incidence of HA-COVID-19 and that of CA-COVID-19 
(rho = 0.89, p < 0.0001), of the same order as the correlation be
tween the incidence of HA-COVID-19 and that of cases among HCWs 
(rho = 0.77, p = 0.001). The ratio between the weekly incidences of 
HA-COVID-19 and CA-COVID-19 increased significantly over time. It 
started at one HA-COVID-19 case for 20 hospitalized CA-COVID-19 
patients per week (ratio of 5 %) and ended at 1 in 3 (ratio of 37 %). 

We observed the same trend for the ratio between the incidence of HA- 
COVID-19 and that of cases among HCWs. 

3.3. Comparative genome analysis and cluster investigation 

Among the 31 clusters identified by field epidemiology, 12 were 
investigated using WGS (Table 1). These clusters included 80 patients 
and 79 HCWs. In total, 114 full SARS-CoV-2 genomes (58 from patients 
and 56 from HCWs) could be analyzed. According to the Nextstrain 
classification, 59 (51.3 %) belonged to clade 20 A, 31 (27 %) to clade 
20E, 19 (16.5 %) to clade 20B, and 6 (5.2 %) to clade 20 C. Phylogenetic 
analysis confirmed that 76/114 (66.7 %) cases initially clustered by field 
epidemiology exhibited clonal sequences, whereas 35 (30.7 %) cases 
were excluded from all clusters because of the presence of too many 
dissimilarities with the other sequences (Fig. 3). Phylogenetic analysis 
also showed a clonal link with a cluster other than the initial epidemi
ological cluster in 3 (2.6 %) cases. A detailed description of the five 
clusters is presented in the Supplementary Files. 

4. Discussion 

In early 2020, the COVID-19 pandemic struck worldwide as a sudden 
epidemic wave, strongly affecting every socio-economic aspect of our 
lives and posing unprecedented challenges, particularly for healthcare 
systems and hospitals. As expected, HA-COVID-19 became a significant 
threat for patients (Paltansing et al., 2021; Rickman et al., 2021; Pons
ford et al., 2021). Identification of SARS-CoV-2 nosocomial transmission 
became crucial to understanding dissemination routes within healthcare 
facilities and providing efficient IPC strategies to protect both patients 
and HCWs. 

We systematically investigated all HA-COVID-19 cases identified in 
seven healthcare facilities during a three-month period corresponding to 
the second epidemic wave in France. First, we found that most (85.2 %) 
HA-COVID-19 cases detected through field epidemiological in
vestigations were part of clusters involving both patients and HCWs. In 

Table 1 
Healthcare-associated COVID-19 clusters investigated by whole-genome sequencing.       

Epidemiological Investigation Whole-genome Sequencing 

Cluster Hospital 
site 

Unit First 
case 

Last 
case 

HA- 
COVID-19 

CA- 
COVID-19 

HCW Total Sequenced (% 
among total cases) 

Phylogenetically validated (% 
among total cases) 

#1 SAT Infectious disease 8-Sep- 
2020 

21-Sep- 
2020  

1  0  4  5 4 (80 %) 2 (40 %) 

#2 SAT Internal medicine 10-Sep- 
2020 

21-Sep- 
2020  

1  0  5  6 3 (50 %) 2 (33 %) 

#3 SAT Hepato- 
gastroenterology 
Surgery 
Surgical intensive care 

15-Sep- 
2020 

18-Nov- 
2020  

9  2  19  30 25 (83 %) 14 (47 %) 
split in 3 independent clusters 

#4 SAT Orthopedic 23-Sep- 
2020 

24-Oct- 
2020  

3  2  6  11 9 (81 %) 6 (54 %) 
+1 from cluster #6 

#5 SAT Rheumatology 26-Oct- 
2020 

13-Nov- 
2020  

5  7  1  13 7 (54 %) 4 (31 %) 
+1 from cluster #3 

#6 SAT Geriatric 20-Oct- 
2020 

4-Nov- 
2020  

4  1  2  7 6 (86 %) 3 (43 %) 
+1 from cluster #3 

#7 SAT Psychiatric 23-Nov- 
2020 

2-Dec- 
2020  

4  1  2  7 4 (57 %) 4 (57 %) 

#8 PSL Hepato- 
gastroenterology 

21-Oct- 
2020 

27-Oct- 
2020  

5  1  6  12 9 (75 %) 6 (50 %) 

#9 PSL Hemodialysis 19-Nov- 
2020 

8-Dec- 
2020  

7  0  6  13 9 (69 %) 6 (46 %) 

#10 PSL Internal medicine 22-Nov- 
2020 

27-Nov- 
2020  

3  0  7  10 8 (80 %) 7 (70 %) 

#11 CFX Geriatric 12-Oct- 
2020 

8-Dec- 
2020  

16  1  10  27 18 (67 %) 14 (52 %) 

#12 LRG Pediatric after-care 
rehabilitation 

29-Sep- 
2020 

19-Nov- 
2020  

7  0  11  18 12 (67 %) 8 (44 %) 

SAT: Saint-Antoine Hospital, PSL: Pitié-Salpêtrière Hospital, CFX: Charles Foix Hospital, LRG: La Roche-Guyon Hospital, HA-COVID-19: healthcare-associated COVID- 
19, CA-COVID-19: community-associated COVID-19, HCW: healthcare worker. 
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addition, almost 40 % of cases were detected from asymptomatic pa
tients who were identified by contact tracing. Second, 44 (31.5 %) HA- 
COVID-19 patients died within 30 days after their positive test, of which 
90 % of the deaths were directly attributable to COVID-19. We did not 
find any significant difference from CA-COVID-19-associated mortality 
(34.6 %). However, we did not have access to the dates of diagnosis of 
hospitalized CA-COVID-19 patients. Therefore, the time between diag
nosis and hospitalization of CA-COVID-19 patients could have led to an 
overestimation of mortality and influence this comparison. Neverthe
less, our results are consistent with recent studies on HA-COVID-19- 
associated mortality. Rickman et al. reported 66 HA-COVID-19 cases 
in a London hospital between March and April 2020, with a mortality 
rate of 36 % (Rickman et al., 2021). Recently, a large study including 
more than 100,000 patients with COVID-19 in England, hospitalized 
between March and August 2020 showed mortality of 41.3 % for 
HA-COVID-19 28 days after positive PCR testing (Bhattacharya et al., 
2021). Such a high 30-day mortality rate can be explained by the fact 
that COVID-19 mostly affects older patients with co-morbidities and 
poor health conditions, with an inherent increased risk to develop severe 
illness. 

From an epidemiological perspective, we studied the kinetics of HA- 
COVID-19 cases relative to those of hospitalized CA-COVID-19 cases and 

COVID-19 detected among HCWs. We found that HA-COVID-19 cases 
closely correlated with both the number of CA-COVID-19 cases and 
HCWs who tested positive. The risk of HA-COVID-19 transmission ap
pears to increase as the viral circulation in the community increases, 
especially during resumption of the epidemic. Over the study period, 
despite the mandatory use of masks and the implementation of IPC 
procedures, 13.9 % of patients hospitalized in GH-SU with a COVID-19 
infection were contaminated in the hospital during their stay. This result 
is consistent with those of previous studies that assessed the burden of 
HA-COVID-19. In a large study performed during the first wave in 314 
hospitals from the United Kingdom (UK), Read et al. reported that 11.3 
% of patients with COVID-19 became infected after hospital admission 
(Read et al., 2021). Similarly, Carter et al. found a proportion of 12.5 % 
of HA-COVID-19 cases within 10 hospitals throughout the UK and one 
hospital in Italy between February and April 2020 (Carter et al., 2020). 

Since the very beginning of the pandemic, WGS has been widely used 
to study the molecular diversity and evolution of SARS-CoV-2 (Rambaut 
et al., 2020; Korber et al., 2020; Miao et al., 2021). More recently, WGS 
has been implemented in several hospitals worldwide as part of a 
HA-COVID-19 tracking strategy to quickly identify and control out
breaks (Meredith et al., 2020; Løvestad et al., 2021; Lucey et al., 2021; 
Borges et al., 2021). In this study, we sought to retrospectively use WGS 

Fig. 3. Phylogenetic tree. Maximum likelihood phylogenetic tree showing 114 full SARS-CoV-2 genomes sequenced from 58 patients and 56 healthcare workers from 
the Sorbonne University Hospital Group during the study period and 586 European reference sequences sampled over 2020, extracted from the GISAID database. 
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on samples from 12 clusters to support epidemiological investigations 
and elucidate SARS-CoV-2 nosocomial transmission. Two-thirds of 
HA-COVID-19 cases within an epidemiologically defined cluster were 
confirmed by WGS to be part of the cluster, whereas a third was 
excluded. The thorough description of five clusters presented in the 
supplementary file leads to a better understanding of transmission 
routes. For example, investigation of cluster 4 in combination with WGS 
results suggests that a patient with HA-COVID directly transmitted 
SARS-Co-V2 to several HCWs and indirectly to a patient from a different 
unit sharing the same HCWs. In this case, we show that the spread of 
SARS CoV-2 infection can be bi-directional between patients and HCWs. 
In addition, one HCW excluded by WGS from the cluster he was initially 
connected to actually shared the same viral strain from another cluster, 
cluster 5. No epidemiological link could be identified between this HCW 
and the other cases from cluster 5, but a phylogenetic association be
tween their viral strains was undeniable. Similarly, two independent 
clusters, clusters 9 and 10, identified in two distinct units shared the 
same viral strains. Apart from the close geographical localization of the 
two units, we were unable to provide any epidemiological explanation 
for this link. Consequently, WGS turned out to be an essential tool in 
combination with a comprehensive epidemiological investigation to 
accurately confirm or exclude HA-COVID-19 cases and obtain a better 
understanding of nosocomial SARS-CoV-2 transmission routes. More
over, WGS revealed hidden links between individuals from distinct 
clusters, independently of epidemiological information. 

In conclusion, this study shows that the incidence of HA-COVID-19 
correlates with that of hospitalized CA-COVID cases and cases among 
HCWs. HA-COVID-19 is frequently associated with clusters that affect 
both asymptomatic patients and HCWs, making their control more 
difficult. WGS allowed us to both exclude a third of suspected HA- 
COVID-19 cases and reveal hidden links between individuals from the 
12 investigated clusters. Overall, these results underline the importance 
of epidemiological investigations in combination with WGS to track 
SARS-CoV-2 nosocomial transmission to provide efficient outbreak 
prevention and control strategies to protect vulnerable patients. 
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