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ARTICLE INFO SUMMARY
Article history: Background: Most COVID-19 outbreaks in nursing homes are explained by transmission of
Received 8 June 2022 SARS-CoV-2 from nurses or visitors.
Accepted 1 September 2022 Methods and results: We describe an outbreak with 64 of the 67 residents identified as
Available online 27 September COVID-19 cases within two weeks (34 in nursing block 1, 30 in nursing block 2), at least 32
2022 of them had relevant symptoms of COVID-19. Thirteen of the residents’ deaths were
associated with COVID-19. In addition, 27 of approximately 60 staff members were iden-
Keywords: tified as COVID-19 cases, 23 of them had relevant symptoms. In none of the samples from
COVID-19 residents or staff was a mutation of SARS-CoV-2 detected. Quarantine of the residents was
Outbreak already in force at the beginning of the outbreak. A common source among the staff was
Nursing home considered to be unlikely because the two nursing home blocks had no staff rotation and
Air ventilation system the staff had to wear FFP2 masks during contact with residents. Three months after the

— outbreak the RNA of SARS-CoV-2 was detected on 14 of 39 sampled indoor surfaces of the
, air ventilation system with Ct values between 34.9 and 41.9, but only at the air supply in
Spdaies the corridor (11 of 24 samples) and the air overflow in the door between the corridor and
the residents’ rooms (three of 11 samples) but not at the air exhaust in the residents’

bathrooms.
Conclusions: The air ventilation system and an inversion weather situation three days
before the first confirmed case may have enhanced viral spread inside the nursing home
assuming that a common source with a high viral load had existed at the time of outbreak.
© 2022 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.

Introduction

The knowledge on possible sources and modes of trans-
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between subjects has thereby a direct impact on the proba-
bility of transmission [2,3].

There is an ongoing controversy about the relevance of
droplets and aerosol for the transmission of SARS-CoV-2.
Coughing is a common symptom of COVID-19 and sheds con-
siderable numbers of virions via droplets and short-range aer-
osols. That is why individuals with symptomatic infections tend
to be more contagious than asymptomatic ones. While singing
and talking loudly, highly infectious cases can shed tens to
hundreds of SARS-CoV-2 virions per minute via long-range and
buoyant aerosols [4].

Some outbreaks of COVID-19 in nursing homes have been
described in detail. In many outbreaks, the staff were the source
of transmission [5—7], even when fully vaccinated [8], but visi-
tors were also described as a source of transmission [9]. Finally,
symptomatic and asymptomatic residents may also spread SARS-
CoV-2 resulting in an outbreak [10]. Outbreaks continue to occur
in nursing homes even with most of the residents (97.3%) being
fully vaccinated [9]. Thus, all types of possible sources and modes
of transmission need to be understood to provide the best pos-
sible prevention strategy for nursing home residents.

In this report we describe an explosive outbreak of COVID-19
in a nursing home and the possible relevance of the air ven-
tilation system for transmission.

Material and methods
Setting

The nursing home is situated in Cologne, Germany, and has
62 rooms for residents, 53 of them as single rooms and nine as
double rooms. The nursing home had 67 residents during the

outbreak. Thirty-three of the residents were diagnosed with
dementia. The nursing home had two separate residential

Nursing block 1
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areas (nursing block 1 with 35 residents and nursing block 2
with 32 residents) including separate nursing teams for each
residential area. The floor plans for the nursing blocks are
shown in Figures 1 and 2.

Each resident’s room had an air exhaust in the bathroom
working with negative air pressure. Fresh air was only supplied
from the air outlets in the corridors. The air from the corridor
could enter the resident’s room via an air overflow opening in
the door (Figure 3).

COVID-19 case definition

The COVID-19 case definition was based on the national
definition provided by the Robert Koch Institute, Germany [11].
Any person was regarded as a COVID-19 case when the fol-
lowing criteria were fulfilled: a person with a laboratory con-
firmed detection of SARS-CoV-2 by PCR or antigen test
irrespective of the type and presence of symptoms.

Outbreak investigation

The Nursing Home Intervention Team was established at the
very beginning of the SARS-CoV-2 pandemic at the Cologne
Public Health Office to support nursing homes, particularly
during outbreak events. It conducted two site visits to the
inpatient nursing home during the SARS-CoV-2 outbreak (5t
and 9" February 2021) and educated the staff on the correct
use of personal protective equipment (11" and 18" February
2021). The case numbers and other findings presented below
were collected during these on-site inspections. The residents
were tested twice per week (SARS-CoV-2 Rapid Antigen Test, SD
Biosensor, South Korea, or NADAL COVID-19 Ag Test, nal von
Minden GmbH, Germany) with all results being negative before
the outbreak.
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Figure 1. Floor plan of nursing block 1 with rooms 101—149; dates of COVID-19 detection are provided for each resident. R, resident.
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Figure 2. Floor plan of nursing block 2 with rooms 202—249; dates of COVID-19 detection are provided for each resident. R, resident.

Description of the air flow

The existing ventilation and air conditioning system oper-
ates entirely with fresh air. The fresh air is fed through an F7
filter. Heat recovery takes place without air exchange between
exhaust and supply air.

0]

Air supply outlet
in the ceiling

Direction of air flow

Air exhaust by
negative pressure

Door with air
overflow opening

The fresh air is introduced exclusively into the corridors of
the building via supply air openings (Figure 3). From the cor-
ridors, the air then flows into the residents’ rooms, therapy
rooms, group rooms and dining rooms. The fresh air introduced
from the supply air openings overflows from the corridors into
these rooms. The incoming air is extracted from the residents’

Hallway jr
f— —) —) —
{ 1
= C—
~ |
=
Bathroom J ﬂ Xl
Resident’s room
Window

Figure 3. Schematic drawing of the air flow in the residential home; black arrows indicate the shortest possible air circulation from the
air supply outlet in the ceiling of the corridor to the air exhaust in the bathroom of the resident’s room (negative pressure); white arrows
indicate additional directions of air flow.
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Figure 4. Exhaust air opening in the tower at the highest point of
the roof building of the nursing home as well as the location of the
supply air opening (red arrow).

rooms via the sanitary wet rooms (room for toilet, washbasin
and showers). The air flow tests indicated that the air from the
outlets in the hallway, as indicated in the plans, overflows into
the functional rooms and the residents’ rooms.

In the dining rooms, the exhaust air is not directed, but exits
only through the window opening. The exhaust air for the
entire building is discharged centrally via the roof. All of the
exhaust air or outgoing air is discharged through a small tower
at the highest point on the roof of the building. The supply air is
fed into the building through a supply air opening integrated
into the gable. This supply air opening is located at a distance
of approx. 5—6 m from the central exhaust air opening
(Figure 4).

The air conditioning system

The air conditioning system was characterized by an envi-
ronmental engineer, a specialist in hygiene and a scientist from

the Public Health Office during a site inspection on 4™ March
2021, taking into account the planning documents and the local
conditions. During the visit, the air flows and drifts were
measured using flow testing (Drager Flow Check, Drager,
Liibeck, Germany).

Evaluation of the meteorological situation

For further characterization of the exhaust and supply air
flow on the roof of the building, weather data for the period in
which the numerous transmissions in the nursing home occur-
red were determined retrospectively, taking into account the
incubation period. For this purpose, the sounding (Stiive dia-
grams) of the Essen meteorological station, which were
downloaded as data from the homepage of the University of
Wyoming, and the surface weather analyses from the archives
of the German Weather Service (https://cdc.dwd.de/portal/)
were considered.

Low wind conditions near the ground and a suppression of
vertical transport processes are characteristic for an inversion
weather situation. Thus, both horizontal and vertical transport
of (trace) substances is strongly restricted, local wind systems
(e.g., triggered by small-scale temperature differences) sud-
denly dominate over the prevailing wind due to large-scale
pressure and temperature differences, because the latter is
only significant above the inversion [12]. Thermal inversion can
be determined, e.g., by radiosondes that measure the tem-
perature gradient with increasing altitude.

Sampling sites of the room air conditioning system

After carrying out the site inspection and characterization
of the air conditioning system, a hygienic-microbiological
inspection of the supply air and exhaust air openings of the
room air conditioning system was carried out on 29" April and
6'™ May 2021. For this purpose, collective samples were taken
from the surfaces. The sterile swabs were moistened with virus
transport medium (BD Universal Viral Transport, Becton Dick-
inson, Sparks, USA) and selected surfaces of the ventilation
installations were swabbed. At the supply air openings, the
backs of the air outlet and the grids between the air ducts and
the air outlet were sampled (Figure 5). In addition, the

Figure 5. Grids between the air ducts and the air outlets.


https://cdc.dwd.de/portal/

38

Figure 6. Sampling of the back of the air outlet.

overflow openings between the hallway and the residents’
rooms and the exhaust openings in the wet rooms of the resi-
dents’ rooms were examined (Figure 6). Samples were taken on
both floors and on both wings.
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PCR tests

Two commercially available and CE-marked SARS-CoV-2
PCR test kits were used. The primary target sequences are
located in the E gene (RIDA®GENE SARS-CoV-2 Test, r-Bio-
pharm, Darmstadt, Germany; validated by the manufacturer
for surface samples), the secondary target sequences were
located in the N1 and N2 gene (Viasure SARS-CoV-2 [N1 + N2]
Real Time PCR Detection Kit, CerTest Biotec, Zaragoza, Spain;
validated by the manufacturer for samples from human tis-
sue). The entire test procedure was performed according to a
local protocol based on the test protocol of the manufacturer
which has been described to perform satisfactorily for PCR
efficiency (>96%) [13]. The amplification was performed in a
Ridacycler, r-Biopharm, Darmstadt, Germany. A sample was
considered to be positive when the cycle threshold (Ct) value
for the E gene was <35. The Ct value <35 was chosen for the E
gene because this threshold indicates a viral load of at least
10> copies per mL indicating a contamination of possible
clinical relevance [14]. In case of a Ct value above 35, an
additional PCR test was performed for the detection of the N1
and N2 genes. If the N genes were detected, samples with a Ct
value >35 were also considered to be positive. In addition, a
point mutation analysis was performed to examine the virus
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Figure 7. Description of the COVID-19 outbreak among nursing home residents and staff in nursing block 1. CT, PCR cycle threshold; N,
staff; PCR —, negative COVID-19 PCR; PoC +, rapid antigen test positive; PoC —, rapid antigen test negative; R, resident.
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mutants (RIDA®GENE SARS-CoV-2 Lineage | RUO, r-Biopharm,
Darmstadt, Germany).

Results
Description of the outbreak

The nursing home had 67 residents during the outbreak. The
first two confirmed cases were nurses from nursing block 1 who
were identified on 26" January 2021 (Ct values: 36 and 38). They
were initially asymptomatic and therefore continued to work
until the positive test results were available on 28 January 2021
(Figure 7). On the same day, another nurse who only worked in an
onsite COVID-19 test centre developed symptoms of a respiratory
tract infection; she tested positive on 29t January 2021
(Figure 9). On 29'" January 2021, four residents and one more
member of staff demonstrated symptoms (Figure 9. This staff
member had a positive rapid antigen test that was refuted by a
negative PCR test the next day. Two of the residents tested
positive on the same day by PCR, and additional six residents had
positive rapid antigen tests. On 1% February 2021 a total of 38
new cases were found among residents (20 in nursing block 1; 18
in nursing block 2) and seven among members of staff with two of
them confirmed by PCR one day later (Figures 7—9).

By 15" February 2021, 64 of the 67 residents were identified
as COVID-19 cases (Ct values between 17 and 38; median: 24),
with at least 32 of them having relevant symptoms of COVID-19.
Of the 17 residents who died during the outbreak, 12 deaths were

39

associated with the COVID-19 infection. An additional resident
died two months later, while still recovering from his infection.

During the outbreak 27 of approximately 60 members of
staff were identified as COVID-19 cases (Ct values between 17
and 38; median: 23) with 23 of them having relevant symptoms
such as fever, headache, severe cough and aching limbs, two of
those members tested negative by PCR despite their symp-
toms. In none of the samples from residents or staff was a
mutation of SARS-CoV-2 detected. The staff were last tested by
rapid antigen tests on 26" January 2021 with all results being
negative apart from the first two cases.

Vaccination status of the residents and staff

The outbreak coincided with the timing of scheduled vac-
cinations of residents and staff. Only seven of the 64 residents
had received a first vaccination with Comirnaty on 4" February
2021, 56 of them were unvaccinated, one resident had an
unknown vaccination status. There were also vaccination gaps
among staff (23 of the 27 COVID-19 cases were unvaccinated,
three were partly vaccinated with Comirnaty with a first
injection on 4™ February 2021, the vaccination status was
unknown in one staff member).

Infection control before the outbreak: staff

Before the outbreak, all employees including kitchen staff,
logotherapists, occupational therapists, physiotherapists and
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Figure 8. Description of the COVID-19 outbreak among nursing home residents and staff in nursing block 2. CT, PCR cycle threshold; N,
staff; PCR —, negative COVID-19 PCR; PoC +, rapid antigen test positive; PoC —, rapid antigen test negative; R, resident.
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antigen test positive; PoC —, rapid antigen test negative.

the employees of the external cleaning company were tested
every other week by PCR and also twice a week with the
antigen tests described previously.

Employees wore FFP2 masks in the building. Smoking breaks
took place outside. Employees were asked to ensure sufficient
physical distance from others during the smoking breaks. There
was no mixing of the different staff teams from the two resi-
dential areas of the house.

Infection control before the outbreak: residents

Residents were tested twice a week with rapid antigen tests
as described previously. Residents who had been away from the
nursing home were tested after return on days 1, 3 and 6 but
only when their absence lasted for more than 6 h.

Upon return from a hospital or for new admissions, PCR
testing was performed prior to admission. The residents were
isolated for one week and tested with one of the antigen tests
described previously on days 1, 3 and 6.

Contacts between residents were reduced to taking meals.
There were no group events. Care was taken to maintain suf-
ficient distance in the common areas. The residents themselves
mostly did not wear masks in the public areas.

Information about hygiene measures was clearly visible and
posted in the relevant languages (German and Russian). In
addition, dispensers with alcohol-based hand rub were located
in many places and at all entrances, clearly visible and easily
accessible.

The following risk points were identified after the inspection
and characterization of the indoor air supply system: (1) the
close spatial relationship between central exhaust air and
central supply air, whereby a short circuit between exhaust and
supply air can occur in unfavourable weather conditions; (2)
the intended overflow of air from the corridors into the rooms
and functional spaces, whereby air possibly contaminated with
micro-organisms by people in the corridors can reach all other
rooms.

Environmental sampling

On the 29" April 2021 and 6" May 2021, a total of 39 envi-
ronmental samples were taken from the air ventilation system
of the nursing home. SARS-CoV-2 sequences were detected by
PCR at several locations in the supply air outlets in the ceiling
of the corridor at both testing times. During the first series with
23 samples, eight of them were positive, and six were positive
during the second series of 16 samples. Most of the positive
samples were from the air duct side components behind the
grids of the supply air outlets. On one occasion, SARS-CoV-2
RNA was detected at the overflow opening from the hallway
to the resident’s room. No SARS-CoV-2 RNA was detected at the
resident’s room air exhaust vents in the bathrooms. The
median Ct values were 40.2 (29t April 2021) and 37.5 (6™ May
2021) (Table ).

The environmental testing was performed three months
after the outbreak ended such that samples from the residents

Table |
Detection rates of SARS-CoV-2 RNA and corresponding Ct values from indoor samplings of the air conditioning system
Date of sampling Parameter Air supply outlet  Air supply grid Air exhaust in Air overflow in the door  All samples
in the ceiling of in the ceiling of the bathroom of a from the corridor to the
the corridor the corridor resident’s room resident’s room
29" April 2021 Positive samples (N) 2 of 6 40f 8 0of 4 20f5 8 of 23
Ct values* 39.2* 40.2** n.a. 41.0* 40.2*
38.8—39.5"* 38.5—40.2*** 40.4—41.5** 38.5—41.5**
6™ May 2021 Positive samples (N) 10f3 40of 7 - 10f 6 6 of 16
Ct values* 40.2 36.6** n.a. 38.7* 37.5*
34,9-37.7** 34.9—40.2**
*E gene; **median; ***range.
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Figure 10. Description of the sounding indices for Essen, Germany, for 23" January 2021; data obtained from the University of Wyoming,

USA (https://www.uwyo.edu/atsc/).

could not be used for gene sequencing testing to match envi-
ronmental testing.

The environmental samples with a higher viral load (Ct value
<37) were also examined for the marker mutation in the N
gene-D3L and the NSP6 106/107/108 del mutation. Both
mutations are typical for the B1.1.7 virus variant (alpha var-
iant). The NSP6 106/107/108 deletion alone is also a marker
mutation for the B.1.351 (beta) and P.1 (gamma) virus variants.
No evidence of mutation was found in the swabs. The envi-
ronmental samples revealed the wild type, which was still the
dominant strain in Germany at the time of the outbreak. This is
in agreement with the previous findings in the residents. At the
time of the environmental investigation in April and May 2021,
approximately 90% of the wild type had already been replaced
by VOC alpha (B.1.1.7) [15], thus this finding indicates that the
detected RNA originated from the outbreak.

Meteorological situation

Based on the sounding (Stlive diagrams) of the Essen mete-
orological station, a slight inversion can be recognized retro-
spectively for 23" January 2021 from 5000 m altitude
(Figure 10). It can be assumed that this stratification was
similar in the Cologne area, because such weather conditions
generally occur over a larger area [12]. The ground analysis also
showed an intermediate high-pressure area for this day, which
is consistent with the subsidence inversion evident in the
sounding.

On the other days of the period around the outbreak, the
stratification was unstable. The pronounced low-pressure area
that was located over the North Atlantic before the formation
of the intermediate high-pressure area, as well as the occluded
front, which formed over Germany afterwards, indicate the
strong vertical mixing of the air layers on the days before and
after 23" January 2021.

An additional finding is the direction of wind in the period
around the outbreak. Between 20" January and 10" February
2021 only in the morning of 25" January was the wind coming
from north-north-east (https://cdc.dwd.de/portal/ for the
station Koln/Bonn with the number 2667). Wind speeds were
between 1.4 and 1.6 m/s at this time, which is not very strong.
This is exactly the direction from the exhaust air opening in the
tower at the highest point of the roof building of the nursing
home to the location of the supply air opening allowing par-
ticles to move in this direction.

Discussion

The explosive nature of the outbreak suggests a common
source affecting most of the residents at the same time. Vari-
ous explanations are possible.

The first two cases may have been the common source. Both
were asymptomatic nurses who were identified as COVID-19
cases two days after swabbing. During the two days they
worked as usual in their residential area. One reason that
makes this explanation unlikely is that they did not care for all
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of the residents who tested positive on 1%t February 2021. In
addition, they consistently wore an FFP2 mask when in contact
with residents. Incorrect use of the mask could at most explain
individual infections of the residents they cared for; but the
intervention team of the public health department did not
identify any errors in the use of the personal protective
equipment including the masks among the employees of this
facility during the inspections carried out. Finally, their viral
load was low on the day of diagnosis suggesting that a wide viral
spread is highly unlikely.

It also seems possible that two point sources existed in both
residential areas at the same time. But this possible explan-
ation also appears to be unlikely. As of 28" January 2021, all
residents no longer participated in common meals in the dining
room or other community activities, according to the facility
management. At that time, only two staff members were
identified as COVID-19 cases, both in nursing block 1. Before
the outbreak, common eating took place in three fixed groups
in the living area. Infection of all residents within a table group
is therefore conceivable, but very unlikely across different
table groups and across the two floors. As of 28 January 2021,
all residents should have been isolated in their rooms. The last
positive test, however, occurred on 15%" February 2021, and
could therefore hardly be explained by transfers between the
residents, but at most by hygiene errors by the staff in caring
for the residents. However, by this time at the latest, the
employees had taken great care to use FFP2 masks and pro-
tective equipment correctly. They could probably also be
excluded as possible sources for transmission to the residents
although hospital transmission of SARS-CoV-2 has been descri-
bed from healthcare workers despite wearing N95 masks [16].

Residents who are difficult to isolate and have a high urge to
move around are also a frequent cause of transmission in eld-
erly care facilities. For example, because residents with
dementia are unable to comply with isolation measures and
leave their rooms, they can infect other residents. However,
outbreaks caused by residents with dementia and walking
tendencies are usually confined to the closer environment or
living area of the respective resident. In this case, however, the
infection event abruptly spread to both living areas and all
parts of the building. Therefore, it is unlikely that transmission
by demented residents who could not be isolated led to this
outbreak. Furthermore, the intervention team of the public
health department could not detect any non-compliance with
the isolation measures during any inspection of the facility.

Based on the other observations and investigations made on
site, we assume that SARS-CoV-2 could have been transmitted
via the ventilation and air-conditioning system, resulting in this
explosive outbreak. It would still require a common source
spreading enough viral particles to finally reach the infectious
dose of approximately 1000 viral particles in most residents and
staff in a short time [17]. Such a source was not identified. But
various aspects support our hypothesis. One factor is the
proximity between the exhaust air opening and the supply air
opening which may be a disadvantage during unfavourable
weather situations such as inversion atmospheric conditions
which were present at the beginning of the outbreak. Another
factor is the type of filter used for the supply air. F7 filters (old
name) were used which have no viral filtration capacity. A third
factor is the consistent repeated detection of SARS-CoV-2 RNA
by PCR on supply air grids as an indication that SARS-CoV-2
could have been carried to the supply air grids via the supply

air. A fourth factor is air supply to the residents’ rooms which
came exclusively via the corridors. The exhaust air was
removed via the sanitary rooms of the residents’ rooms into a
central exhaust air duct opening next to the roof tower
resulting in an insufficient distance between exhaust air and
supply air. Finally, a similar outbreak has been described pre-
viously in a residential home with SARS-CoV-1 suggesting that
aerosol spread of coronavirus is possible from a common source
[18].

In unfavourable weather conditions, it cannot be ruled out
that short-circuit flows occur between the exhaust air opening
and the supply air opening. Unfavourable weather conditions
can be, for example, inversion weather conditions which, in
the case of the building under consideration, can lead to the
exhaust air not being discharged upwards but being sucked
directly back into the supply air opening. Another possibility of
a short circuit between the exhaust air and supply air on the
roof would be a north-north-east wind situation before the
outbreak as described for 25™" January 2021. With this wind
direction, the air from the exhaust air opening could move
directly towards the air supply opening, whereby turbulence in
the leeward area could result in exhaust air components get-
ting back into the supply air.

Particles containing micro-organisms, which may be present
in the contaminated air sucked back in, are not retained by the
F7 filters present in the system as intended. German guide-
lines, such as DIN EN 167983 and DIN 1946 Part 2, explicitly
point out that short circuits between exhaust air and sucked-in
supply air must be avoided by maintaining a sufficient distance
or by taking suitable technical or structural measures.

A major limitation of our hypothesis is that the RNA results
from the air ventilation system were obtained three months
after the outbreak. The RNA of SARS-CoV-2, however, has been
described to be highly stable when dried on surfaces, with only
one log reduction in recovery over three weeks [19]. Another
limitation is the lack of viral sequencing to link the environ-
mental and patients’ samples, though this is partly compen-
sated for by the three-month retrospective environmental
sampling, aided by the subsequent change in circulating SARS-
CoV-2 variant. Importantly, a similar outbreak has been
described in a Dutch nursing home which was explained by
aerosol transmission due to inadequate ventilation [20].

At the same time, it would have been necessary for the
source to spread a sufficient amount of infectious virus which
was initially in the exhaust air (some droplets may be lost
already), for it to enter the exhaust air duct (some droplets
may be lost by gravity), to move outside to the supply air
opening (dilution by mixing with air is likely), to pass the filter
and to finally reach most residents in an infectious dose of at
least 1000 viral particles. It has been described that a few
super-emitters may produce high amounts of infectious aerosol
[21]. This may have been the case in this outbreak. A large
fraction of speech aerosol that is intermediate-sized is of
concern because it remains suspended in air for minutes and
can be transported over considerable distances by convective
air currents. The abundance of this speech-generated aerosol,
combined with its high viral load in pre- and asymptomatic
individuals, implicates airborne transmission of SARS-CoV-2
through speech as the primary contributor to its rapid
spread [22].

In conclusion, under certain conditions an airborne trans-
mission of SARS-CoV-2 seems possible, especially when the
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transition between droplet and airborne transmission is con-
fluent. That is why it seems plausible to check the ventilation
and air conditioning systems in community facilities. Ven-
tilating by open windows may be an alternative when the
outside temperature is not too low.

Acknowledgements

The authors are very grateful to Bernd Fischer, meteorolo-
gist, for his support.

Conflict of interest statement
All authors declare that they have no conflicts of interest
with relevance to the content of this article.

Funding sources

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit
sectors.

References

[1] Kampf G, Briiggemann Y, Kaba HEJ, Steinmann J, Pfaender S,
Scheithauer S, et al. Potential sources, modes of transmission and
effectiveness of prevention measures against SARS-CoV-2. J Hosp
Infect 2020;106:678—97.

Chu DK, Akl EA, Duda S, Solo K, Yaacoub S, Schiinemann HJ.
Physical distancing, face masks, and eye protection to prevent
person-to-person transmission of SARS-CoV-2 and COVID-19: a
systematic review and meta-analysis. Lancet 2020;395:1973—87.
Talic S, Shah S, Wild H, Gasevic D, Maharaj A, Ademi Z, et al.
Effectiveness of public health measures in reducing the incidence
of covid-19, SARS-CoV-2 transmission, and COVID-19 mortality:
systematic review and meta-analysis. BMJ 2021;375:e068302.

[4] Chen PZ, Bobrovitz N, Premji Z, Koopmans M, Fisman DN, Gu FX.
Heterogeneity in transmissibility and shedding SARS-CoV-2 via
droplets and aerosols. Elife 2021;10:e65774.

Pang J, Tan HN, Mak TM, Octavia S, Maurer-Stroh S, Sirota FL,
et al. Epidemiological, clinical, and phylogenetic characteristics
of the first SARS-CoV-2 transmission in a nursing home of Singa-
pore: a prospective observational investigation. Front Med
2021;8:790177.

[6] Piet E, Maillard A, Mallaval FO, Dusseau JY, Galas-Haddad M,
Ducki S, et al. Outbreaks of COVID-19 in nursing homes: a cross-
sectional survey of 74 nursing homes in a French area. J Clin
Med 2021;10:4280.

Roth A, Feller S, Ruhnau A, Plamp L, Viereck U, Weber K, et al.
Characterization of COVID-19 outbreaks in three nursing homes
during the first wave in Berlin, Germany. Sci Rep 2021;11:24441.

2

—

3

—

5

—_

[7

—

[8] Bart SM, Harizaj A, Pearson CL, Conteh T, Grogan E, Downing R,
et al. SARS-CoV-2 Delta outbreak among fully vaccinated nursing
home residents likely initiated by a fully vaccinated staff member
—  Connecticut, July—August 2021. Clin Infect Dis
2022;75:€909—11.

[9] Burugorri-Pierre C, Lafuente-Lafuente C, Oasi C, Lecorche E,
Pariel S, Donadio C, et al. Investigation of an outbreak of COVID-
19 in a French nursing home with most residents vaccinated.
JAMA Netw Open 2021;4:e2125294.

[10] van den Besselaar JH, Sikkema RS, Koene F, van Buul LW, Oude
Munnink BB, Frénay I, et al. Are presymptomatic SARS-CoV-2
infections in nursing home residents unrecognised symptomatic
infections? Sequence and metadata from weekly testing in an
extensive nursing home outbreak. Age Ageing 2021;50:1454—63.

[11] Robert Koch-Institut. Coronavirus-Krankheit-2019 (COVID-19)
(SARS-CoV-2). 2020.

[12] Stull RB. An introduction to boundary layer meteorology, vol. 13.
Kluwer Academic; Atmospheric Sciences Library; 1988.

[13] van Kasteren PB, van der Veer B, van den Brink S, Wijsman L, de
Jonge J, van den Brandt A, et al. Comparison of seven commer-
cial RT-PCR diagnostic kits for COVID-19. J Clin Virol
2020;128:104412.

[14] Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S,
Muller MA, et al. Virological assessment of hospitalized patients
with COVID-2019. Nature 2020;581:465—9.

[15] Robert Koch-Institut. Bericht zu Virusvarianten von SARS-CoV-2 in
Deutschland. 2021.

[16] Shitrit P, Zuckerman NS, Mor O, Gottesman BS, Chowers M.
Nosocomial outbreak caused by the SARS-CoV-2 Delta variant in a
highly vaccinated population, Israel, July 2021. Euro Surveill
2021;26:2100822.

[17] Popa A, Genger JW, Nicholson MD, Penz T, Schmid D, Aberle SW,
et al. Genomic epidemiology of superspreading events in Austria
reveals mutational dynamics and transmission properties of SARS-
CoV-2. Sci Transl Med 2020;12:eabe2555.

[18] YulITS, Li Y, Wong TW, Tam W, Chan AT, Lee JHW, et al. Evidence
of airborne transmission of the severe acute respiratory syndrome
virus. N Engl J Med 2004;350:1731—9.

[19] Paton S, Spencer A, Garratt |, Thompson KA, Dinesh |, Aranega-
Bou P, et al. Persistence of SARS-CoV-2 virus and viral RNA in
relation to surface type and contamination concentration. Appl
Environ Microbiol 2021;87. e00526-21.

[20] de Man P, Paltansing S, Ong DSY, Vaessen N, van Nielen G,
Koeleman JGM. Outbreak of coronavirus disease 2019 (COVID-19)
in a nursing home associated with aerosol transmission as a result
of inadequate ventilation. Clin Infect Dis 2021;73:170—1.

[21] Fennelly KP. Particle sizes of infectious aerosols: implications for
infection control. Lancet Respir Med 2020;8:914—24.

[22] StadnytskyiV, Anfinrud P, Bax A. Breathing, speaking, coughing or
sneezing: what drives transmission of SARS-CoV-2? J Intern Med
2021;290:1010—-27.


http://refhub.elsevier.com/S0195-6701(22)00308-5/sref1
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref1
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref1
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref1
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref1
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref2
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref2
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref2
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref2
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref2
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref3
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref3
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref3
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref3
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref4
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref4
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref4
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref5
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref5
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref5
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref5
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref5
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref6
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref6
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref6
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref6
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref7
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref7
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref7
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref8
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref8
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref8
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref8
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref8
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref8
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref8
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref9
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref9
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref9
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref9
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref10
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref10
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref10
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref10
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref10
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref10
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref11
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref11
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref12
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref12
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref13
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref13
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref13
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref13
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref14
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref14
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref14
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref14
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref15
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref15
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref16
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref16
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref16
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref16
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref17
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref17
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref17
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref17
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref18
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref18
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref18
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref18
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref19
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref19
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref19
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref19
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref20
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref20
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref20
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref20
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref20
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref21
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref21
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref21
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref22
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref22
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref22
http://refhub.elsevier.com/S0195-6701(22)00308-5/sref22

	Explosive COVID-19 outbreak in a German nursing home and the possible role of the air ventilation system
	Introduction
	Material and methods
	Setting
	COVID-19 case definition
	Outbreak investigation
	Description of the air flow
	The air conditioning system
	Evaluation of the meteorological situation
	Sampling sites of the room air conditioning system
	PCR tests

	Results
	Description of the outbreak
	Vaccination status of the residents and staff
	Infection control before the outbreak: staff
	Infection control before the outbreak: residents
	Environmental sampling
	Meteorological situation

	Discussion
	Acknowledgements
	Conflict of interest statement
	Funding sources
	References


