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• All SARS-CoV-2-positive surface sam-
ples were associated with patients' toi-
lets.

• Only one of 46 air samples was weakly
positive for SARS-CoV-2.

• All four exhaled condensate or expired
air samples were negative for SARS-
CoV-2.

• Fecal-derived aerosols contained most
of the detected SARS-CoV-2 virus.

• Regular disinfection of toilet surfaces is
an important COVID-19 intervention.
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Respiratory and fecal aerosols play confirmed and suspected roles, respectively, in transmitting severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2). An extensive environmental sampling campaign of both toilet
and non-toilet environments was performed in a dedicated hospital building for patients with coronavirus dis-
ease 2019 (COVID-19), and the associated environmental factors were analyzed. In total, 107 surface samples,
46 air samples, two exhaled condensate samples, and two expired air samples were collectedwithin and beyond
four three-bed isolation rooms. The data of the COVID-19 patients were collected. The building environmental
design and the cleaning routines were reviewed. Field measurements of airflow and CO2 concentrations were
conducted. The 107 surface samples comprised 37 from toilets, 34 from other surfaces in isolation rooms, and
36 from other surfaces outside the isolation rooms in the hospital. Four of these samples were positive, namely
two ward door handles, one bathroom toilet seat cover, and one bathroom door handle. Three were weakly
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Fecal aerosols
Aerosol transmission
Environment samples
Hospital
positive, namely one bathroom toilet seat, one bathroomwashbasin tap lever, and one bathroom ceiling exhaust
louver. Of the 46 air samples, one collected from a corridor was weakly positive. The two exhaled condensate
samples and the two expired air samples were negative. The fecal-derived aerosols in patients' toilets contained
most of the detected SARS-CoV-2 in the hospital, highlighting the importance of surface and hand hygiene for
intervention.

© 2020 Published by Elsevier B.V.
1. Introduction

The coronavirus disease 2019 (COVID-19),which is caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread
rapidly around the globe. More than five million confirmed cases and
more than 500,000 deaths were recorded by the end of June 2020
(WHO, 2020). The characteristics of this epidemic suggest that droplets
exhaled during close contact and fomites may mediate transmission of
SARS-CoV-2 (WHO-China, 2020). Potential airborne spread due to cer-
tain aerosol-generating procedures in healthcare facilities has also
been envisaged. The role of the fecal–oral route in indoor environments
remains to be determined after detection of the virus in stools (Zhang
et al., 2020a; Zhang et al., 2020b; Zhang et al., 2020c). Crucially, how-
ever, the relative importance of transmission by fomites, close contact,
and the suspected fecal–oral route remains unknown. Significant infec-
tion has also occurred in hospitals. According to the China CDCWeekly
2020 (Novel Coronavirus Pneumonia Emergency Response
Epidemiology Team, 2020), 1716 of 44,672 COVID-19 cases confirmed
in China by February 11, 2020 affected healthcareworkers. Thus, under-
standing the infection risk in a hospital environment is essential to
protecting healthcare workers.

An environmental sampling campaign was performed in four occu-
pied isolation rooms housing 10 COVID-19 patients in The Second Hos-
pital of Nanjing, China, and the association between the sampling
results and the environment and the risk of SARS-CoV-2 transmission
were analyzed. The studied infectious disease hospital was built in
2015 and is now a designated hospital for receiving COVID-19 patients
during the epidemic. The aim of this study was to identify the high-
risk areas in a hospital containing COVID-19 patients and thus enable
the adoption of adequate and effective interventions.

2. Materials and methods

2.1. Patient data

Basic data of the COVID-19 patients in the sampled isolation rooms
were first collected; these included the date of symptom onset, throat-
sample polymerase chain reaction (PCR) results, CT scan findings,
symptoms, and mask-wearing behavior. The data of these patients are
summarized in Table S1. On each date, patients and rooms were ran-
domly chosen for sampling.

2.2. Environmental sampling

Environmental sampling was conducted in four isolation rooms, a
nursing station, a corridor, an air-conditioning system, and other spaces
in the airborne infectious-disease zone on the fifth floor of the hospital
(Fig. 1A). The hospital is a six-story building with a courtyard. The sam-
pling was conducted on February 8, 20, and 22, 2020. At the time of
sampling, only some of the 19 isolation rooms in the studied zone
were occupied by 34 patients on February 8, 21 patients on February
20, and 34 patients on February 22. Each isolation room contained
three beds andmeasured 7.9m× 3.9m× 8.2m but was not necessarily
fully occupied at the time of sampling.

The sites of air and surface sample collection are shown in Fig. 1. A
detailed list of air and surface samples is given in Table S2. All samples
were collected by a trained CDC officer who had a medical background,
with assistance from two trained nurses from the hospital. The CDC of-
ficer wore full personal protective equipment (PPE), including an N95
respirator, goggles, face shield, gloves, shoe covers, cap, and gown. The
CDC officer was quarantined for 12 days after the collection on February
8 and resumed sampling on February 20 and 22. Thereafter, he was
quarantined again for another 14 days and again disinfected.

For airborne-aerosol sampling, four bioaerosol samplers were used:
an Andersen one-stage viable impactor (QuickTake-30, SKC, USA; sam-
pled at 10 L/min for 30 min, Gibco cell-culture medium, 10 mL, only on
February 8), an AirPort MD8 (Sartorius, Germany; 50 L/min for 20 min,
water-soluble gel film), an ASE-100 (Langsi Medical Technology,
Shenzhen, China; 500 L/min for 2 min, biological aerosol special-
collection liquid on February 8 and 500 L/min for 20 min, biological
aerosol special-collection liquid on February 20 and 22), and a WA-15
(Dinglan Technology, Beijing, China; sampled at 14 L/min for 30 min
on February 8; Youkang virus-sampling kit, Youkang Hengye Biotech-
nology, Beijing, China). To collect exhaled breath condensates, an AT-
150 (Dingblue Technology, Beijing, China) was used to obtain samples
from respiratory fluids, which aggregated on the hydrophobic film sur-
faces after freezing. To collect surface-wiped samples, a Youkang virus-
sampling kit (YoukangHengye Biotechnology, Beijing, China) was used.
A cotton swab was moistened with the collection liquid and then used
to wipe the surface of the object once.

The sampling sites were extended to other areas in the hospital and
its roof air-exhausts on February 20 and 22. The sampling duration of
the ASE-100 was also increased from 2 min to 20 min. All sampling
was conducted from 9:00 am to 12:30 pm, and the morning surface-
cleaning in the hospital was arranged to be suspended. For the general
routine, cleaning and disinfection of these rooms was conducted twice
daily. The frequently touched surfaces were cleaned using a sodium
dichloroisocyanurate solution containing 500 mg/L chlorine (disinfec-
tant tablets, Lvshaxin Aiershi, Shanghai). During the morning round,
cleaners wearing PPE entered at 8:30 am, emptied the waste bins
from 8:30 to 9:00 am, cleaned environmental surfaces from 9:00 to
10:30 am, and exited at 11:00 am. During the afternoon round, cleaners
entered at 2:00pmand cleaned the same surfaces from2:30 to 4:00 pm.

In total, 107 surface samples, 46 air samples, two exhaled conden-
sate samples, and two exhaled air samples were collected. On February
8, 60 samples were collected, including nine air samples (with the
QuickTake30,MD-8, and ASE-100) and 51 surface samples. On February
20, 29 air samples (with the MD-8, ASE-100, and WA-15), two exhaled
condensate samples, two exhaled air samples, and 50 surface samples
were collected. On February 22, eight air samples (using the MD-8 and
ASE-100) and six surface samples were collected. The sampling dates
in each studied isolation room are summarized in Fig. 2, which also in-
cludes the patients' information.

2.3. Method of analysis

The environmental sample detection methods included nucleic acid
extraction (NP968, Tianlong Science & Technology, Xi'an, China) and
amplification by real-time quantitative reverse-transcription (RT)-PCR
(Applied Biosystems QuantStudio Dx, Thermo Fisher Scientific, Wal-
tham, MA, USA). Detection of SARS-CoV-2 RNA was performed using a
real-time RT-PCR kit from Shanghai Chromysky Medical Research Co.
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Fig. 1. Summary of hospital sites where air and surface samples were collected. (A) Locations of the sampling points in the air-conditioning systems and on the hospital building roof. The
building zone highlighted in red is the airborne infectious-disease zone on thefifth floor of the hospital. (B) Locations of the sampling points at the nursing station, storage/cleaner's rooms,
healthcareworkers' PPE changing room, and corridor of the airborne infectious-disease zone. (C) Locations of the sampling points in a typical isolation room. Positive samples are indicated
by either empty or filled red circles. Negative samples are indicated by either empty or filled blue circles. In Panel B, the four sampled rooms are highlighted in light red, namely the
isolation rooms containing beds 2 and 3, beds 16–18, beds 31 and 32, and bed 55.
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Ltd. (Shanghai, China). Each sample for RT-PCRwas run in duplicate ac-
cording to the manufacturer's instructions. The patients' samples were
analyzed by The Second Hospital of Nanjing using an Applied
Biosystems 7500 Real-Time PCR System (Thermo Fisher Scientific,Wal-
tham, MA, USA). The nucleic acid detection reagents were obtained
from Huada Biotechnology (Wuhan) Co., Ltd. A sample was defined as
positive at a Ct ≤38, and weakly positive at a Ct of 37–38. A standard
curve generated from the RNA standards was previously published by
this institution for validation of the RT-PCR method used to quantify
SARS-CoV-2 (Shi et al., 2020).

2.4. Statistical analysis

The chi-square test was used to determine whether there were sta-
tistically significant differences in the percentages of positive samples
among different groups of surfaces. Specifically, the chi-square test sta-
tistic, χ2, was calculated and compared to a chi-square distribution to
acquire the p-value. In this study, a p-value less than 0.05 was consid-
ered statistically significant.

2.5. Building and its ventilation data

The studied hospital was a dedicated COVID-19 patient hospital in
Nanjing. The hospital is a six-story building, and the sampled area,
patient zone no. 5, occupies part of the fifth floor (Fig. 1A). Four patient
rooms were monitored, and sampling was also conducted in the corri-
dor and elsewhere on the floor and on the hospital roof. Unlike the
sixth-floor wards, the fifth-floor wards, where environmental sampling
was conducted, do not have anterooms.

TheCO2 concentrationsweremeasured in the roomsusing an indoor
air-quality meter (IAQ-Calc 7515, TSI, USA) for 24min with four people
present. Based on the CO2 data, the outdoor air-supply rate was calcu-
lated to be 64 L/s (2.5 air-changes per hour, ACH). Using incense
smoke, the airflow pattern was determined to lead from the corridor
to each isolation room, and to subsequently exhaust via the bathroom.

3. Results and discussion

3.1. Possible surface samples associated with toilets in patients' rooms

Of the 107 surface samples taken throughout and beyond the infec-
tious disease zone, seven were positive (four positive and three weakly
positive). These samples were collected from the inside door handle of
the isolation room containing beds 16, 17, and 18 (Ct = 36.8, 407 RNA
copies, February 8), the toilet seat in the same isolation room (Ct =
38.0, February 8), the inside door handle of the isolation room contain-
ing beds 2 and 3 (Ct=36.2, 666 RNA copies, February 20), the toilet seat
cover (lower surface) in the isolation room containing bed 55 (Ct =



Fig. 2. Summary of the isolation rooms containing beds 2 and 3, 16–18, 31 and 32, and 55, the 10 patients housed in these rooms (onset and hospitalization dates), and the sampling dates.
The sampling dates onwhich positive sampleswere detected are highlighted by red ticks. In each room, a patient and his/her bed are shown in the same color.When events (e.g., symptom
onset and hospitalization) occurred on the same day, the symbols overlap and are shown in a transparent format.
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36.1, 723 RNA copies or 29 copies/cm2, February 20), the bathroom tap
lever of the same room (Ct = 37.7, February 20), the bathroom door
handle of the same room (Ct = 36.8, 407 RNA copies, February 20),
and the exhaust air grille surface in the bathroom of the same room
(Ct = 37.9, February 22). Note that we did not calculate the RNA copy
numbers for the three weakly positive samples.

Note also that five of seven positive/weakly positive samples were
obtained from two bathrooms used by patients, and all of the throat
swabs of at least one of these patients had been positive for twodays be-
fore sampling. Among all other surface areas both within and beyond
the isolation rooms, only two surface samples were positive, namely
the door handles of Rooms 16–18 and 2–3. Fig. 1A and B demonstrate
that all surface samples outside of the patients' rooms were negative,
as shown by a lack of solid red circles, while only the toilet area in one
patient roomwas found to be contaminated, as shown by solid red cir-
cles in Fig. 1C.
Table 1 shows that positive surface samples were only detected in
the rooms containing a patient whose throat swabs were all positive
on a given day. The numbers of positive air samples and surface samples
and the corresponding shortest symptom onsets in the sampling period
are also shown.

These results suggest that for the COVID-19 patients studied here,
the toilet was the most contaminated environment, although the chi-
square p-value is only 0.064 (Table 2). The detection of more positive
surface samples in the bathrooms than elsewhere suggests that these
samples may be fecal in origin. The previous detection of the virus in
stools3–5,16,18 supports this interpretation, as does the fact that stools
obtained from thefirst COVID-19 patient in theUnited States also tested
positive.7 Zhang et al.5 also observedmore anal swab positives than oral
swab positives in the later stage of infection, and approximately 10% of
the patients in Wuhan presented with diarrhea and nausea prior to
fever and dyspnea (Wang et al., 2020). In other studies, diarrhea and



Table 1
Summary of samples collected on the three sampling dates in the four isolation rooms and other areas in the airborne infectious-disease zone.
Rooms containing a patient whose throat swabs were all positive on a given day (Table S1) are shown in bold red font.

Sampling 

date and 

time 

Locations Indoor 

air 

temperat

ure and 

humidity 

Occupancy 

(no. of 

patients) 

 Air 

samples 

(positive/

total) 

Surface 

samples 

(positive/tot

al) 

Days 

post-sympt

om onset  

Main objects or surfaces 

Feb 8  

10:00 am 

– 1:30 

pm 

Last 

cleaning 

2:30–

4:00 pm, 

Feb 7 

Room 1–3  

19–20°C 

28–29% 

2 0/9  0/9  13  

Room 16–18 3 0/0 2/11  4 Entrance door handle and 

toilet seat 

Room 31–33 2 0/0 0/9  4  

Other areas 

(cleaner’s storage, 

nursing station, and 

PPE exchange) 

NA 0/0 0/22  NA  

Feb 20 

1:30– 

5:30 pm 

Last 

cleaning 

2:30–

4:00 pm, 

Feb 19 

Room 1–3

21–23°C 

27–29% 

2 0/15  1/15 10 Entrance door handle 

Room 16–18 2 0/0 0/13  16  

Room 55 1 0/9 3/13 6 Entrance door handle, 

toilet bowl, washbasin 

spout 

Roof exhaust/return   

NA 

NA 0/2 0/5 NA  

riarodirroCAN4/03/1ANsaerarehtO

Exhaled condensate NA 0/2 NA NA  

ANAN2/0ANriadelahxE

Feb 22, 

11:00 am 

– 4:30 

pm 

Last 

cleaning 

2:30–

4:00 pm, 

Feb 21 

Room 55 22–23°C 

33–34% 

1 0/2  1/1 8 Toilet exhaust louver 

Other areas NA NA 0/6 0/5 NA 

6 Z. Ding et al. / Science of the Total Environment 753 (2021) 141710
nausea have been observed in one-third of patients (Foladori et al.,
2020). High levels of viral load were also detected in the stools of
SARS-CoV patients (Peiris et al., 2003).

3.2. One positive surface sample at a toilet ceiling exhaust grille

The detection of positive surface samples on one toilet ceiling ex-
haust grille in a bathroom suggests that fine virus particles existed in
that bathroom. Deposition on exhaust grille surfaces can result from
either the long-term deposition of low-concentration particles in the
air or the rapid deposition of high-concentration particles. Three possi-
ble sources of fine airborne aerosols exist in the bathroom: exhaled re-
lease from patients when using the bathroom, toilet-generated aerosols
from feces and urine when the toilets are flushed (Gerba et al., 1975),
and import of airborne particles from the cubicles where the patients
spend most of their time. Ong et al. (2020) also detected SARS-CoV-2
in an air-outlet fan. Among surfaces in a patient ward, including a
bench, bedside rail, locker, bedside table, alcohol dispenser, and



Table 2
Statistical significance of the positive results for toilet-related or other surfaces in isolation
rooms containing at least one patientwith all-positive throat swabs before and/or after the
sampling.

Surface groups Number of samples Number of positive 

and weakly positive 

samples (percentage) 

p-Value (chi-square) 

Toilet-related surfaces 37 5 (13.5%) 0.064 

Other surfaces within 

the isolation rooms 

34 2 (5.9%) 

Other surfaces beyond 

the isolation rooms 

36 0 (0%) 

Surfaces in isolation 

rooms with at least 

one all-day positive 

patient 

49 7 (14.3) 0.062 

Surfaces in isolation 

rooms without any 

all-day positive 

patients 

22 0 (0%) 
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windowsill, Cheng et al. (2020) found that only the windowsill sample
(1/13)was positive for SARS-CoV-2 evenwhen the viral loads of the pa-
tients were 3.3 × 106 copies per mL in the pooled nasopharyngeal sam-
ple and throat swab and 5.9 × 106 copies per mL in saliva. A patient's
hands can be contaminated during toilet usage. Consistentwith this ob-
servation, the toilet bowl and sink surface samples in a Singaporean
hospital also tested positive for SARS-CoV-2 (Ong et al., 2020). In addi-
tion to aerosols generated by toilet flushing, Yu (2004) found that dur-
ing the 2003 Amoy Garden outbreak, SARS-CoV bio-aerosols were
generated in drainage stacks after patients flushed the toilets.

A toilet is housed in a small area that is commonly shared by patients
in relatively large isolation rooms. The personal spaces of these patients
overlap in the toilet area and thus are likely to generate an additive con-
tamination effect. This effect may explain why the toilet surfaces were
particularly likely to be positive for SARS-CoV-2. Nevertheless, the dura-
tion of a patient's visit to the toilet would have been brief, as onlymildly
symptomatic patients were housed on the tested floor. Additionally, the
surfacematerial or finish inside a toilet may allow a better transfer dur-
ing swab-sampling than the other sampled surfaces. In this context,
there is generally a higher surface-touch transfer rate from smooth to
rough surfaces, and most toilet surfaces are made to be smooth (Zhao
et al., 2019). No virus was detected on non-toilet object surfaces in the
patients' rooms, in contrast to a 2020 study byOng et al. (2020)wherein
13 of 15 (87%) samples in one patient's room and three of five (60%) toi-
let sites were positive, although anteroom and corridor samples were
negative. Interestingly, the patient in that earlier study had no
pneumonia or diarrhea but provided stool samples that were positive
for SARS-CoV-2.

3.3. One corridor air sample was weakly positive for SARS-CoV-2

Forty-five of the 46 air samples were negative. The only weakly pos-
itive air samplewas obtained from the corridor close to the patients' iso-
lation rooms andwas collected on February 20using theASE-100with a
total air-volumeof 10m3. The exact location of theweakly positive sam-
ple is shown in Fig. 1B (sample location no. 25). Of the two exhaled con-
densate samples, both were negative. We characterized the airflow
pattern in the hospital zone using incense smoke, which revealed a
weak flow from all isolation rooms to their shared corridor, as shown
in Fig. S1. In other words, none of these rooms had negative pressure,
despite the continuous operation of a relatively strong exhaust fan in
the bathrooms of all isolation rooms. Therefore, aerosols may have
been leaked from the isolation rooms to the corridor. Airborne aerosols
may have also been released from the PPE worn by healthcare workers
into the environment in the multi-function room. We were not able to
quantitatively measure the airflow in that zone.

The above described detection of the virus in the corridor air (only
weakly positive, and lower than the limit of quantification) and also
on the surfaces of exhaust grilles in the bathrooms suggests the possible
existence of airborne virus particles. Previous evidence suggested the
airborne transmission of SARS-CoV in hospital wards (Li et al., 2005).
Both Ong et al. (2020) and Cheng et al. (2020) failed to detect any
SARS-CoV-2-positive air samples, although this may have been due to
the fact that the former group sampled only 1.2 m3 or 1.5 m3 air, de-
pending on the sampler used, while the latter collected only 1 m3 of
air. Our single weakly positive result was obtained from an air volume
of 10 m3 while using absorption solution as the collection medium,
and no positive samples were detected when the air volume was less
than 10 m3. Therefore, it appears that the airborne concentration of
SARS-CoV-2 was very low in our studied hospital.

In summary, the study data strongly imply that toilets may be high-
risk areas in hospitals with COVID-19 patients and emphasize the im-
portance of hygiene in both private and public toilets. The strong need
for hand and environmental hygiene as an intervention for COVID-19
transmission is also indicated.

Our study had some limitations. Due to the possibly strong infectiv-
ity of this new virus, the sampling operative was subject to the require-
ments for quarantine and the use of inconvenient full PPE, whichmight
have affected the sampling operation. Moreover, access was provided
only to the rooms of patients with mild symptoms. Furthermore, the
number of collected air samples was small.

This study was part of the epidemiological studies conducted by the
Jiangsu CDC on the COVID-19 outbreak. The requirement for ethical ap-
proval was waived.
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