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Background: Personal protective equipment (PPE) helps protect healthcare workers
(HCWs) from infection and prevents cross-contamination. Knowledge of the contamination
dynamics of PPE during the management of COVID-19 patients in a makeshift hospital is
limited.
Aim: To describe the rate of SARS-CoV-2 contamination in PPE and to assess the change of
contamination at different time points.
Methods: HCWs were followed up for up to 4 hours with hourly collection of swab samples
from PPE surfaces in a makeshift COVID-19 hospital setting. Swabs were tested using
quantitative reverse transcription polymerase chain reaction (RT-qPCR) for SARS-CoV-2
RNA.
Results: SARS-CoV-2 was detected on 50.9% of the 1620 swabbed samples from 9 different
sites of full-body PPE worn by HCWs. The proportion of sites contaminated with SARS-CoV-
2 RNA varied from 10.6% to 95.6%. Viral RNA was most frequently detected from the sole of
the outer foot cover (95.6%) and least frequently on the face shield (10.6%). The median Ct
values among positive samples were 34.20 (IQR, 32.61e35.22) and 34.05 (IQR, 32.20
e35.39) for ORF1ab and N genes, respectively. The highest rate of contamination with
SARS-CoV-2 RNA for the PPE swab samples was found after 3 hours of use. The positive rate
of outer surface of HEPA filters from air supply device was 82.1% during the full capacity
period of the makeshift hospital.
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Conclusion: A higher rate of contamination was identified at 3 hours after the entrance to
the COVID-19 patient care area. Virus-containing aerosols were trapped in the HEPA filter
of air supply equipment, representing a potential protective factor against infection to
HCWs.

ª 2023 The Authors. Published by Elsevier Ltd
on behalf of The Healthcare Infection Society. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The COVID-19 epidemic was declared by the WHO as a public
health emergency of international concern on January 30, 2020
[1]. On 26 November 2021 the WHO declared that the world was
facing a new variant of concern: Omicron, SARS-CoV-2 variant
B.1.1.529 [2,3]. Omicron’s ongoing mutations would go on to
change the trajectory of the COVID-19 pandemic especially in
China [4,5]. A combination of increased transmissibility and
immune escape likely facilitated the massive and rapid spread
of Omicron subvariants [6,7]. COVID-19 is often more severe in
people who have health conditions such as lung or heart dis-
ease, diabetes or conditions that affect their immune system.
The elderly are especially at increased risk of morbidity and
mortality from severe COVID-19 [8e10].

On August 1 2022, a cluster of COVID-19 cases caused by the
Omicron subvariant of SARS-CoV-2 (BA.5.1.3) was detected in
Sanya, Hainan Province, China, resulting in the territory’s third
wave of COVID-19 cases. By August 11 2022, the city had
reported a total of 2,161 confirmed cases and 2,071 asympto-
matic cases. In order to control the epidemic as soon as pos-
sible and to achieve the goal of high-quality dynamic zero
COVID-19 cases in the community as well as alleviating the
shortage of medical treatment resources, the International
Expo Center Project (Sanya, China), that was still under con-
struction, was converted into Sanya Second Makeshift COVID-
19 Hospital. This makeshift hospital was divided into four
sections (section A, B, C and D) and only COVID-19 patients with
asymptomatic or mild symptoms were placed in all four
sections.

In August 2021, Sanya’s climate was extremely hot due to
the intense sunshine. This hot climate posed a significant
threat to the well-being and comfort of healthcare workers
(HCWs) who wore full-body personal protective equipment
(PPE). The adverse effects of PPE were associated with longer
shift duration and included heat, thirst, pressure areas,
headaches, the inability to use the bathroom, and extreme
exhaustion, which can be exacerbated by the high temperature
and humid environment [11]. To effectively control and pre-
vent the heat stress caused by PPE worn in hot and humid
environments, we introduced a medical positive pressure pro-
tective coverall (MPPPC) for HCWs who came in contact with
COVID-19 cases. The MPPPC was equipped with air supply
device to continuously provide clean air. The internal tem-
perature of MPPPC could be controlled at 26�Ce29�C, greatly
improving the comfort of HCWs. The MPPPC provided full-
coverage protection from the head to the ankle of the wearer.

Previous research has shown that any surface of PPE worn
can become contaminated by SARS-CoV-2 during use and be a
potential source of exposure to SARS-CoV-2 [12e14]. To protect
HCWs from the risk of occupational exposure to SARS-CoV-2 and
prevent cross contamination caused by doffing, it is important
to track the dynamic contamination of PPE worn and to opti-
mise doffing procedures. To explore the related mechanism of
PPE contamination when selecting MPPPC, we systematically
performed MPPPC sampling to evaluate SARS-CoV-2 con-
tamination at various time intervals upon entering the patient
care area and prior to PPE doffing. The findings of this inves-
tigation will provide a useful reference and shared experience
for the future response to public health and safety events such
as emerging respiratory infectious diseases.

Methods

Description of the makeshift COVID-19 hospital

The second makeshift COVID-19 hospital was delivered in
August 11, 2022. It was a detached building covering about
21,200 square meters and 21.41 meters high, and consisted of
solid masonry partition walls and glass doors, with natural
ventilation by open glass doors and ventilating fans. It had a
capacity of 2,000 beds. In order to manage the patients con-
veniently, the patient care area was divided into four sections
(sections A, B, C and D). Each section included several units
composed of 30e40 beds and was managed by 8e16 HCWs
depending on the number of bed units for 4 hour shifts. This
study was performed at the Sanya second makeshift COVID-19
hospital, China, from 16th August to 6th October 2022. From
11th August to 10th September, 2022, following the new surge of
COVID-19 infections and the shortage of medical facilities, the
makeshift hospital admitted over 2000 patients at full capacity
during this period.

Details of medical positive pressure protective
coverall (MPPPC)

HCWs caring for patients with confirmed COVID-19 routinely
wore full-body personal protective equipment (PPE), including
the MPPPC (Medical Positive Pressure Protective Coverall,
TUOREN, Henan Tuoren Medical Device Co. Ltd.). The MPPPC
consists of protective clothing, breathing tube, and air supply
device (Figure 1). The protective clothing is composed of an
exhalation valve, window (face shield), zipper, clothing body
and air supply connector. The air supply device includes High
Efficiency Particle Air (HEPA) filter film that has greater than
99.99% filtration performance on oil and non-oil particles. The
MPPPC can be used for long hours in highly infective healthcare
environments. It can help HCWs to avoid heat-related illness in
a very hot environment with more ease than other PPE used.

Donning of PPE protocol

The makeshift hospital provided surgical scrubs and special
shoes to HCWs before donning PPE. Personal clothing was not

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Schematic representation of medical positive pressure protective coverall and sampled sites. The medical positive pressure
protective coverall is composed of cover body, breathing tube and air supply device. The body is composed of a cover body, a window, an
air supply connector, a filter membrane, a plastic spring buckle and a tightening belt. The air supply device is composed of the lower shell
of the air supply device, fan control board, battery, inner cover plate gasket, inner cover plate, filter membrane gasket, lower cover of
the filter membrane, filter membrane, upper cover of the filter membrane, upper shell of the air supply device, fan gasket, fan, voltage-
stabilized plate, alarm circuit board, air outlet, power switch, speed button and charging interface. Air supply device Continuous working
time: greater than or equal to 8 hours. Air supply volume: the air supply volume range is 120-190L / min, the wind speed. Can be adjusted,
the actual air supply volume should not be less than 120L / min.
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recommended. HCWs were advised to wear surgical scrubs,
special shoes, disposable medical cap, fit-tested particulate
respirator (medical N95 mask), full-body MPPPC (including full
face shield, and special HEPA air supply equipment), gloves,
and shoe covers. All HCWs donned full-body PPE according to a
protocol following these steps: (1) hand hygiene; (2) disposable
medical cap; (3) medical N95 respirator; (4) inner gloves; (5)
inner ankle-length shoe covers; (6) positive pressure protective
clothing; (7) outer gloves; (8) outer long length shoe covers.

A dedicated room for donning was set up outside the
makeshift hospital. Trained attendants were stationed in the
donning room to assist HCWs. The process of donning the full-
body PPE and getting ready to go into patient care area of
makeshift hospital took about 20 minutes.
PPE sampling procedure

The PPE samples were collected by 5 trained personnel
using a standardised technique with pre-moistened sterile
swabs (MS-OF3601, Shenzhen MandeLab Co., Ltd.). Sampling of
PPE was systematically performed from the top of the head to
the foot dorsum and sole to evaluate SARS-CoV-2 con-
tamination at various time intervals from entering the patient
care area and prior to PPE doffing.

A total of 320 HCWs were invited to participate in this study
and all of them consented to the sampling. Their activities
included checking vital signs, administering oral medication,
taking temperature, checking blood pressure, ultrasound
examinations and electrocardiographic examination. They did
not perform aerosol-generating procedures. Time points of 1
hour, 2 hours, 3 hours and 4 hours were used for sampling the
PPE.

In the contaminated areas, 9 PPE samples from PPE surfaces
were taken from 12 HCWs every day. Samples were collected
over 15 days. The sampled PPE sites comprised dorsal surface
of the outer foot cover, sole of the outer foot cover, face
shield, top surface of the head, anterior surface of the fore-
arm, back surface, anterior surface of the lower leg, chest
surface and outer gloves (Figure 1).

In the doffing rooms, swabs of the accessories of the MPPPC
(including HEPA filters, breathing tube, exhalation valve), the
scrub shirt and pants, skin (including neck, hand and arm), sole
and dorsal surface of foot, sole of the inner foot cover were
taken from 4 HCWs every day.

Before swabbing, the swab tips were moistened with the
transport medium, and then the PPE surfaces were thoroughly
swabbed in a meandering manner for at least 15s. The swabbed
areas were approximately 25cm2 or adjusted according to
shape. Finally, the swabs were placed in the transport con-
tainer (CIDA, Guangzhou, Biotechnology Co., Ltd.). PCR testing
of all the samples was performed at the laboratory of makeshift
hospital.

Laboratory procedures for detection of SARS-CoV-2
RNA

Swab samples were vortexed vigorously for 20 seconds before
aliquoting. Ribonucleic acid extractions were performed using
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DaAn Gene nucleic acid extraction kit (DaAn Gene Co, Ltd., of
Sun Yat-sen University, China) according to manufacturer’s
instructions. Quantitative reverse transcription polymerase
chain reaction (RT-qPCR) was performed using DaAn Gene 2019-
nCoV kit (DaAn Gene Co, Ltd., of Sun Yat-sen University, China).
Two separate gene targets, the open reading frame 1a/1b
(ORF1ab) and the nucleocapsid protein (N) genes were used to
detect SARS-CoV-2 RNA. The PCR tubes were immediately
transferred to an ABI 7500 RT-qPCRmachine (Applied Biosystems
Inc., Foster, CA, United States). The cycling conditions were as
per the manufacturer’s protocol. A sample was defined as pos-
itive for viral RNA if ORF1ab and/or N gene RT-qPCR assays gave
a Ct value of � 40. The sample was reported negative if both Ct
values were > 40.

Statistical analysis

The PCR results were recorded onto a Microsoft Excel
Spreadsheet� (Microsoft Corporation). Continuous variables
were expressed as median with interquartile range (IQR), and
were analysed by Kruskal-Wallis test, Mann-Whitney U test and
one-way repeated measures ANOVA test. Descriptive statistics
were used to represent data as numbers and percentages. The
differences in the positive rates were compared by Pearson’s
Chi-Squared test. P value <0.05 was considered to be statisti-
cally significant. The above-mentioned analyses were per-
formed using SPSS� 23.0 software (IBM, SPSS Inc., Chicago,
USA).

Ethics statement

The PPE sampling was approved by the Ethics Committee of
Hainan Hospital of Chinese PLA General Hospital with oral
informed consent having been obtained.

Results

PPE contamination monitoring and swabbed sampling
analysis

A total of 2036 swabbed samples were collected, including
1620 from PPE worn during HCWs working period. Overall, 824
(50.9%) samples yielded SARS-CoV-2 RNA (Table I), there was a
significant difference between the rate of SARS-CoV-2
RNA positive samples observed across the PPE sites (Pearson
Chi-Square 407.193, P<0.001). All sampled sites tested pos-
itive. Among them, SARS-CoV-2 RNA was most frequently
detected from the sole of the outer foot cover (95.6%) and least
frequently on the face shield (10.6%).

In total, the median Ct values among positive samples were
34.20 (IQR, 32.61e35.22) and 34.05 (IQR, 32.20e35.39) for
ORF1ab and N genes, respectively (Table II). The Ct values of
two genes were not significantly different (P¼0.344). There
were significant differences between the Ct values among 9
sites (P＜0.001). Except for top surface of the head and ante-
rior surface of the forearm, the median Ct values of N gene
from other samples were <35. All ORF1ab median Ct values
from samples from the top surface of the head, face shield, and
chest surface were >35, while other samples were <35
(Figure 2). The median Ct values of N gene for samples from
sole of the outer foot cover were 31.10 (IQR, 29.54e32.29), and
indicated a higher viral load than other PPE samples (Figure 2),
followed by dorsal surface of the outer foot cover with median
Ct values 32.69 (IQR, 31.75e33.76). The samples from the sole
of the outer foot and cover had the lowest Ct values of ORF1ab
with the median 32.28 (IQR, 30.36e33.59), followed by the
anterior surface of the lower leg with the median Ct values
33.40 (IQR, 33.11e34.17).

The SARS-CoV-2 RNA positive rate of outer HEPA filters was
82.1% (23/28) during the period when the hospital was at full
capacity. Samples from the breathing tube, exhaust valve,
outer surface of medical N95 respirator, inner HEPA filters,
scrub shirt and pants, skin (including neck, hand and arm) were
all negative.
Contamination dynamics of PPE samples from
different time points

The total SARS-CoV-2 RNA positive rate of PPE samples after
1 hour, 2 hours, 3 hours, 4 hours of use was 41.7% (169/405),
45.4% (184/405), 62% (251/405) and 54.3% (220/405), respec-
tively. Overall, total positive rate of PPE surfaces pool con-
tamination was the highest after 3 hours of use, with a
reduction after 4 hours (P¼0.033) (Figure 3).

There was no significant difference in the proportion of
SARS-CoV-2 RNA positive samples obtained from face shield,
chest surface, anterior surface of the forearm, sole of the
outer foot cover and anterior surface of the lower leg from
different 4 hour shifts.

An increased proportion of SARS-CoV-2 RNA positive swabs
was identified from the dorsal surface of the outer foot cover
and the back in the contaminated areas at various time inter-
vals (P<0.001). There was an increasing trend in the proportion
of positive samples for SARS-CoV-2 RNA obtained from the top
surface of the head within 3 hours, while no clear difference of
positive rate between 3 hours and 4 hours (P¼0.909). Outer
gloves showed the highest rate of contamination with SARS-
CoV-2 RNA after 3 hours.
Discussion

SARS-CoV-2 Omicron variant is of major public health con-
cern owning to its high infectivity and immune evasion.
BA.5.1.3, a new mutation of Omicron subvariant BA.5 [15], was
detected among the Sanya city’s COVID-19 infections since
August 1 2022. The city adopted a dynamic zero-COVID-19
strategy to respond to SARS-CoV-2 Omicron variant which had
a higher transmissibility. Makeshift hospitals can respond
effectively to the COVID-19 pandemic by performing essential
functions such as triage, isolation, sheltering, and rapid
transfer [16]. They also have some limitations, such as diffi-
culties with heating, ventilation, and air conditioning systems
[17,18]. The makeshift hospital could have yielded higher rates
of positive SARS-CoV-2 RNA from surface swabs of PPE worn in
the hospital because of less stringent cleaning and disinfection
regimens.

Containment of COVID-19 remains a great challenge in both
community and healthcare facilities, especially in makeshift
COVID-19 hospitals. HCWs are key in controlling the pandemic,
and how to protect HCWs using PPE has been controversial
[19e21]. It can be reasonably assumed that the effective
control of COVID-19 spread goes together with the protection
of HCWs. It is unclear which type of PPE protects best, what is



Table I

The rate of SARS-CoV-2 contamination in PPE sites at different time points

Type of sample No. of RNA positive

samples/Total no. of

collected samples (%)

Time points in the patient care areas

1 hour 2 hours 3 hours 4 hours X2 P value

Total 824/1620 (50.9) 169/405 (41.7) 184/405 (45.4) 251/405 (62.0) 220/405 (54.3) 40.249 <0.001
1. Top surface of
the head

85/180 (47.2) 7/45 (15.6) 12/45 (26.7) 35/45 (77.8) 31/45 (68.9) 51.069 <0.001

2. Face shield 19/180 (10.6) 3/45 (6.7) 4/45 (8.9) 7/45 (15.6) 5/45 (11.1) 1.98 0.628
3. Chest surface 58/180 (32.2) 10/45 (22.2) 13/45 (28.9) 21/45 (46.7) 14/45 (31.1) 6.614 0.094
4. Anterior surface
of the forearm

58/180 (32.2) 16/45 (35.6) 10/45 (22.2) 20/45 (44.4) 12/45 (26.7) 6.003 0.122

5. Outer gloves 85/180 (47.2) 16/45 (35.6) 21/45 (46.7) 32/45 (71.1) 16/45 (35.6) 15.225 0.002
6. Anterior surface
of the lower leg

90/180 (50) 25/45 (55.6) 19/45 (42.2) 26/45 (57.8) 20/45 (44.4) 3.289 0.349

7. Back surface 101/180 (56.1) 15/45 (33.3) 21/45 (46.7) 29/45 (64.4) 36/45 (80) 22.807 <0.001
8. Dorsal surface
of the outer foot
cover

156/180 (86.7) 32/45 (71.1) 39/45 (86.7) 40/45 (88.9) 45/45 (100) 16.538 0.001

9. Sole of the outer
foot cover

172/180 (95.6) 45/45 (100) 45/45 (100) 41/45 (91.1) 41/45 (91.1) 7.486 0.028
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the best way to put PPE on (donning) or to remove PPE (doff-
ing), and how to train HCWs to use the PPE as instructed. The
choice of PPE is based on the risk of exposure and the possible
modes transmission [22]. PPE does not remove the hazards. It
protects the individuals and it is only effective if correct pro-
cedures are followed to put it on and take it off (donning and
doffing) [23]. Given the hot and humid climate of Sanya and the
field setting of a makeshift COVID-19 hospital, we recom-
mended the MPPPC for all HCWs who came into close contact
with patients infected with COVID-19.

The use of a full-body MPPPC with a powered, purifying-air
supply device, may protect against the risk of contamination
better than a combination of medical N95 mask and protective
clothing, but the MPPPC is more difficult to don and doff. In
Table II

The median Ct values of positive PPE sites based on RT-qPCR

Type of sample N gene ORF1ab gene

Median IQR Median IQR

Total 34.05 32.20e35.39 34.20 32.61e35.22
1.Top surface of the
head

35.25 34.11e36.04 35.46 34.19e36.74

2.Face shield 34.78 34.26e36.35 35.20 34.85e35.67
3.Chest surface 34.84 34.16e35.49 35.13 34.51e35.81
4.Anterior surface of
the forearm

35.84 33.39e36.17 34.96 33.40e38.07

5.Outer gloves 34.77 33.86e35.16 34.70 34.09e34.78
6.Anterior surface of
the lower leg

34.70 33.44e36.35 33.40 33.11e34.17

7.Back surface 34.78 32.28e36.17 33.76 32.17e35.74
8.Dorsal surface of
the outer foot
cover

32.69 31.75e33.76 34.21 32.55e35.00

9.Sole of the outer
foot cover

31.10 29.54e32.29 32.28 30.36e33.59
most cases, donning and doffing the MPPPC requires up to 22
separate steps and the help of trained attendants to ensure
that it is done correctly. Many HCWs have never worked in a
full-body MPPPC, and there are no data available about the
rates of MPPPC contamination by SARS-CoV-2 during COVID-19
patient care. The present study of a real-world setting rein-
forced the importance of adherence to contact precautions
and to appropriate PPE donning and doffing procedures for
preventing HCWs self-contamination [23]. Some errors in PPE
doffing can result in HCWs contamination, which creates the
potential risk of cross-transmission of SARS-CoV-2 to other
HCWs [24]. Therefore, the need for proper PPE and training for
HCWs should be highlighted. Providing HCWs with formal and
enhanced training may improve the donning and doffing of PPE
in the future [25,26].

HCWs experience close contact with the immediate sur-
roundings of COVID-19 patients as well as the virus-bearing
aerosols produced by the patient’s respiratory movement.
The activities of HCWs ranged from general contact such as
administering medication, reading the monitors for temper-
ature etc., distributing daily necessities or cleaning, to closer
physical contact such as physical examination, electrocardio-
graphic examination, bedside ultrasonography, or collection of
oropharyngeal swab samples. In theory, the contamination rate
of MPPPC would be expected to increase with the duration of
the working hours in the makeshift hospital. Real-time mon-
itoring of the contamination dynamics of MPPPC by SARS-CoV-2
RNA with the timing of work shift could support and provide
evidence for the development and evaluation of strategies for
infection prevention and control in the workplace.

Our study did aim to evaluate the extent and severity of the
SARS-CoV-2 contamination on MPPPC over time. The highest
rate of contamination with SARS-CoV-2 RNA for swabbed PPE
samples pool was found after 3 hours’ of use. We suggest that
the decline in total positive rate of swabs after 4 hours com-
pared to 3 hours was related to the decrease of the positive
rate of outer gloves after 4 hours. The hand hygiene com-
pliance of HCWs improved before leaving the patient care



Figure 3. The trajectory of positive rate of PPE samples over the time points in the patient care areas. The total curve indicates the rate
of contamination with SARS-CoV-2 RNA for swabbed PPE samples pool at different time points with an increasing contamination rate. In
addition, the positive rate of 4 sampled PPE sites (dorsal surface of the outer foot cover, back surface, top surface of the head and outer
gloves) which have significantly difference at different shifts are showed in the figure.

Figure 2. The trajectory of Ct values of ORF1ab and N genes for positive PPE samples. Numbering of sampled sites corresponds to the
numbering in Table I in the present article. The sampled PPE sites comprised: 1.top surface of the head; 2. face shield; 3. chest surface;
4.anterior surface of the forearm; 5. outer gloves; 6. anterior surface of the lower leg; 7. back surface; 8. dorsal surface of the outer foot
cover; and sole of the outer foot cover (Fig. 1). Except for top surface of the head and anterior surface of the forearm, the median Ct
values of N gene from other samples were＜35. All ORF1ab median Ct values of the top surface of the head, face shield, and chest surface
were ＞35, while other samples were ＜35.
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areas, which resulted a decline in the contamination rate of
the outer gloves. The sole of the outer foot cover (95.6%),
dorsal surface of the outer foot cover (86.7%), and back surface
(56.1%) showed the highest frequency of SARS-CoV-2 RNA
contamination. The findings of present study are not consistent
with the results of some previous studies which indicated that
the PPE of HCWs was not contaminated extensively during the
management of patients with COVID-19 [27e33].

There is a possibility that the contamination of PPE would be
more frequent when managing patients with COVID-19 in gen-
eral wards without negative pressure [34]. The airflow and
ventilation of indoor space can affect the deposition of viral
particles onto environmental surfaces, thus it is expected that
environmental contamination would be higher in neutral
pressure space [35]. Moreover, perhaps it could also be
explained because the HCWs in some studies spent a shorter
time in the patient’s room than in the present study [36]. The
HCWs in this study stayed in patient care areas for a relatively
long period (4 hours) and in addition, were in closer contact
with patients and thus there may be a higher chance of PPE
contamination. It may also be related to the sampling method
and the sample size. The sampling method has not been
standardised and its sensitivity and specificity have not been
determined. The sample size was relatively small in recent
reported studies [27e33].

The contamination risk of full-body PPE in the makeshift
COVID-19 hospital setting is further influenced by existing
infection prevention and control practices and engineering
interventions, such as adequate ventilation and negative
pressure space [37]. This study found that HEPA filters con-
taminated by SARS-CoV-2 was more common. The positive rate
of outer surface of HEPA filters from air supply device was
82.1% during the full capacity period of the makeshift hospital.
The contaminated surfaces of HEPA filters could be used as a
marker to identify other PPE items at higher risk of
contamination and could support the long-range aerosol
transmission (traditionally known as airborne transmission) of
SARS-CoV-2 under certain conditions such as prolonged expo-
sure in enclosed spaces with inadequate ventilation. We agree
that the presence of SARS-CoV-2 on the surfaces of full-body
PPE items could be through aerosol particles deposited in the
air by droplets, in addition to contamination via direct contact
from touching. This study showed that SARS-CoV-2 RNA was
most frequently detected from the sole of the outer foot cover.
The contamination of soles could be due to respiratory droplets
that fall to the floor and which are spread to other areas of the
makeshift COVID-19 hospital through attaching to HCW’s shoes.
As the HCWs did not habitually touched their heads because of
the height of full-body PPE, the top of the head may have been
contaminated with airborne particles. As contamination of PPE
by SARS-CoV-2 is complex and dependent on several factors,
the awareness of contamination modes is important to effec-
tively mitigate the potential risk of exposure for HCWs infec-
tion. In present study, Ct values of all samples were >30,
suggesting that the overall risk of infection is not high. How-
ever, it is of note that the detection of viral RNA from PPE
surfaces does not necessarily represent infectivity.

To our knowledge, the present study is the first to charac-
terise the SARS-CoV-2 contamination of the full-body MPPPC in
a makeshift COVID-19 hospital setting. This study finds a high
rate of contamination of MPPPC with SARS-CoV-2 and we rec-
ommend the following measures to reduce the risk of SARS-
CoV-2 contamination or infection for HCWs working in the
COVID-19 patient care area. These measures include: (1) the
help of a trained attendant during donning of PPE; (2) double
layers of gloves and double layers of foot covers when donning
of PPE; (3) face-to-face spoken instruction during doffing of
PPE; (4) extra sanitation of full-body PPE surfaces before
doffing with 3% hydrogen peroxide; (5) disinfection of gloves
during each step of doffing with alcohol-based hand rub; (6)
one-step removal of outer layer gloves, foot covers, and pro-
tective clothing; (7) proper disposal of PPE worn to prevent and
control the transmission of SARS-CoV-2. All PPE worn within the
makeshift COVID-19 hospital was to be properly discarded into
biohazard containers.

Our study was limited in that correlation between viral
load of consecutive COVID-19 patients hospitalised and full-
body PPE contamination was unclear, due to the limited
understanding of dynamics of SARS-CoV-2 shedding. SARS-
CoV-2 RNA is more stable and likely found in greater concen-
tration on fomites than infective SARS-CoV-2, the presence of
viral RNA is not an indication of infectivity [38]. In this study,
we only tested the presence or absence of SARS-CoV-2 RNA on
the surfaces of full-body MPPPC and did not to assess viral
infectivity or viability. The reported positive SARS-CoV-2 RNA
detection rates identified in this study may be markers of
previous viral presence from non-viable virus. Good hygienic
and regular disinfection practices appeared to reduce the
incidence of PPE contamination, although there is no robust
evidence of viral infectivity or transmissibility via fomites to
date [39]. Recent studies found similar contamination of PPE
after patient contact and exposure to contaminated envi-
ronment [40]. We also assessed the details of environmental
contamination status by SARS-CoV-2 RNA in the other study,
and the experimental data is under statistical analysis and has
not been published. Preliminary analysis showed a high suc-
cess rate in detecting the presence of SARS-CoV-2 RNA from
the makeshift COVID-19 hospital setting. The correlation of
contamination level between PPE and environmental in the
makeshift COVID-19 hospital setting needs further analysis.
Overall, the present study also showed that challenge with
evaluating extent and severity of SARS-CoV-2 contamination
for PPE worn. The sampled PPE sites with higher con-
tamination rate also have lower Ct values, indicating that the
highly contaminated PPE sites may have higher SARS-CoV-2
viral loads.

Conclusions

Protective clothing should be used according to the risk of
contamination, the predominant route of SARS-CoV-2 trans-
mission, and the period of exposure. Swabs of full-body MPPPC
have identified with SARS-CoV-2 contamination in a makeshift
COVID-19 hospital setting, although the use of RT-qPCR for
detection may not necessarily represent the presence of viable
virus. The foot dorsum and sole showed the highest frequency
of SARS-CoV-2 RNA contamination possibly because gravity and
air flow can cause the virus to fall to the floors. A higher rate of
contamination was identified from PPE worn at 3 hours after
the entrance to the COVID-19 patient care area. Virus-
containing aerosols were trapped in HEPA filter of air supply
equipment, representing a potential protective factor against
SARS-CoV-2 infection to HCWs. HCWs should pay particular
attention to the risk of contamination of hands and inner
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clothing during PPE removal. PPE in conjunction with hand
hygiene and routine cleaning and disinfection of patient care
environment may protect HCWs from infection with SARS-CoV-
2 during the management of patients with COVID-19.
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