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INTRODUCTION
The close proximity required for patient care 

places operating room staff at high risk of exposure 
and infection with severe acute respiratory syndrome 

coronavirus-2 (SARS-COV-2).1 The Omicron and Delta 
variants of coronavirus disease 2019 (COVID-19) have 
further increased the risk of transmission and the viru-
lence of infection.2 Although most high-grade personal 
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Background: In the era of the coronavirus disease 2019 (COVID-19) pandemic, sur-
geons and medical staff are often at a high risk of infection in the operating room, 
especially when the patient is spontaneously breathing. In this study, we examined 
the minimum requirements for personal protective equipment with double surgical 
masks to potentially reduce unnecessary waste of supplies.
Methods: Two mannequins were each connected to a test lung machine simulating 
a surgeon and patient with spontaneous breathing. An aerosol generator contain-
ing severe acute respiratory syndrome coronavirus 2 virion particle substitutes was 
connected to the patient mannequin. The sampling points for the target molecules 
were set at different distances from the patient mannequin and sent for multi-
plex quantitative polymerase chain reaction analysis. Three clinical scenarios were 
designed, which differed in terms of the operating room pressure and whether a 
fabric curtain barrier was installed between the mannequins.
Results: Analysis of the multiplex quantitative polymerase chain reaction results 
showed that the cycle threshold (Ct) value of the target molecule increased as 
the distance from the aerosol source increased. In the negative-pressure operat-
ing room, the Ct values were significantly increased at all sample points compared 
with the normal pressure room setting. The Ct value sampled at the surgeon man-
nequin wearing double face masks was significantly increased when a cloth curtain 
barrier was set up between the two mannequins.
Conclusion: Double surgical masks provide elementary surgeon protection against 
COVID-19 in a negative pressure operating room, with a physical barrier in place 
between the surgeon and patient who is spontaneously breathing during local 
anesthesia or sedated surgery. (Plast Reconstr Surg Glob Open 2023; 11:e4792; doi: 
10.1097/GOX.0000000000004792; Published online 18 January 2023.)
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protective equipment (PPE) is effective at reducing 
transmission during brief exposure, variability in envi-
ronmental conditions, such as ambient humidity, notably 
influences potential transmission, suggesting that more 
information on virus particle dispersal is needed under 
operating room conditions.3

Simulated tests using exposure chambers show that 
PPE was highly effective (>95%) against a uniform stream 
of particles smaller than 5 µm when the study subject was 
positioned at varying distances from the particle genera-
tor.4 However, this type of test does not reproduce the 
environmental conditions of operation or where there is a 
constant flow of suspended exhaled particulates of varying 
sizes at a defined distance from the source. Information 
on particulate load and the effectiveness of PPE over time 
would help healthcare providers choose the best possible 
protective strategies under these specific conditions.

A considerable number of elective procedures have 
been postponed and avoided during the COVID-19 out-
break to reserve medical resources for life-threatening con-
ditions. However, elective and local anesthesia procedures 
are still necessary for patients in need, as well as for medical 
facilities to maintain essential healthcare function.

In this study, we examined viral vector transmission 
using simulated exposure to spontaneous respiration dur-
ing surgery involving the thoracoabdominal regions while 
the patient is awake and spontaneously breathing. Our 
goal was to establish a reference point for transmission 
risk and the minimum requirement of PPE for other sites 
of care to use to assess the safety of environmental condi-
tions for healthcare providers in the operating room.

MATERIAL AND METHODS
Target Molecule

An Interferon-γ (mIFN-γ) (NM_008337) mouse 
tagged open reading frame Clone expression plasmid 
(MR227155, OriGene Technologies) was selected as a 
substitute for the SARS-CoV-2 virion particle.5 The SARS-
CoV-2 is a single-stranded RNA virus with genome length 
of approximately 29.9 kb.6,7 Considering the fragility and 
infectious risk of using the SARS-CoV-2 or its similar 
viruses, we chose the complementary deoxyribonucleic 
acid clone plasmid that has more stability compared with 
ribonucleic acid (RNA), and considering safety, availabil-
ity issues, and to reduce the possibility of false positivity in 
future studies if the SARS-CoV-2 virion was used.

Two concentrations of the sample molecule were used 
in each scenario for validation: 275 µg/10 mL and 550 
µg/10 mL.

Aerosol Generation
A large-volume nebulizer (Galamed, I-lan, Taiwan) was 

used to generate the aerosol particles containing the tar-
get molecule. The jet nebulizer was powered by medical 
O2 sources, with a flow rate of 5 L/min.

Mannequin Setup
A mannequin head (mannequin P) (Male Styro 

Mannequin #0831, Hairess Corporation, Crown Point, 

Ind.) representing the surgical patient was placed on the 
surgical table. Another mannequin head (mannequin 
S) representing the surgeon was suspended 70 cm in the 
lateral caudal direction of mannequin P (Figs. 1, 2). The 
setup was based on our daily practice in the operating 
room with the surgeon operating while standing at the 
patient’s thoracoabdominal region (as shown in Fig. 2E). 
The distance between the surgeon and patient’s head was 
measured, while both of their heights were at an average 
of 171 cm.8

The aforementioned large-volume nebulizer contain-
ing the target molecule was connected to the trachea of 
mannequin P and supplied with an oxygen flow rate of 
5 L/min. The tracheas of the mannequins’ head were 
both connected to one side of a two-compartment test 
lung machine (Vent Aid TTL; Michigan Instruments, 
Grand Rapids, Mich.) using 7.0-mm endotracheal tubes 
(Mallinckrodt, Covidien, Mansfield, Mass.). Lung compli-
ance was set at 50 mL/cm H2O and airway resistance at 
8.2 cm H2O/(L * s). The second chamber of the test lung 
was connected to a driving ventilator (Siemens-Elema, 
Solna, Sweden), and the tidal volume and respiratory rate 
were set at 500 mL and 12 breaths/min. The inspiratory to 
expiratory ratio was set at 1:2. The two separate chambers 
of the test lung were physically connected by a rigid metal 
strap. When the ventilator delivered a tidal volume to the 
first chamber, the second chamber rose, drawing in a tidal 
volume through the trachea of both mannequin heads, 
thus simulating spontaneous breathing in the patient.

The outflow of aerosol was propelled by the respira-
tion generated by the test lung machine and exited out of 
the mouth of the model patient via an endotracheal tube. 
The Murphy’s eye side hole segment was trimmed to allow 
homogenous unidirectional flow.

Scenario Design
We hypothesized that during times of insufficient 

supply of PPE, the minimal requirement would be to 
wear double surgical face masks (CSD brand, qualified 
for Taiwan national standard CNS14774, bacterial filtra-
tion efficiency, and BFE of 3 µm > 99%). Two measures 

Takeaways
Question: What is the minimal requirement of personal 
protective equipment against COVID-19 in the operating 
room?

Findings: In this simulation study, two mannequins and 
lung machines were set up as spontaneous breathing 
surgeon and patient, with the surgeon wearing double 
surgical masks. The cycle threshold (Ct) value of aerosol 
sampling sites of SARS-CoV-2 virion particle substitutes 
generated by the patient mannequin had increased in a 
negative pressure operating room, with a physical barrier 
between the surgeon and patient.

Meaning: Double surgical masks can provide basic sur-
geon protection against COVID-19 in a negative-pressure 
operating room with a physical barrier between the sur-
geon and patient.
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were adopted to minimize exposure, including a lamellar 
flow ventilated negative-pressure operating room, and a 
physical barrier with fabric curtain to separate the space 
between aerosol outlets from the patient and the surgeon.

Therefore, we designed three separate scenarios to test 
these hypotheses (Table 1).

Scenario I: a self-ventilated patient wearing a surgi-
cal mask undergoing surgery on the thoracoabdominal 
region with the surgeon wearing double surgical masks in 
a regular operating room. The regular operating room is 
a positively pressured operating room, and the pressure 
difference between outside of the room is 8 Pa. The aver-
age air turnover rate is 35 per hour. The cleanroom class 
is 10,000 (less than 10,000 particles of size 0.5 um/ft3).

Scenario II: a self-ventilated patient wearing a surgi-
cal mask undergoing surgery on the thoracoabdominal 
region with the surgeon wearing double surgical masks in 
a laminar airflow negative-pressure operating room.

Scenario III: a self-ventilated patient wearing surgi-
cal masks undergoing surgery on the thoracoabdominal 
region with the surgeon wearing double surgical masks in 
a laminar airflow negative-pressure operating room, with 
a fabric curtain barrier placed at the patient’s neck level 
separating the space (Fig. 2C, D).

Control scenario: A patient ventilated in a closed sys-
tem with the surgeon wearing double surgical masks in a 
negative-pressure operating room.

Sampling
Pieces of 10 cm × 10 cm cellulose filter pads (YFYCPG, 

Taipei, Taiwan) were used as passive air samplers placed 
at designated sampling points (Fig.  3). These included 
the outer surface of the surgeon’s mask, the innermost 
surface of the surgeon’s mask, the outer surface of the 
patient’s mask, and at the nebulizer outlet (sampled using 

a standard viral swab). Additional spaced sampling points 
were located at 0.25 m cephalad to the nebulizer outlet, 
and 0.25 m, 0.5 m, 1.0 m, and 1.5 m caudal of the nebulizer 
outlet.

The samplers were exposed to the aerosol in the oper-
ating room for 2 hours during the nebulization process, 
and samples were taken 40 minutes after the nebulization 
was stopped, allowing the aerosolized particles to settle. 
The loaded pads were placed inside viral transfer tubes 
(UTM, brand) as an extraction vessel, stored in 4 °C, and 
analyzed within 48 hours by multiplex quantitative poly-
merase chain reaction (qPCR).

Multiplex Quantitative-PCR
The reactions were performed using an ABI step-one-

plus real-time PCR detection system (Applied Biosystems, 
Foster City, Calif.). Each experiment was performed in 20 
μL of reaction volume comprising 10 μL of KAPA SYBR 
FAST qPCR Master Mix (2X) Kit (Sigma-Aldrich), 5 μL of 
the aforementioned target molecule, and 5 μL of each 2.5 
μmol/L primer-probe mixture. The thermal cycling pro-
gram consisted of an initial denaturation in one cycle of 
10 minutes at 95 °C, followed by 40 cycles of 20 seconds at 
95 °C, 20 seconds at 60 °C, and 20 seconds at 72 °C. Each 
sample was run in quadruplicate. Samples with equivo-
cal amplifications underwent an additional run. The fold 
changes in target genes after multiplex qPCR were cal-
culated as follows: cycle threshold (Ct) was chosen at the 
beginning of log phase amplification during PCR.

ΔCt = –(Cttarget1 – Cttarget2).
The relative copy ratio of sample mIFN-γ in compari-

son to control template was presented as
RCR = 2−ΔCt.
The control mIFN-γ plasmid DNA stock (up to 

1.3 mg/mL) was diluted serially into 10−5, 10−7, 10−9 to 10−11 

Fig. 1. Design setup. Mannequin S represents the surgeon and mannequin P represents the patient, 
each is connected to an individual test lung. One of the two chambers of the test lung is connected to a 
driving ventilator. the nebulizer containing the target molecules is connected to mannequin P.
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standards. These dilutions were amplified on the sample 
PCR plate, along with experimental samples, to produce 
a standard curve, and for copy number calculation. Since 
PCR amplifications tended to be irregular after extended 
cycles, the upper limit of Ct was determined to be 35. 
A Ct number of more than 30 was used as a cut off for 
positivity.

Each scenario was repeated three times, and two 
identical samples were taken from each sampling site 

each time. Data were presented as the mean of the six 
samples.

Statistical Analysis
Comparisons between the two groups were assessed 

using analysis of variance. P values less than 0.05 were 
considered statistically significant. All statistical analy-
ses were performed using SPSS software (IBM, SPSS 
24).

Fig. 2. Design set up with actual images. a, Mannequin P as the patient. B, Mannequins S as the surgeon. c, cloth curtain between 
the two mannequins with view from the patient’s cranial side. D, cloth curtain between the two mannequins with view from the 
surgeon’s side. e, Operation scene in the real world.

Table 1. Scenario Design for Protective Equipment for COVID-19 in the Operating Room

Scenario Design* 
Ventilation System for  

Mannequin P 
Laminar Airflow Negative Pressure in 

Operating Room 
Cloth Curtain Barrier 

between Mannequins S and P 

Scenario I Self-ventilation – –
Scenario II Self-ventilation + –
Scenario III Self-ventilation + +
Control scenario Closed ventilation + –
*Mannequin S wearing double surgical masks in all the scenarios.
P, patient; S, surgeon.
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RESULTS
Analysis of the multiplex qPCR results revealed a consis-

tent linear correlation indicating a decreased distribution of 
the target molecule with increased distance from the aerosol 
source. The results in scenarios I–III are shown in Figure 4.

Comparison of scenarios I and II showed that in sce-
nario II (negative-pressure operating room), the regular 
interval spaced samples (1 to 5) had low target molecule 
levels approaching the negative control level, while in 
scenario I (regular operating room), the same group of 
samples had much higher concentration compared with 
the negative control value.

In scenario I, there was a significant concentration of 
the target molecule on the inner face of the surgeon’s 

double surgical masks (7) (Ct value mean + SD = 21.93 
+ 0.05). The same site showed a significantly reduced 
concentration in scenario II (Ct value mean + SD = 29.18 
+ 1.84) and scenario III (Ct value mean + SD = 31.27 + 
1.22).

In scenario III (cloth curtain barrier set up), a reduced 
concentration of target molecule was observed over the 
outer (6) and inner sides (7) of the surgeon’s double sur-
gical masks (Ct value, outer side mean + SD = 27.85 + 0.14; 
inner side mean + SD = 31.27 + 1.22) compared with sce-
nario II (Ct value, outer side mean + SD = 24.54 + 1.02; 
inner side mean + SD = 29.18 + 1.84) and the control sce-
nario (Ct value, outer side mean + SD = 24.04 + 0.43; inner 
side mean + SD = 26.63 + 0.14).

Fig. 3. Sampling sites. (1) 0.25-m cephalad to the aerosol outlet, (2) 0.25-m caudal to the aerosol outlet, 
(3) 0.5-m caudal to the aerosol outlet, (4) 1.0-m caudal to the aerosol outlet, (5) 1.5-m caudal to the 
aerosol outlet, (6) outer surface of the surgeon’s double mask, (7) inner surface of the surgeon’s double 
mask, and (8) inner surface of the aerosol outlet tubing.

Fig. 4. analysis of the multiplex qPcr results for all scenarios.
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DISCUSSION
To our understanding, this is the first simulation study 

investigating the transmission of SARS-CoV-2 virus by sim-
ulating both the patient and the surgeon with test lung 
machines in a scenario representing surgical procedures 
involving the thoracoabdominal areas in operating room 
settings. Operating rooms with laminar airflow ventilation 
and negative-pressure systems were recommended dur-
ing the COVID-19 pandemic to prevent the risk of aerosol 
transmission.9–12 However, whether it is possible to reduce 
unnecessary use of PPE in these operation rooms has not 
been well studied.

Our study revealed that the Ct value in the laminar air-
flow negative-pressure operating room showed a decrease 
in target molecule distribution with increasing distance 
from the patient mannequin aerosol source compared to 
the normal operating room. This might indicate that the  
laminar airflow negative-pressure system could reduce 
the movement of most aerosols and droplets generated by 
the patient. Newsom et al13 found that the laminar airflow 
ventilation primarily reduced the distribution of droplets 
smaller than 1000 μm compared with conventional air-
flow systems using a cough generator model with a fluores-
cein staining method. These findings might imply that an 
operating room equipped with laminar airflow negative-
pressure system could be an option to protect surgeons 
while performing surgical procedures when the patient is 
under spontaneous breathing effort.

Since it was recommended to avoid performing surgery 
on patients with a confirmed or undetermined diagnosis 
of COVID-19, elective procedures have been extensively 
postponed in recent years.10,14–16 This has raised interest 
in determining whether it is safe to perform elective pro-
cedures involving sections below the nuchal region away 
from the nasopharyngeal area, and what is the minimum 
requirement of PPE in these procedures.

Unlike previous studies which focused on the trans-
mission of aerosols during intubation, extubation, and 
general anesthesia procedures,11,12,15–17 our study simulates 
both the patient and surgeon’s spontaneous breathing 
physiology using test lungs, mimicking procedures under 
local or spinal anesthesia while the patient is awake and 
breathing spontaneously.

When placing a fabric curtain barrier between the patient 
and surgeon mannequin, we found that the Ct value at the 
inner side of the surgeon mannequin’s double surgical mask 
increased, indicating that the transmission of aerosols had 
been blocked. This might also indicate that the minimum 
requirement of PPE could be as simple as wearing double 
surgical masks if there is an appropriate barrier preventing 
the transmission of aerosol generated by the patient’s spon-
taneous breathing while performing surgery in a laminar 
airflow negative pressure system operation room.

However, we also found that the curtain barrier did not 
increase the Ct value at sample points at sites away from 
the patient mannequin under the laminar airflow negative 
pressure room setting. Two hypotheses have been proposed 
to explain this finding. First, the curtain barrier might 
have caused the aerosols and droplets capable of traveling 
beyond the field to have different transmission paths due 
to altered aerodynamics. Second, the curtain drape we set 

up had a height difference between the central and lateral 
sides (Fig. 2C), and this might explain why the transmission 
was decreased over the surgeon mannequin set up at the 
right lateral side of the patient, but not the sample sites at 
the central distant parts of the patient mannequin.

Several previous studies have designed various types 
of surgical drapes to prevent the transmission of SARS-
CoV-2 virus, mainly proposed in fields involving high risk 
aerosol generating procedures, such as anesthesiology, 
neurosurgery, ophthalmology, otorhinolaryngology, and 
dentistry.17–24 Our study found that similar effects could 
be achieved by a regular aseptic surgical fabric curtain to 
reduce the aerosol transmission and avoid unnecessary use 
of high level PPE. However, this was only limited in proce-
dures involving areas away from the patient’s nuchal region.

In the early design phase of our study, we plan to 
include the N95 mask scenarios as comparison. However, 
due to the limited supply of plasmid we can acquire dur-
ing the COVID-19 pandemic period in our country, we 
could only prepare enough plasmid for the most decisive 
scenarios, with variables of operating room pressure and 
a cloth barrier, instead of different types of masks between 
scenarios, which may lead to insufficient plasmid. Also, 
since we found the double surgical masks could already 
provide sufficient protection in certain scenarios, we 
assume that the simulation tests with the higher protec-
tion N95 masks would not impact our findings.

Engineered viral particles have been used in humans and 
laboratory animals to analyze the mechanism of particulate 
spread.25 Recent studies by Zhang et al26 showed that airborne 
exposure was the primary route of transmission. However, 
several questions remain regarding the role of smaller par-
ticles.23 This issue was recently clarified by Bourouiba,27 who 
showed that the distinction between droplets and aerosols 
might not be important in determining spread as respiratory 
exhalations have been shown to be a “multiphase turbulent 
gas cloud that entrains ambient air.”

The gas-entrapped viral particles contain variable sus-
pension sizes that are propelled much farther than pre-
dicted in isolated droplets or aerosol spread. Entrapped 
viral particles have been shown to spread up to 7–8 m 
in a radial distance. Rapid evaporation in environments 
such as low-humidity operating rooms leaves residues 
or droplet nuclei that can remain suspended in the air 
for hours and spread using laminar airflow systems with 
viability influenced by environmental climate control.27 
This recent evidence suggests that distances of 1 and 1–2 
m recommended by the World Health Organization and 
Centers for Disease Control, respectively, likely underesti-
mate the exposure of healthcare providers to respiratory 
transmission.

The complex relationship between environmental 
conditions, proximity of care providers, and whether 
patients breathe spontaneously or are ventilated suggest 
that further studies are needed to identify the risk of viral 
spread under defined healthcare conditions.

This study has several limitations, which warrant fur-
ther research. First, the simulated operating condition 
only included procedures performed under local or spi-
nal anesthesia in the thoracoabdominal region, while the 
patient was breathing spontaneously. Our results, albeit 
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significant, could only be applied to this exact scenario. 
However, since during general anesthesia, the patient 
and the anesthesia machine form a closed ventilation sys-
tem via the air-tight breathing circuit, we could assume 
that the same finding could indicate that procedures per-
formed under closed circuit general anesthesia would be 
safer, if other conditions remained the same. Second, due 
to the increased tubing length from the nebulizer to the 
outlet in our setting, we could assume that larger particles 
would be deposited inside the tubing, and the ratio of 
smaller particles at the outlet would be increased com-
pared with reference values. Finally, our study design did 
not take into account the infective potential of the parti-
cle, and it is important to note that the presence of parti-
cles does not necessarily translate directly into infectivity.

CONCLUSION
Our simulation study using aerosols containing mIFN-γ 

plasmid DNA demonstrated that during times of limited 
PPE supply, double surgical masks could provide basic 
protection against aerosol exposure for surgeons operat-
ing in the thoracoabdominal region while the patient is 
spontaneously breathing, provided that the patient wears 
a surgical mask, the operation takes place in a negative-
pressure operation room, and there is a physical barrier, 
such as a fabric curtain, between the patient’s face and the 
surgical field.

Chin-Su Liu, MD, PhD
Division of Transplantation Surgery
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Taipei 112, Taiwan
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