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A B S T R A C T   

The purpose of this study was to reveal the exposure level of surgical staff to severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) from the patient’s nose and wound during operations on COVID-19 patients. The 
tracer gas N2O is used to simulate SARS-CoV-2 from the patient’s nose and wound. In this study, concentration 
levels of tracer gas were measured in the breathing zones of these surgical staff in the operating room under three 
pressure difference conditions: − 5 pa–15 pa and − 25 pa compared to the adjunction room. These influencing 
factors on exposure level are analyzed in terms of ventilation efficiency and the thermal plume distribution 
characteristics of the patient. The results show that the assistant surgeon faces 4 to 12 times higher levels of 
exposure to SARS-CoV-2 than other surgical staff. Increasing the pressure difference between the OR lab and 
adjunction room can reduce the level of exposure for the main surgeon and assistant surgeon. Turning on the 
cooling fan of the endoscope imager may result in a higher exposure level for the assistant surgeon. Surgical 
nurses outside of the surgical microenvironment are exposed to similar contaminant concentration levels in the 
breathing zone as in the exhaust. However, the ventilation efficiency is not constant near the surgical patient or 
in the rest of the room and will vary with a change in pressure difference. This may suggest that the air may not 
be fully mixed in the surgical microenvironment.   

1. Introduction 

Since the outbreak of the coronavirus disease 2019 (COVID-19) 
pandemic, health care workers in hospitals have been at high risk of 
being infected by severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) [1–4]. The operating room (OR) is a setting where both 
patients and surgical staff may stay for a long time, which increases the 
infection risk of surgical staff. The average duration of the majority of 
operation types is beyond 2 h [5]. Therefore, ORs have also received 
great attention, and researchers have continuously proposed measures 
to prevent surgical staff from being infected, including the utilization of 
personal protective equipment (PPE) [6–8], aerosol boxes [9], and 
stricter infection control methods [8]. In addition, some hospitals shared 
their experience in the prevention of infection control in ORs [3,10]. 

Whether airborne transmission is one of the main modes of trans-
mission for SARS-CoV-2 has been intensively debated since the begin-
ning of the pandemic [11–13]. However, with more research conducted, 
airborne transmission has been widely recognized as one of the main 
modes of transmission for SARS-CoV-2. For instance, some studies have 

found viral ribonucleic acid (RNA) in air samples taken from rooms 
where COVID-19 patients have stayed [14–16]; other studies have found 
evidence of aerosol transmission by reviewing past outbreak events 
[17–20]. Ventilation is then considered to be an effective means of 
avoiding infection to prevent the spread of airborne transmission virus 
[21]. 

Based on the consensus that airborne transmission is one of the main 
modes of transmission of COVID-19, several measures around the 
operating room to prevent cross-infection are proposed. Many studies 
have suggested transforming ventilation in ORs from positive to nega-
tive pressure to treat COVID-19 patients [3,22–26]. Compared with 
positive pressure ventilation, the air outside ORs flows into ORs by 
penetrating through the cracks of doors and windows of the negative 
pressure operating room (NPOR), which prevents SARS-CoV-2 from 
spreading out of the OR. 

In contrast, the pressure difference of positive pressure ventilation 
has no significant effect because there is little air penetrating the room to 
disturb the airflow distribution in a positive pressure room. At present, 
there is very little experimental research on the exposure risk of airborne 
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transmission of COVID-19 in NPOR, except in a few studies using 
simulation [27,28]. Different countries have different recommendations 
and requirements regarding the value of the pressure difference of 
NPORs. For example, the technical specification of surgical cleaning 
units in China clearly states that patients infected with airborne diseases 
should be operated on in a negative pressure operating room, but the 
specification does not indicate a specific pressure value [29]. British 
ventilation guidelines suggest that the pressure in a negative pressure 
operating room should be at least - 5 Pa [30]. Both Canadian and CDC 
guidelines suggest a differential pressure of − 2.5 Pa in a negative 
pressure operating room [31,32]. 

Equipping PPE has been recommended since the COVID-19 
pandemic to prevent surgical staff from being infected in the OR by 
aerosol viruses released by patients [6,33]. PPE, including respirators, 
can effectively reduce the wearer’s exposure to pollutants. In some 
cases, nurses, who usually stay far from the patient during operations, 
should also wear PPE during surgery. However, more than half of OR 
surgical staff reported a decrease in overall comfort with PPE, and more 
than 80% of respondents reported increased surgical fatigue. In addi-
tion, this combination of PPE can lead to increased respiratory work, 
reduced vision, reduced touch, and heat stress [34–36]. However, the air 
change rate in the OR is generally higher than 20 air changes per hour 
(ACH), and surgical staff away from the operating table may not be 
exposed to high concentrations of contaminants. This makes it difficult 
for surgical staff to choose protection equipment that may result in 
different safety and comfort levels. Therefore, revealing the contami-
nated exposure level of the breathing zone of surgical staff in the OR is 
an important indicator to help the medical staff determine whether PPE 
should be worn. 

To date, there have been few studies on the exposure levels of sur-
gical staff to SARS-CoV-2 in ORs. Some of these studies statistically 
analyze the existing infection cases of surgical staff. In addition to some 
investigation studies, some experimental and simulation studies were 
also carried out. Loth Andreas G et al. [37], conducted an experimental 
study of aerosol exposure levels in patients during tracheotomy and 
found that 4.8 ± 3.4% of aerosols were removed from surgeons in 
laminar ORs, compared with ten times as much in nonlaminar ORs. Alex 
Murr et al. [38]. used optical granulometry to measure aerosol con-
centrations during endoscopic nasal surgery. Aerosol concentrations at 
the surgeon’s position were significantly increased with the republic bit, 
a miniature defibrillator. Ban C.H. Sui et al. [39] used a nebulizer to 
simulate aerosol exposure during intubation and compared aerosol 
concentrations in the operating room and isolation room, and the results 
showed that aerosol exposure levels in both rooms were similar. Marc 
Garbey et al. [40] conducted experimental and simulated studies on the 
diffusion of surgical smoke in the operating room. The results suggest 
that opening doors during surgery and inefficient actions by medical 
personnel can increase indoor pollutant concentrations. However, none 
of the earlier studies have investigated the effect of different negative 
pressure conditions on the exposure level of surgical staff to SARS-CoV-2 
in ORs with mixing ventilation. 

The purpose of this study is to quantify the exposure level of different 
surgical staff to SARS-CoV-2, which is simulated by tracer gas, under 
different negative pressure conditions in one OR with mixing ventila-
tion. The findings of this study could be used to assess the infectious risk 
of surgical staff in ORs and help surgical staff select proper personal 
protection equipment under the COVID-19 pandemic and other sce-
narios of airborne transmission diseases. 

2. Methodology 

2.1. Experimental setup and the OR lab 

All measurements for this study were performed in the full-scale OR 
lab (OR lab) in the Department of Energy and Process Engineering, 
Norwegian University of Science and Technology (NTNU). The 

dimensions of the OR Lab are 8.73 m × 7.05 m × 3.25 m (length ×
width × height), and the volume of the OR lab is 200 m3. The OR lab has 
a similar layout and design to an actual OR equipped with a mixing 
ventilation system in St. Olavs Hospital [41]. Fig. 1 shows the layout of 
the OR lab and medical equipment. 

2.1.1. Ventilation system 
The OR lab is equipped with a mixing ventilation system with four 

supply air diffusers (0.55 m × 0.55 m), as shown in Fig. 1(c), four lower- 
level exhaust outlets (0.175 m × 0.575 m), and four higher-level exhaust 
outlets (0.55 m × 0.55 m), as shown in Fig. 1(b). Each lower exhaust grill 
is connected to a 0.6 m × 0.2 m × 0.315 m plenum box, and each upper 
exhaust is connected to a 0.315 m × 0.4 m plenum box. The plenum box 
is equipped with a balancing damper and pressure outlets so that the 
airflow rate can be measured and controlled. The TSI VelociCalc 9565-P 
(accuracy of ±1 Pa) was used for pressure measurements in the plenum 
boxes attached to the exhaust grills and air diffusers to calculate airflow 
rates. Accordingly, the measuring uncertainty with this method is ±5%. 
The distribution of exhausted air between the higher and lower exhaust 
grills for each of the vertical exhaust modules is approximately 1/3 and 
2/3, respectively. 

2.1.2. OR lab facilities and thermal manikins 
The OR lab is equipped with several real medical equipment for ORs, 

including an anesthesia machine (Fig. 1(a)), an ultrasonic imager (Fig. 1 
(b)), two endoscope imagers (Fig. 1(d)), two surgical lamps, and an 
operating table. For some of the other medical devices that do not 
produce heat, we use manufactured models instead, for instance, two 
medical ceiling pendants, an instrument table, and some storage 
cabinets. 

Six thermal manikins were used to mimic surgical staff in an OR, 
including one patient, two surgeons, two nurses, and an anesthesiolo-
gist. The specific locations of these manikins can be found in Fig. 1. The 
surface temperature of the anesthesiologist and the patient can be 
controlled by the temperature control device. The patient’s head, arms, 
and body were set at 33 ◦C, 30 ◦C, and 31 ◦C, respectively. The head, 
arms, body, and legs of the anesthesiologist were set at 33 ◦C, 30 ◦C, 
31 ◦C and 30 ◦C, respectively. The heat power of all other manikins is 
constant power whose value is set according to ASHRAE 55–2020 [42], 
which can be found in Table 1. 

2.2. Experiment set up 

A study by Bivolarova et al. [43] found a strong linear relation (r2 >

0.9) between the mean concentrations of microparticles sized 0.7 and 
3.5 μm and the tracer gas nitrous oxide (N2O) in an indoor ventilated 
environment. The same study also showed that N2O, 0.7 μm, and 3.5 μm 
particles follow almost identical patterns with only a 2%–9% difference 
in the normalized concentrations. Noakes et al. [44] showed good 
agreement between the behavior of N2O tracer gas and 3–5 μm particles 
in a hospital isolation room. Furthermore, tracer gas has been exten-
sively used in health care-specific studies to assess ventilation system 
efficiency in removing contaminants [45–47]. In this study, N2O tracer 
gas was used to simulate coronaviruses released from the breath and 
wound of a surgical patient. Studies have shown that aerosolized blood 
droplets may carry airborne viruses during laparoscopic surgery to 
release intra-abdominal pressure [48]. Surgical lights will be used at this 
time, so this study will use two surgical lights throughout all measure-
ments. The sources were released from the nose and wound of the pa-
tient separately in each case. 

The standards of most countries only set a minimum air change 
frequency, which is between 18 and 22 ACH [49–52]. The influence of 
ACH change on air distribution in the operating room has also been 
studied, so a constant air supply volume of 20 ACHs was used in all these 
cases. Most standards specify the temperature range, from 18◦C to 24 ◦C 
[49–52]. In this study, the air temperature was 22 ± 1 ◦C in the OR lab 
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during measurements. As there is little information on recommended 
values for negative pressurized ORs, three negative values were used in 
this study: − 5 Pa, − 15 Pa, and − 25 Pa. The change in pressure differ-
ence in the OR lab was achieved by regulating the air extract rate. In 
total, nine cases were investigated with tracer gas under conditions with 
or without a ventilation system, different heights of surgical lamps, and 
different indoor heat intensities. The measurement conditions for each 
case can be found in Table 2. The air supply volume of all cases is 4000 
m3/h. 

2.3. Measurement procedure and instrument 

The tracer gas N2O, which was placed outside of the OR lab, was 
continually released through a plastic tube (φ33 mm). The flow rate of 
N2O is controlled by a gas rotameter connected to the tank. The N2O 

flow rate was kept at 0.18 m3/h (3 L/min) in all cases. 
The sampled tracer gas was then sent continuously to a precalibrated 

Innova 1303 multigas sampler and doser (Brüel & Kjær, Ballerup, 
Denmark) coupled to an Innova 1302 photoacoustic monitor, which is 
shown in Fig. 2(a). According to the manufacturer, the repeatability of 
the Innova 1302 measurements is ±1% under standard conditions. All 
standard deviations of the measured results performed under conditions 
without medical equipment were calculated to be under 5% of the mean 
value. There were six tracer gas measurement points, including exhaust 
(Point 1), breathing zone of distribution nurse (Point 2), anesthetist 
(Point 3), sterile nurse (Point 4), main surgeon (Point 5), and assistant 
surgeon (Point 6). 

AirDistSys5000 anemometers were used to measure air temperature 
and airspeed at 5 × 7 = 35 points in the OR lab, as shown in Fig. 2(b). 
The lowest measurement points were 10 cm higher than those of the 
patient. These anemometers measure airspeed and temperature with an 
accuracy of ±0.02 m/s (accuracy of ±0.2 ◦C, respectively. The mea-
surement plane is shown in Fig. 2(b). Each measurement lasted for 3 min 
with a sampling rate of 0.5 Hz and the average values of 90 data were 
used. 

Before each experiment, the OR lab was ventilated for 2 h in 
advance, the tracer gas was turned on after the indoor temperature was 
stable and the wall temperature remained unchanged. The sampling 
time of the Innova 1302 photoacoustic monitor was approximately 60 s/ 
channel, and six channels were measured in sequence, giving 6 min 
between each measurement at the same location. The total sampling 
time for one case with two repeated measurements was between 300 and 

Fig. 1. Medical equipment and layout in the operating room. (a) Anesthesia machine; (b) Ultrasonic imager; (c) the layout of the OR laboratory; (d) Endoscope 
imager; (e) The cooling fan of the endoscope imager. 

Table 1 
The heat power of all heat sources in the OR laboratory.  

Equipment Heating power (W) 

Surgical lamp 1 61 
Surgical lamp 2 74 
Supersonic cleaner 45 
Endoscope imager 232 
Anesthesia machine 136 
Main surgeon 150 
Assistant surgeon 150 
Sterile nurse 140  

Table 2 
Measurement conditions.  

Case Tracer gas source Pressure difference Heat source Ventilation Surgical lamp Air extract rate 

1. Nose − 5 Pa All on On 1.95 m 4140 (m3/h) 
2. Nose − 15 Pa All on On 1.95 m 4242 (m3/h) 
3. Nose − 25 Pa All on On 1.95 m 4316 (m3/h) 
4. Wound − 5 Pa All on On 1.95 m 4140 (m3/h) 
5. Wound − 15 Pa All on On 1.95 m 4242 (m3/h) 
6. Wound − 25 Pa All on On 1.95 m 4316 (m3/h) 
7. Wound − 5 Pa Endoscope off On 1.95 m 4140 (m3/h) 
8. Wound − 5 Pa All off On 1.95 m 4140 (m3/h) 
9. Wound − 5 Pa All on On 2.05 m 4140 (m3/h)  

Y. Bi et al.                                                                                                                                                                                                                                        



Building and Environment 217 (2022) 109091

4

350 min. The clean-up procedure was performed between two cases to 
keep the level of N2O rate below 0.5 ppm, which should be extracted 
from the measurement value. 

2.4. Statistics analysis 

Descriptive statistics were used for the analysis of the sampled N2O 
levels at six measurement points. Skewness and kurtosis statistics were 
used to test the assumption of normality for the N2O levels. Levene’s test 
for equality of variances was used to test the assumption of homogeneity 
of the variance. Given that the statistical assumptions were met, a 1-way 
analysis of variance (ANOVA) assessed whether the mean N2O levels 
were significantly different between the same measurement points for 
different cases. If the statistical assumptions were violated, nonpara-
metric Kruskal-Wallis tests were used as an alternative for ANOVA. 
Kruskal-Wallis tests the stochastic dominance between groups, i.e., 
whether any randomly measured concentration of N2O (ppm) from one 
case is higher or lower than any random concentration from another 
group. As both ANOVA and Kruskal-Wallis methods do not specify 
which specific cases were significantly different, significant differences 
between every two cases for one position were examined using Mann- 
Whitney U tests in a post hoc fashion. The significance was defined as 
p < 0.05. All analyses were conducted using SPSS version 27. (IBM, 
Armonk, NY). 

2.5. Ventilation effectiveness 

Air change efficiency and local air change index category indicators 
were used to interpret the measured results in this study [53,54]. The air 
change efficiency, ε, is defined as the ratio between the shortest possible 
air change time for the air in the room, the nominal time constant, τn, 
and the actual air change time,τe. 

3. Results 

3.1. Measurement results of pollutant concentration when tracer gas is 
released from the nose of a patient (Cases 1–3) 

Fig. 3 shows a boxplot of the measured concentration results in Cases 
1 to 3 when the tracer gas is released through the patient’s nose under 
three different pressure values. The figure contains information on mean 
values, medium values, 1.5 interquartile range (IQR), and outliers at 
different measurement points. Due to the large difference in data at 
different points, the y axis is displayed as a logarithmic axis. This figure 
shows that the highest concentration appears at point 6, the breathing 
zone of the assistant surgeon, which is 333.1 ppm, 284.7 ppm, and 
186.0 ppm under three different pressure conditions: − 5 Pa, - 15 Pa, and 
− 25 Pa, respectively. This was followed by point 5, at the breathing zone 
of the main surgeon, whose mean concentration at the breathing zone 
was 74.3 ppm 48.7 ppm, and 40.0 ppm. The lowest concentration results 

Fig. 2. Experimental equipment and measuring plane. (a) Tracer gas measuring equipment (b) Hot-wire anemometer and the measuring grid.  

Fig. 3. Boxplot of concentration results when tracer gas is released from patient’s nose.  
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were found at point 2, the breathing zone of the distribution nurse, at 
25.5 ppm. 28.0 ppm and 28.1 ppm, which are lower than the exhaust 
concentration. The concentration at point 3, the breathing zone of the 
anesthesiologist, was slightly higher than that in the exhaust at between 
103% (35.8 ppm) and 114% (42.5 ppm). The concentration results at 
point 4, the breathing zone of the sterile nurse, showed a value of 29.0 
ppm and slightly changed with the change in pressure difference. 
Considering the effect of pressure change on concentration, except for 
the distribution nurse, the mean value of concentration at all points 
decreases with increasing pressure. Despite this, except for two sur-
geons, the concentrations in the breathing zone of other surgical staff 
were not significantly different from those of the exhaust. This may 
indicate that the supply air is fully mixed with room air outside the 
surgical microenvironment. 

3.2. Measurement results of pollutant concentration when tracer gas is 
released from the surgical wound (Cases 4–6) 

Fig. 4 shows the boxplot of concentration results at each point in 
Case 4-Case 6 as tracer gas is released from the wound of the patient. 

The highest mean concentrations were found at point 6, reaching 
443.0 ppm, 412.0 ppm, and 446.0 ppm at − 5 pa, − 15 Pa, and − 25 Pa, 
respectively, all of which were more than 12 times the mean value of the 
concentration at point 1, the exhaust. This was followed by concentra-
tion point 5, whose mean concentration reached 102.0 ppm, 61.0 ppm, 
and 62.0 ppm at − 5 Pa, − 15 Pa, and − 25 Pa, respectively, which were 
293%, 185%, and 190% of the exhaust concentration. The mean con-
centrations of other measurement points were close to the mean con-
centration at the exhaust, among which the lowest concentrations were 
38.4 ppm, 33.2 ppm, and 28.3 ppm at − 5 Pa, − 15 Pa, and − 25 Pa, 
respectively, at point 4. Considering the influence of the pressure dif-
ference on the concentration, we found that with increasing pressure 
difference, the concentration of all the measuring points decreased 
except the concentration at point 2, which shows a similar trend as Case 
1 to Case 3. The difference comparing the first three cases is that the 
concentration at point 6 does not change drastically with the change in 
the pressure difference. 

3.3. Measurement results of reference experimental settings (Cases 7–9) 

Cases 7–9 changed some experimental settings based on Case 4 and 
compared the differences in different influencing factors. In Case 7, the 
endoscopic equipment was turned off, and all heat sources in Case 8 
were turned off, while in Case 9, the operating lamp was moved up 10 
cm. The results of the 4 cases of Case 4 and Case 7–9 are shown in Fig. 5. 
After the endoscope was turned off (Case 7), the concentration result of 

Point 5 (185.5 ppm) showed little difference from point 6 (199.1 ppm). 
However, when the endoscope was turned on, the concentration at point 
6 (443.3 ppm) was much higher than that at point 5 (102.4 ppm) 
because points 1, 2, and 4 are similar in these two cases, both in terms of 
the mean and the degree of dispersion of the data. The average at Point 3 
shows a decrease from 41.1 ppm to 35.6 ppm. 

When we turned off all the heat sources (Case 8) in the room, 
including all manikins, the concentrations at points 5 and 6 dropped 
dramatically, while the concentration at points 2 and 3 increased. This 
suggests that in the absence of a thermal plume, pollutants may spread 
horizontally rather than vertically. In Case 9, the surgical lamp was 
raised by 10 cm, and the results showed that the concentration at point 2 
and point 4 decreased compared with those in Case 4, while the con-
centration at point 6 increased. Original data for of all measurements 
can be found in Appendix 1 and Appendix 2. 

3.4. Air change efficiency and local air change index 

The air change efficiency and local air change index were used to 
evaluate the performance of airflow distribution at these measurement 
points. Air change efficiency represents the performance of the air dis-
tribution of the ventilation system in the room. The calculated value of 
the air change efficiency of the OR is 49.24%, 49.91%, and 50.18% at 
− 5 Pa, − 15 Pa, and − 25 Pa, respectively. For a mixing ventilated room, 
the ideal air change efficiency is 50%, and it may be lower due to air 
recirculation and higher due to a better air distribution method. 

Fig. 6 shows the local air change index by using the measurement 
results. As explained in Section 2.5, the local air change index indicates 
the ratio of the time it takes for air to reach the exhaust to the time it 
takes to reach a specific position in the room. The ideal value in a mixing 
ventilation room is 100%. If the index at a point is less than 100%, it 
means that the air reaches this point more slowly than the air reaches the 
exhaust, and vice versa. Fig. 6 shows the local air change index from 
point 2 to point 6. From the figure, we can see that the local air change 
index of points 2, 3, and 4 is similar to the trend of pressure; that is, the 
increase in pressure will increase the local air change index of these 
points. Among them, point 3 has the largest variation range, which in-
creases from 75.26%, which is the lowest value, at − 5 Pa to 108.56% at 
− 25 Pa. However, this value is the lowest among the three points at − 5 
Pa and − 15 Pa. Among the three points, the index of point 4 is the 
highest in each pressure difference condition, which are 104.47%, 
111.94%, and 119.94% at − 5 Pa, − 15 Pa, and − 25 Pa, respectively. The 
index value of point 2 also increased steadily from 92.38% at − 5 Pa to 
105.45% at − 25 Pa. 

The local air change index at point 5 and point 6 is greater than 100% 
under all pressure conditions, but it does not show the same change 

Fig. 4. Boxplot of concentration results when tracer gas is released from patient’s wound.  
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pattern as the first three points. As the pressure increased, the local air 
change index at point 5 increased slightly from 114.28% (-5 Pa) to 
117.11% (-15 Pa) but decreased to 102.69% (-25 Pa). The local air 

change index at point 6 also experienced an increase, from 102.59% (-5 
Pa) to 124.49 (-15 Pa), and then decreased to 111.73% at − 25 Pa. 

The original measured data and the calculated value of λ can be 

Fig. 5. Comparison of the concentration distribution of closed endoscopy in Case 4.  

Fig. 6. Local air change index of each surgical staff breathing zone.  

Fig. 7. Contour plot of the temperature distribution of the patient’s thermal plume (a) − 5 Pa (b) − 15 Pa (c) − 25 Pa.  
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found in Appendix 3 and Appendix 4. 

3.5. Temperature and velocity distribution of the thermal plume above the 
wound (Case 4) 

Fig. 7 shows the temperature distribution of the thermal plume 
above the wound. The distribution of the thermal plume presents some 
similar characteristics under different pressures as well as when the 
endoscope is turned off. First, the maximum temperature, which was 
approximately 31 ◦C, was found at the bottom middle of the measure-
ment area, which was directly above the wound area. Second, as height 
increases, the temperature decreases, which is a typical feature of the 
thermal plume. At the initial part of the thermal plume, the temperature 
gradient is similar. In the height range of 0–0.3 m at three pressure 
difference conditions, the temperature of the centerline of the thermal 
plume decreases by approximately 3.7 ◦C. In addition, the temperature 
distribution of the thermal plume is symmetric in all cases. However, 
when the height is greater than 0.3 m, the temperature gradient atten-
uation varies greatly under different working conditions. At − 5 Pa, the 
temperature is 26.6 ◦C at 0.3 m and 24.5 ◦C at 0.6 m, which decreases by 
2.1 ◦C. At a pressure difference of − 15 Pa, the centerline temperature of 
the thermal plume decreases from 26.8 ◦C (0.3 m) to 26.0 ◦C (0.4 m) and 
then increases to 27.3 ◦C (0.6 m). Similarly, at − 25 Pa, the centerline 
temperature of the thermal plume decreased from 26.6 ◦C (0.3 m) to 
25.8 ◦C (0.4 m) and then increased to 26.3 ◦C (0.6 m). When the 
endoscope was closed, similar characteristics of the patient thermal 
plume with other cases were observed. 

Fig. 8 shows the measured velocity distribution of the thermal 
plume. Under the three pressure difference conditions, the maximum 
velocities of the thermal plume are 0.20 m/s, 0.20 m/s, and 0.19 m/s. 
These maximum values of the velocity of the thermal plume occur at a 
similar height of 0.4 m but not a similar width. The point with the 
highest velocity at the − 5 Pa condition is at 0.0 m of table width, while 
under − 15 Pa, it occurs at 0.1 m of table width and occurs in the middle 
of the table width, that is, 0.2 m under − 25 Pa. A significant shift toward 
the center as the differential pressure increases can be seen. In addition, 
the thermal plume has shifted toward the assistant surgeon at height = 0 
m (10 cm above the patient) in the figure. The velocity profile is 
different from the typical thermal plume velocity distribution, in which 
the velocity reaches the maximum at the centerline and decreases with 
increasing height. As the thermal plume deflects toward the assistant 
surgeon, a slow zone appears in front of the main surgeon’s abdomen, 
where the velocity is less than 0.13 m/s. The airflow velocities in front of 

the assistant surgeon’s nose were 0.18 m/s, 0.18 m/s, and 0.17 m/s 
under the three working conditions. The airflow velocity in front of the 
nose of the main surgeon was 0.132 m/s in all three differential pressure 
situations. The thermal plume velocity distribution was more symmet-
rical when the endoscope was closed than when the endoscope was 
turned on at − 5 Pa. The maximum velocity of the plume was 0.19 m/s in 
both cases, but with the endoscope closed it appeared at the highest 
point along the centerline. In addition, a lower minimum velocity of 
0.05 m/s was observed with the endoscope is turned off. 

4. Discussion 

4.1. Distribution characteristics of tracer gas concentration 

From Figs. 3–5, we noticed that many outliers were observed at all 
test points except the exhaust and distribution nurse breathing zones in 
all working conditions. In addition, the results of the respiratory zone 
concentration of the assistant surgeon and the main surgeon showed that 
the data were skewed, so we could confirm that the data did not follow a 
normal distribution. Some previous studies measuring air pollutant 
concentrations have yielded similar results and provided explanations. 
Air pollutant concentrations are inherently random variables because of 
their dependence on the fluctuations of a variety of meteorological and 
emission variables [55]. . It depends on the position, the flow state. The 
distribution of air pollution is generally a two-parameter lognormal 
distribution [56]. This phenomenon is very common in contaminant 
detection, which is explained by the theory of continuous random 
dilution. According to theory, pollutants are still in the process of being 
diluted rather than completely mixed [57]. In this study, we observed 
this phenomenon in the breathing zones of surgical staff near the sur-
gical microenvironment, including an anesthesiologist, assistant sur-
geon, and main surgeon, which suggests that tracer gas is still in the 
intermediate stage of dilution when moving to these areas rather than 
being completely mixed with air. This may indicate that surgical staff 
who work in proximity to a COVID-19-infected patient may be exposed 
to a higher coronavirus concentration than those who work further from 
the patient in ORs with mixing ventilation under negative pressure. 

4.2. Influence of pressure difference on exposure level 

Table 3 shows the results of the intergroup posttest, indicating 
whether there was a statistically significant difference between the two 
groups. Points 1 and 2, regardless of whether the pollutant is released 

Fig. 8. Contour plot of the velocity distribution of the patient’s thermal plume.  
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from the nose or the wound, show similar characteristics. This is easy to 
understand since both sites are far away from the patient. When the 
pressure difference changes from − 5 Pa to − 15 Pa, there is a significant 
difference between the two groups of data, but when the pressure dif-
ference changes from − 15 Pa to − 25 Pa, there is no significant differ-
ence between the two groups of data. According to the actual measured 
exhaust air volume, we know that there is a small difference in the actual 
ventilation volume with different pressure differences. The ventilation 
volume differences between − 5 Pa and − 15 Pa and between − 15 Pa and 
− 25 Pa are 102 m3/h and 74 m3/h, respectively. This difference is due to 
the relationship between the pressure difference and ventilation volume 
determined by the following equation: 

Δp0.5δ = Q (1)  

where Δp is the pressure difference, Pa; Q is the flow rate, m3/h; and δ is 
a coefficient. For this experiment, the relationship between the flow rate 
and pressure difference can be fitted as 63.58 Δp0.5 = Q (R = 0.99). The 
characteristics of the results at points 1 and 2 may be because the con-
centration discharge is more sensitive to changes in large ventilation 
volumes and less sensitive to changes in small ventilation rates. 

At point 3, there is a significant difference only between the Case 2 
and Case 3 data, while at point 4, there is a significant difference only 
between the Case 5 and Case 6 data. From the concentration results, 
such a difference is very small and may be caused by changes in venti-
lation volume. 

On the other hand, according to the results of the local air change 
index at each point combined with the results of the concentration, with 
the increase of the pressure difference, the local air change index at 
point 2 to point 4 increases, and the concentration at each point de-
creases accordingly. The concentration data can be related to the local 
air change index. That is, the greater the local air index is, the smaller 
the concentration. This can explain the influencing factors of indoor 
concentration at each point, including the actual ventilation volume and 
air distribution. However, for points 5 and 6, this conclusion does not 
apply. We did not observe the relationship between the local air change 
index and concentration data. 

When the differential pressure changes from − 15 Pa to − 25 Pa, the 
concentration data at point 5 differ significantly regardless of where the 
tracer gas is released. It can be seen from the thermal plume results that 
the change of pressure difference can significantly change the charac-
teristics of the patient’s thermal plume, which may be due to the in-
fluence of airflow infiltration into the gap of the room envelope, and this 
influence is more intense for point 5 than the change of ventilation rate 
and the change of the same fraction efficiency. When tracer gas was 
released from the wound, the concentration data of point 6 did not differ 
significantly under different pressure differences. This may be due to the 
Coanda effect on the chest of the assistant surgeon after the thermal 
plume from the patient’s wound is diverted to the assistant surgeon. This 
effect will not be affected by external airflow. 

4.3. Other factors affecting exposure levels 

In this study, we observed that pollutant exposure levels of the as-
sistant surgeon were much higher than those of other medical staff, 

despite the proximity of the assistant surgeon to the main surgeon. 
Previous studies of smoke from laparoscopic surgery have also pointed 
to high levels of assistant surgeon exposure to smoke from patients’ 
wounds [58]. Field measurements by et al. at St. Olav Hospital also 
found that assistant surgeons were significantly more sensitive to par-
ticulate matter of various sizes during certain surgeries than other 
medical staff [59]. 

A hypothesis was proposed to explain this characteristic based on the 
concentration comparison results and the thermal plume velocity dis-
tribution results under the switching endoscope imager. Due to the 
operation of the cooling fan of the endoscope imager, the airflow 
generated by the endoscope imager affects the patient’s thermal plume, 
diverting it to the surgeon at the early stage of development. This 
deflection directly entrains contaminants from the patient’s wound, or 
the patient’s breath, toward the assistant surgeon. The pollutant expo-
sure concentration of the assistant surgeon was much higher than that of 
other surgical staff. 

4.4. Practical limitations 

Due to the tracer gas sampling instrument taking samples at intervals 
of 6 min, it is impossible to capture concentration fluctuations over 
shorter periods. In addition, the temperature of the indoor wall inevi-
tably increases by 1–2 ◦C with the ventilation time, and such subtle 
changes may have different degrees of influence on the results. 

In addition, some hypotheses about the influence of the cooling fan 
on thermal plume formation are proposed based on the experimental 
results. Moreover, there is much surgical equipment in the operating 
room, so the airflow distribution will be significantly affected. The for-
mation of the thermal plume in this complex surgical microenvironment 
needs further research. Research on human thermal plumes in the sur-
gical microenvironment may face several challenges: the influence of 
ventilation airflow [60], the modeling of thermal plumes [61], human 
body movement [62], and the effect of environmental temperature [63]. 
These studies also suggest that the human thermal plume is sensitive to 
environmental parameters. Therefore, the formation of the thermal 
plume in a more complex environment needs more in-depth research 
through computational fluid dynamic (CFD) studies or theoretical 
studies. 

This study only analyzed the distribution tracer gas in the operating 
room by mixing ventilation with thermal manikins. However, the 
movement of surgical staff in the operating room is very normal, and it is 
not clear whether personnel movement will have a great impact on 
coronavirus distribution in ORs. 

The results of this study provide the concentration of tracer gas in the 
surgical staff breathing zone in the operating room, and the corre-
sponding concentration attenuation can be obtained. Therefore, the 
infection risk of the surgical staff can be calculated by using an accurate 
risk assessment model and virus source intensity. Based on the risk of 
infection, recommendations can be made to the surgical staff on how to 
choose PPE equipment. However, it is difficult to calculate the precise 
risk of infection as there is no clear dose-response relationship for 
inhalation of the SARS-CoV-2. Therefore, risk assessment was not 
considered in this study. 

Table 3 
Data analysis of whether the variation of pressure difference in different positions has a significant effect on the concentration data.  

Measurement point Case #-# 

1–2 2–3 1–3 4–5 5–6 4–6 

1. Exhaust p = 0.001 p = 0.180 p < 0.001 p = 0.001 p = 0.371 p < 0.001 
2. Distribution nurse p = 0.003 p = 1.000 p = 0.006 p < 0.001 p = 0.823 p < 0.001 
3. Anesthesiologist p = 0.126 p < 0.001 p < 0.001 p = 0.758 p = 0.848 p = 0.998 
4. Sterile nurse p = 0.807 p = 0.098 p = 0.127 p = 0.538 p = 0.001 p < 0.001 
5. Main surgeon p = 0.039 p = 0.008 p < 0.001 p = 0.301 p < 0.001 p < 0.001 
6. Assistant surgeon p = 0.268 p = 0.005 p < 0.001 P = 0.767 p = 0.649 p = 0.989  
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5. Conclusion 

In this paper, the distribution of airborne contamination released by 
COVID-19 patients in the OR was studied using tracer gas. The 
contamination sources were the noses and the wound area of the pa-
tients, and the concentrations in the breathing zone of surgical staff in 
the OR were measured. In addition, the velocity distribution and tem-
perature distribution of the patient’s thermal plume were measured, and 
the airflow interference was compared and analyzed. The following 
conclusion can be drawn.  

• Contaminant exposure levels of the sterile nurse and the distribution 
nurse outside the surgical microenvironment are affected mainly by 
the ventilation airflow rate. The exposure levels of surgical nurses are 
sensitive to the ventilation rate. Due to the difference in the local air 
change index, there are slight differences in the measured concen-
tration of contaminants between each measured nurse, but they are 
all around the average exhaust concentration.  

• The main surgeon, assistant surgeon, and anesthesiologist in the 
surgical microenvironment had higher exposure levels to the 
contamination concentrations in their breathing zones, regardless of 
whether the source was the nose or a wound. The highest exposure 
concentration may occur for the assistant surgeon, which can be 12 
times higher than the exposure level of other surgical staff outside 
the surgical microenvironment.  

• The cooling fan of the endoscope image, which is located nearby, 
may have a great effect on the exposure level of the assistant surgeon. 
This may result in asymmetry in the patient’s thermal plume, which 
in turn results in higher concentrations of contaminants in the as-
sistant surgeon’s breathing zone than in that of the main surgeon.  

• Increasing the differential pressure resulted in lower concentration 
levels in the breathing zone of the main surgeon and the assistant 
surgeon. When the contaminant emission source was the nose, the 
exposure concentration of both the main surgeon and assistant sur-
geon decreased. When the contaminant emission source is the 
wound, the concentration level of the assistant surgeon will not be 
affected by the pressure difference because the thermal plume is 
biased toward the assistant surgeon.  

• It is recommended that patients with COVID-19 should be operated 
in a negative-pressure ventilated operating room with a large dif-
ferential pressure during the COVID-19 epidemic to reduce the risk of 
infection on surgical staff. 
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