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Abstract: 14 

Transmission of airborne microbe-carrying particles (MCPs) is one of the key factors causing surgical 15 

site infection during surgical procedures. In operating rooms (ORs) with mixing ventilation, air change 16 

rate may determine the microbe-carrying particles transmission and indoor air quality in the surgical 17 

microenvironment. This study focuses on the impact of the air change rate on the air quality in the 18 

surgical microenvironment in ORs. Experimental measurements of MCPs were carried out in a 19 

full-scale operating room laboratory (OR Lab) with different air change rates: 10 ACH, 15 ACH, 20 20 

ACH, and 26 ACH. Nitrous oxide, N2O, was used as tracer gas to simulate MCPs from five surgical 21 

staff. The N2O concentration (Cr) in the OR under fully mixed condition and local ventilation index (εv) 22 

were used to evaluate the ventilation efficiency of the OR. The experiment results verified that the air 23 

change rate is a direct factor to the concentration of MCPs in ORs. The higher exposure risks of 24 

surgical incision in the surgical microenvironment may be mitigated with the increasing ACH. The 25 

current most commonly recommended 20 ACH should be improved regarding the air quality of 26 

surgical microenvironment in a mixing ventilated OR. Significant difference of contaminant 27 

concentration among the air-exhaust outlets indicates the location of medical equipment and 28 

contaminant sources may affect the efficiency of exhaust. This research contributes to the new 29 

guidelines for ventilation system design of ORs. 30 
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1 Introduction 32 

Surgical site infection (SSI), one of the most predominant infection categories in hospital-acquired 33 

infections, not only brings extra physical pain to patients, but also leads to great psychological 34 

depression. SSI prolongs hospital stay and increase postoperative costs, morbidity and mortality [1]. 35 

SSI is the third most common class of hospital-acquired infection and ranks amongst the leading 36 

causes of death within the surgical patient population [2]. In terms of surgical factors, transmission of 37 

airborne microbe-carrying particles (MCPs) is one of the key factors contributing to the development 38 
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of SSI [3] It has been proven that bacteria living on the skin of the staff and the patient is the most 39 

important source of causing SSI [4]. However, the presence of Staphylococcus aureus (S aureus) in the 40 

nose is now considered a well‐defined risk factor for subsequent infection [5]. Evidence to date shows 41 

that rates of infection are higher in carriers than in non‐carriers: people with large numbers of S aureus 42 

microbes in their nose have a risk of health care‐associated infection that is three to six times higher 43 

than for non‐carriers and low‐level carriers among some specific population groups [6]. Nasal carriage 44 

by people who can cause outbreaks of surgical-site infections or other nosocomial infections is known 45 

to be an external source of contamination. Persons who carry S aureus in their nares and have upper 46 

respiratory tract infections may spread this microorganism to numerous surgical staff members and 47 

patients via various respiratory activities, such as breathing, coughing and speaking. 48 

No matter stopping MCPs from their source or to their target infection sites causing SSI, anti-microbial 49 

medicines are widely chosen as the bacteria killer. This might affect the effectiveness of anti-microbial 50 

medicines for the patients in the future. There is ever-increasing attention on the irrational use of 51 

antibiotics which could affect the whole ecological system on the Earth. Therefore, physical 52 

mechanism for preventing patients from surgical site injections are preferred when it is possible. 53 

Dedicated room air distribution methods, such as mixing ventilation and laminar airflow systems are 54 

commonly adopted for creating a clean surgical environment for operating rooms (ORs) [7].  55 

Air change rate is an important factor to evaluate the ventilation efficiency of air distribution. Air 56 

changes per hour (ACH) is expressed as the volumetric air flow rate through the space divided by the 57 

volume of the space, as a result it is obtained the number of times the air in the room. The standard 58 

minimum ACH in ORs installed with mixing ventilation in different countries varies a lot, from 12 59 

ACH to 25 ACH [8-12]. The most commonly recommended number of air changes per hour is about 20 60 

ACH to maintain the OR at a positive pressure relationship with adjacent rooms, while the outdoor air 61 

requirements for acceptable indoor air quality must be at least 51 m3/h person according to ASHRAE 62 

Standard [10]. The lower limit of 20 ACH relied heavily on the early study by Galson [13] in 1960s, 63 

where they started the industry dialog about total air changes needed in ORs to minimize 64 

post-operative infection rates. Goddard [14] experimentally derived curves that quantify the 65 

relationship between air change rates and bacterial count. He stated that increasing air change rate from 66 

20 ACH to 25 ACH reduced bacteria CFU (colony forming units) per cubic foot of room air from 3.8 67 

to 2.5, which was treated as a great improvement of the room air cleanness. 68 

The optimal layout of air-exhaust outlets may have both high-level/ceiling outlets and low-level 69 

mounted exhausts at every corner of an OR [15]. Such a layout is proposed not only for removing 70 

contaminant most efficiently, but also for contributing to a uniform air circulation inside the space [15]. 71 

However, only few studies have been done regarding the effect of air change rate on the air quality of 72 

surgical microenvironment in ORs. This study focuses on the impact of the air change rate on the air 73 

quality of the surgical microenvironment in ORs. Experimental measurements of airborne MCPs were 74 

carried out in a full-scale operating room laboratory (OR Lab) with different air change rates: 10 ACH, 75 

15 ACH, 20 ACH, and 26 ACH. In our experimental measurement, four low level air-exhaust outlets 76 

and four high level air-exhaust outlets on the walls were mounted in the OR Lab. Trace gas, nitrous 77 

oxide (N2O), was used to simulate airborne MCPs in ORs [16],which was released from the height of 78 

the surgical staff’s nose to simulate the microorganism released by respiratory activities. Particles in 79 

the fine size range are less influenced by deposition mechanisms and have the most similar behavior to 80 



the tracer gas [17]. Tang et al. [18] reported in their review article that airborne particles smaller than 81 

5-10 μm can be simulated with tracer gas, as they often stay suspended in the air for long time. Noakes 82 

et al. [19] showed good agreement between the behavior of N2O tracer gas and 3-5 μm particles in a 83 

hospital isolation room with mixing air distribution. This study was based on these studies that N2O 84 

has been reported to a good proxy to simulate MCPs smaller than 5 μm in size.  85 

2 Experimental measurements 86 

2.1 Test chamber and experimental setup 87 

All experimental measurements were performed in a full-scale OR Lab with the dimensions of 8.73 88 

m(x)×7.05 m(y)×3.25 m(z) at the Department of Energy and Process Engineering of NTNU 89 

(Norwegian university of science and technology), as shown in Figure 1. N2O was used to simulate 90 

airborne MCPs in ORs. The OR Lab with mixing ventilation system was equipped with four air-supply 91 

inlets (Swegon EAGLE Cb 400-600 with ALSd 315-400 plenum box, 0.55m×0.55m), four lower level 92 

air-exhaust outlets (Swegon PELICAN CE HFa 400-600 with ALSd 315-400 plenum box, 0.175m×0.575m) 93 

and four higher level air-exhaust outlets (Swegon GRLc 600-200 with TRGd 600-200-315-K plenum 94 

box, 0.55m×0.55m), as shown in Figure 2.  95 

 96 

Figure 1. A photograph of a full-scale OR Lab and the wound 97 

 98 

Figure 2. a) air-supply inlet; b) lower level air-exhaust outlet; c) higher level air-exhaust outlet 99 



The ALSd plenum box was equipped with a balancing damper and pressure outlets so that the airflow 100 

rate could be measured and controlled. The DPM model TT470 S (accuracy of ±2 Pa) was used for 101 

pressure measurements in the ALSd plenum boxes attached to the exhaust grills and air diffusers, 102 

which was converted to airflow rates. The measuring uncertainty with this method is 5%. The eight 103 

air-exhaust outlets were separated into four modules close to the four corners of the room, and each 104 

module contained a lower level air-exhaust outlet and a higher level air-exhaust outlet. The supply air 105 

flow rates from the four inlets were in total 2002 m3/h, 2995 m3/h, 3995 m3/h, and 5188 m3/h for two 106 

scenarios, respectively. The air flow rate of four inlets were kept nearly balanced during the 107 

measurement. After converting the supply air flow rates to ACH considering the volume of the OR Lab 108 

(200 m3), the ACHs for the four cases were then 10ACH, 15 ACH, 20 ACH, and 26 ACH respectively. 109 

The distribution of exhausted air between the higher and lower exhaust grills for each of the exhaust 110 

modules was approximately 1/3 and 2/3 respectively. The exhaust air flow rates needed to create a 111 

positive pressure were1920 m3/h, 2957 m3/h, 3949 m3/h, and 5101 m3/h. Normally, the OR is 112 

maintained at a positive pressure with respect to corridors and adjacent areas [8-12]. Hence, the air 113 

volume of the OR Lab was set to have more supply air than exhaust air, which created a slightly high 114 

pressure inside the OR Lab than outside to avoid any leakage of other contaminated air.  115 

A thermal manikin was used to simulate a patient lying flat on an operating table of 0.84m height in the 116 

OR Lab. A detailed description of the thermal manikin can be found in Cao et al. [20] The manikin’s 117 

surface temperature was measured by an infrared thermo detector (Bosch PTD 1, Pobert Bosch GmbH, 118 

Leinfelden-Echterdingen, Germany), which was in the range of 32–34°C during the experimental 119 

measurements. The patient was covered with a blanket, but the wound on the stomach (Figure 1, size 120 

0.2 m×0.2 m) was directly exposed to the room air. The five-membered surgical staff was simulated by 121 

heated cylinders with a diameter of 0.4m. The height of surgical staff standing with a bend posture on 122 

the side of the operating table was 1.72m. The height of two other surgical staff standing near the 123 

medical instrument table was 1.75m. A surgical staff was assumed to have a sitting posture in front of 124 

the patient with a height of 1.32m. In Figure 1, three surgical staff were covered with green gowns and 125 

another two surgical staff were covered by blue light surgical clothing. Imitation of surgery staff using 126 

geometrical shapes with a certain convective heat loss has been done in previous studies [21]. In order 127 

to imitate the convective heat loss from the staff, light bulbs are placed inside the cylinders, each bulb 128 

with a power of 100W for standing surgical staff [22-24].The heat loss of human body in sitting posture is 129 

less than that in standing posture [25,26], thus the power of bulb was 75W in the 1.32m height cylinder. 130 

Besides the thermal manikin and the cylinders, there were other heating sources including operating 131 

lights, computers and medical equipment. In order to replicate a realistic OR, extra two group 132 

fluorescent lamps and one 300W tubes were added to imitate the various heat sources of medical 133 

equipment. The two group fluorescent lamps, each group including two 28W tubes, were added 134 

attached the walls. The 300W tube was close to the medical equipment. Thermocouples temperature 135 

sensors (HIOKI LR8400) were used to measure the supply and exhaust air temperature. The design 136 

of temperature in ORs is 20–24℃ according to the ASHRAE Standard [10]. Therefore, during the 137 

measurement, the supply and exhaust air temperature was 23.0±0.5℃ and 24.0±0.5℃, respectively. 138 

2.2 Measurement procedure 139 

A multipoint sampler and doser (Innova 1303, Brüel & Kjær, Ballerup, Denmark) coupled to a 140 

multi-gas monitor (Innova 1302, Brüel & Kjær, Ballerup, Denmark) were used for releasing and 141 



measuring tracer gas concentrations. Tracer gas N2O was continuously released from Innova 1303 142 

through five plastic tubes with internal diameter of 3 mm that were fixed at the height of 1.5 m for four 143 

standing surgical staff and 1.08 m for the sitting surgical staff, as shown in Figure 1. The tubes were 144 

fixed nearly at the height of the noses of the surgical staff. Before the measurement, the background 145 

concentration of tracer gas N2O was kept below 0.93mg/m3. The sampling time of Innova 1302 was 60 146 

s/channel, and six channels were measured in sequence, thus giving a period of 6 minutes between 147 

measurements in the same location. The total sampling time for one case was 90 minutes. The 148 

calibration of the doser system was performed using the PC software Lumasense, which also flushed 149 

the doser system so that the Innova 1303 only contains the desired calibration-gas. According to the 150 

manufacturer, the repeatability of the Innova 1302 measurements is ±1% under standard conditions, 151 

and the dosing calculation accuracy of the Innova 1303 is ±2%. During the measurement, the average 152 

N2O flow rate was kept at 586 mg/min for four standing surgical staff and 71 mg/min for the sitting 153 

surgical staff. These flow rates were selected by controlling the pressure of Innova 1303 with working 154 

range from 3 bar to 4.5 bar. The flow rate being less in one tube was due to the restriction of Innova 155 

1303, in which four tubes release gas with the same rate and the remaining one releases differently. The 156 

less flow rate was applied to the sitting surgical staff instead of other standing staff. Because the sitting 157 

surgical staff had less exposed surface, they were expected to release less MCPs. Since the total 158 

amounts of released trace gas are different from case to case, normalizations are done for all cases to 159 

make the comparison feasible. 160 

The effect of four different air change rates (10 ACH, 15 ACH, 20 ACH, and 26 ACH) was 161 

investigated on the contaminant diffusion. Because of the limitation of sampling channels, the study 162 

consists of 8 experimental cases grouped in two scenarios to measure the concentration of 163 

contaminants in the surgical microenvironment (Point 1–6), and four air-exhaust outlets (Point 7–10) 164 

and an air-supply inlet (Point 11), which are summarized in Table 1 and the location of the measuring 165 

points is shown in Figure 3. The contaminant concentration of the surgical microenvironment was of 166 

primary interest, which was measured in Scenario 1 including cases A1, B1, C1, and D1. In Scenario 1, 167 

all measurement points were located close to the surgical site. Point 1, Point 2, and Point 3 were 168 

located above the patient. Point 4 and Point 5 were above different instrument tables symmetrically 169 

located at two sides of the surgical site. Point 4 was at the side having less surgical staff and Point 5 was 170 

beside two surgical staff. Point 6 was above the instrument table which was closest to the patient and 171 

surgical staff. Scenario 2 was designed for investigating contaminant concentration of different four 172 

air-exhaust outlets and monitoring contaminant concentration of an inlet, including Case A2, B2, C2, 173 

and D2. Point 7 and Point 8 were at the corner that was very close to the medical equipment. Point 9 174 

and Point 10 were at the corner without any obstacle of the medical equipment. The N2O concentration 175 

was repeatedly measured at Point 1 to observe the consistency of ventilation conditions in all cases. 176 

The N2O concentration at Point 11 was used to calculate the reference concentration Cr expressed in 177 

the equation (2). 178 



 179 

 180 

Figure 3. The 3D (top panel) and 2D (base panel) top-down views of the OR Lab, where the locations of all 181 

measurement points are illustrated (Point 1: above the centre of the wound 5cm. Point 2: above the centre of the 182 

wound 20cm. Point 3: above the patient’s head 5cm. Point 4–6: above the centre of the instrument table 5cm. Point 183 

7-10: on the centre of four outlets. Point 11: on the centre of an inlet. Tracer gas N2O was released from five 184 

surgical staff.) 185 

Table 1 Experimental conditions in different cases 186 

Scenario Case Air change rate (ACH) Test point 

Scenario 1 

surgical microenvironment 

A1 10 Point 1–6 

B1 15 Point 1–6 



C1 20 Point 1–6 

D1 26 Point 1–6 

Scenario 2 

four outlets and an inlet 

A2 10 Point1 and Point7–11 

B2 15 Point1 and Point7–11 

C2 20 Point1 and Point7–11 

D2 26 Point1 and Point7–11 

2.3 Date analysis of mixing ventilation 187 

Assume a completely mixed system with the same boundary conditions as in the experimental setup. 188 

Then, the relationship between ventilation rate and indoor air quality under non-steady state can be 189 

expressed by the equation (1) [27]: 190 
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Where, �̇� is the ventilation rate, m3/h; �̇� is the contaminant source strength, mg/h; Cs is the supply 192 

air concentration, mg/m3; Cr is the exhaust concentration, mg/m3; V is the free volume of the room, m3. 193 

The analytic solution to equation (1) is equation (2): 194 
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Where, n= /V V and τ is time in hours. If the room air is fully mixed, the concentration at any point of 196 

the room will be equal to that of the exhaust air, hence the equation can be used to calculate the ideal 197 

concentration at any point in the room with a set of given conditions. 198 

To measure the quality of the air distribution, and with that, how well the contaminants at a point in the 199 

room is ventilated by the supply air, the local ventilation index (εv) can be used by the equation (3): 200 

P
v

E

C

C
 =  (3) 201 

Where, 𝐶𝑃̅̅ ̅ is the tracer gas mean concentration at measurement points, mg/m3 and 𝐶𝐸̅̅ ̅ is the 202 

contaminant concentration of the exhaust air, mg/m3. When the room air is fully mixed by the 203 

contaminants, 𝐶𝐸̅̅ ̅ equals to the exhaust concentration Cr. If εv>1, it indicates that the contaminant is 204 

in an airflow recirculation zone, which means the contaminant isn’t diluted directly by the supply air. 205 

If εv<1, the contaminants are diluted directly by supply airflow. when the measurement point is at one 206 

outlet, short-circuiting is occurring in the measurement outlet, which means a large proportion of 207 

supply air flows directly to the measurement outlet. εv=1, the room air is fully mixed by the 208 

contaminants for fully mixing conditions. 209 

2.4 Uncertainty analysis 210 

The uncertainty of data was analysed in accordance with ISO guidelines [28]. The sample standard 211 

uncertainty is calculated as the combination of the maximum uncertainty of the measurement (random 212 

error) and the uncertainty of the instrument (range drift). The range drift of the multi-gas monitor 213 

Innova 1302 was ±2.5% of measured value per three months. For any given measurement point, the 214 

standard uncertainty uc of the tracer gas concentration was calculated as in equation (4): 215 



2 2 2 2

c rw r a du u u u u= + + +  (4) 216 

Where, urw is standard uncertainty due to reproducibility (standard deviation); ur is standard 217 

uncertainty due to repeatability; ua is standard uncertainty due to instrument accuracy; ud is standard 218 

uncertainty due to drift. 219 

The absolute expanded uncertainty U with a coverage factor of 2 defines an interval with 95% 220 

confidence and is shown in equation (5): 221 

2 cU u=   (5) 222 

The uncertainty of the local ventilation index is based on the absolute expanded uncertainties of 223 

measured tracer concentration at 95% confidence. 224 

3 Results and discussions 225 

3.1 N2O concentration of surgical microenvironment 226 

Figures 4–6 show the measured N2O concentration at scenario 1 (surgical microenvironment). As a 227 

reference, the N2O concentration Cr of the OR Lab under fully mixed condition was calculated and 228 

plotted as a red dash line in Figure 4 and Figure 5. In the surgical microenvironment, lower N2O 229 

concentration is preferred. First, the N2O concentration at all measuring points before the opening of 230 

tracer gas was kept at background level, which means that the experiments were well ventilated. The 231 

N2O concentration starts increasing until it became stable after approximately 24 minutes of tracer gas 232 

release. This period was named the starting phase. Second, a clear decay of tracer gas concentration at 233 

all points was measured after the tracer gas was closed. And the value went to background level after 234 

about 12 minutes in the end. This indicates that the air circulation in the OR Lab is in order. This period 235 

is called the ending phase. In between the starting and the ending phase, the stable phase was defined.  236 

The N2O concentration at points in Scenario 1 is displayed in Figure 4. Point 1 was 5 cm above the 237 

centre of the wound of the patient, which was of the most interest. The values at this point were 238 

depicted using green lines in all figures. With different air-change rates, they were all slightly above 239 

the reference concentration. This agreed with our understanding that the ventilation mixes with the air 240 

less perfectly when it was close to a physical boundary such as the patient.  241 

Point 2 was designed to investigate the possibility of a decrease in the N2O concentration by adjusting 242 

the height of operating site. Point 2 was placed 15 cm high above Point 1. It can be seen from Figure 4 243 

that the N2O concentration at Point 2 varies differently at the stable phase compared to Point 1. 244 

However, it was not clear enough to identify which point was preferable among Point 1 and Point 2. 245 

The preference referred to a significant lower concentration at one point compared to the other. The 246 

surgical site is always adjustable according to the height of the operating doctor. It is worth 247 

investigating whether the height of the surgical site will affect the concentration of contaminants. In 248 

addition, the surgical site and/or the patient as a physical boundary would possibly affect the 249 

concentration of contaminant at different distances from the surgical site. Therefore, we expected 250 

statistical differences at these two points. However, the statistical similarities of these two measuring 251 

points indicated that the variation of N2O concentration due to the adjustment of surgical site was small 252 

and could be ignored under all different air change rates. This situation was preferable. It supported the 253 

surgical staff being comfortable without losing cleanness of the wound zone.  254 



Point 3 was measured at the head of the patient. This point was considered due to the risk of bacteria 255 

invading the patient’s body through the mouth or through the nose. In Case A1 with 10 ACH and Case 256 

B1with 15 ACH, the N2O concentration was barely higher than the reference concentration. When the 257 

air change rate was increased to 20 ACH (Case C1), the N2O concentration became less than 10 mg/m3 258 

lower than the reference concentration. It went above the reference concentration again when the air 259 

change rate was further increased to 26 ACH (Case D1). And concentration at Point 1–3 was closer to 260 

the reference concentration during all the cases. 261 

262 

 263 

Figure 4. The N2O concentration at Point 1–3 in Scenario 1 264 

Figure 5 shows the N2O concentration at Point 4–6, which were measured above three instruments 265 

tables. It can be seen that N2O concentration at Point 4 is lower than values at two other points in the 266 

stable phase for all cases. Furthermore, the N2O concentration at Point 4 was the lowest at all measured 267 

points except Case C1, where the lowest N2O concentration was at the head of the patient. In addition, 268 

the N2O concentration at Point 4 lay beneath the reference curve. The N2O concentration at Point 6 in 269 

the stable phase is generally high compared to the values at the other points. Among Point 4–6 in the 270 

surgical microenvironment, the N2O concentration at Point 5 and Point 6 was the highest and also 271 

higher than the reference concentration. In the ending phase, the variable of concentration at Point 4–6 272 

decreased while increasing the air change rate. Point 4 and Point 5 were located above two equipment 273 

tables symmetrical to the surgical sites. We expected similarities of values at these two points. 274 

However, a much higher N2O concentration was observed for all cases at Point 5 than at Point 4. After 275 

investigating the settings more carefully, it was found that there were more surgical staff closing to 276 

Point 5. There were three surgical staff on the Point 5 side of the surgical site and only one surgical 277 

staff on the Point 4 side of the surgical site. Since tracer gas was released through each tube fixed on 278 

surgical staff, it is reasonable to observe higher concentration at Point 5 compared to Point 4 because of 279 

closer and more amount of contaminant sources. 280 



  281 

  282 

Figure 5. The N2O concentration at Point 4–6 in Scenario 1 283 

The N2O concentration with different air change rates (Case A1–D1) is shown in Figure 6. For Point 284 

1–6 in each case, the statistics (the mean and standard deviation) are estimated by the values in the 285 

stable phase. It can be clearly seen that the N2O concentration decreases as the air change rate 286 

increases. The higher exposure risks of surgical incision in the surgical microenvironment may be 287 

mitigated with the increasing ACH. Considering the air change rates of four cases – 10 ACH, 15 ACH, 288 

20 ACH, and 26 ACH, the increments of air change rate from Case A1 to Case B1 and from Case B1 to 289 

Case C1 are the same, which is 1 ACH less than the increment from Case C1 to caseD1. The 290 

increments of air change rates are almost in a sequential order. Yet, the corresponding decrements of 291 

N2O concentration at Point 1–6 are not as even as the increments of air change rates. Starting from the 292 

lowest air change rate, the mean values of N2O concentration drops the fastest from 10 ACH to 15 293 

ACH and slower towards the highest air change rate. When the air change rate was 10 ACH, the 294 

expectations of mean values at different points range from the minimum of about 60 mg/m3 (Point 4) to 295 

the maximum of about 100 mg/m3 (Point 5). Whereas when the air change rate is 26 ACH, the 296 

expectations of mean values varied from about 30 mg/m3 (Point 4) to about 40 mg/m3 (other points). 297 

The variation of N2O concentration is larger for the case under lower air change rate compared to the 298 

case under higher air change rate, which means the N2O concentration is more stable for Point 1–6 299 

under higher air change rate than under lower air change rate. Besides, the mean standard deviation 300 

values of N2O concentration is the smallest for 26 ACH, which means the air quality is improved a lot. 301 

Results of point 1–6 show that 26 ACH is better than 20 ACH in the surgical microenvironment. 302 

Therefore, the current most commonly recommended 20 ACH should be improved regarding the air 303 

quality of surgical microenvironment. 304 



 305 

306 

 307 

Figure 6. The mean, maximum, minimum and standard deviation values of N2O concentration at Point 1–6 in 308 

Scenario 1 309 

3.2 N2O concentration of outlets 310 

The N2O concentration at the four points under different air change rates are plotted in Figure 7 and 311 

Figure 8. In Figure 7, the first observation is that the N2O concentration at Point 7 and Point 8 at each 312 

case of air change rate are very close, no matter the difference in location and the difference of air 313 

exhaust ratio at the upper and lower outlets. The values are slightly smaller when the air change rate is 314 

larger. However, when compared to the N2O reference concentration, the values at these two points are 315 

much lower. The variations of values at these two points in stable phase are small (less than 10 mg/m3). 316 



  317 

  318 

Figure 7. The N2O concentration at Point 1, Point 7–8 in Scenario 2 319 

In Figure 8, the N2O concentration at Point 9 and Point 10 is similar when the air change rate is 10 320 

ACH, with a slightly different variation at the stable phase. Regarding the air change rate at other three 321 

cases, the concentration at the upper outlet (Point 9) is larger than that of lower outlet (Point 10). The 322 

differences of N2O concentration between the upper and lower outlets are larger as the air change rate 323 

is increased. As shown in Figure 3, Point 9 is close to the inlet which leading the N2O concentration 324 

at this point is influenced by the turbulence of supply air. As a result, the variation at the upper outlet 325 

is larger than the variation at the lower outlet. 326 

  327 

  328 

Figure 8. The N2O concentration at Point 9–11 in Scenario 2 329 



The statistics of Point 7–10 are shown in Figure 9. A similar conclusion as the measurement of Point 330 

1–6 can be drawn for all these four points. The mean values of N2O concentration decreases as the air 331 

change rate increases, while decrements of N2O concentration are getting lower. Because Point 9 is 332 

influenced by the turbulence of supply air, the standard deviation values of N2O concentration at this 333 

point is the largest among the four outlets. In addition, the fluctuation is much higher at the upper 334 

outlets under high air change rate (26 ACH) compared to the values at other points under the same air 335 

change rate. 336 

337 

 338 

Figure 9. The mean, maximum, minimum and standard deviation values of N2O concentration at Point 7–10 in 339 

Scenario 2  340 

3.3 Local ventilation index 341 

The calculated local ventilation index is shown in Figure 10. Among Point 1–6, all measurement 342 

points except Point 4 in the surgical microenvironment had local ventilation indexes larger than 1, 343 

which means N2O wasn’t diluted directly by the supply air. As the N2O concentration in the surgical 344 

microenvironment appeared to generally be higher than the fully mixed concentration, it may suggest 345 

that risks are higher than expected simply from a mixing ventilation calculation. And the higher risks 346 

didn’t appear with the increasing ACH. Point 7–10 were on the centre of four air-exhaust outlets. The 347 

local ventilation indexes of Point 7 and Point 8 were much lower than 1, indicating that there was an 348 

airflow recirculation zone near these two outlets, which was caused by blockages of airflow from 349 

medical equipment and convective flows. There were more contaminant sources closing to Point 9 350 

and Point 10 than Point 7 and Point 8. Point 9 and Point 10 have local ventilation indexes much higher 351 



than 1, which indicates that the contaminant sources may affect the efficiency of exhaust and the 352 

capacity of exhausting contaminant in these two outlets are heavier than designed. The efficiency of 353 

contaminant exhausting of outlets is affected by the air exhaust rate of the upper and lower outlets. 354 

Some standards suggest the air exhaust ratio to be 1/4 at the top and 3/4 at the base [29]. The Norwegian 355 

standard claims a good practice of the air exhaust ratio to be 1/3 at the top and 2/3 at the base. The clean 356 

and conditioned air is introduced into the OR through swirl or line diffusers with a high velocity for 357 

mixing ventilation. If air in the entire space is fully mixed, temperature variations are small and the 358 

contaminant concentration will be uniform. To evaluate which air exhaust ratio is preferable, one 359 

criterion is that the contaminant concentration at the upper outlet and lower outlet at the same corner 360 

should be approximately equal. The similar values at Point 7 and Point 8 indicate that the Norwegian 361 

practice seems to be working very well. However, we observe that the local ventilation index at Point 9 362 

is higher than the local ventilation index at Point 10. It means that the outlet at Point 9 is less efficient 363 

than the outlet at Point 10 at absorbing airborne particles out of the room. Therefore, the air exhaust 364 

ratio of 1/2 might be too low, even though it is already higher than other standards.  365 

 366 
Figure 10. The local ventilation index of measurement points in two scenarios 367 

3.4 Validity of experimental settings 368 

It is intuitive that the concentration of contaminants in the air is less when the air change rate in the OR 369 

is higher. Air change rate is a direct factor determining the sweeping speed of air. However, on the one 370 

hand, an OR with high air change rate is required to decrease the concentration of contaminants. On 371 

the other hand, low air change rate is a preferred from the energy-saving perspective. Therefore, it is a 372 

trade-off to choose an appropriate air change rate. In addition, the air change rate determines the 373 

average air speed in the operation room in a perfect mixing situation. However, in most cases, many 374 

factors affect the local air speed. For example, local turbulence due to device obstacles, thermal 375 

heterogeneity, short circulars of air flow path due to outlet settings, etc., will all lead to localised air 376 

speed anomalies and consequently induce an abnormal contaminant concentration. Therefore, 377 

measurement from one isolated point may draw misleading conclusions. In our experiment, we 378 

distribute our measurement points among different zones with varying depth and horizontal locations. 379 

For all measurement points, we see consistent trends of decrease in contaminant concentration 380 



associated with increasing air change rates. This is under the expectation and in other words, indicates 381 

that the experimental settings are appropriate for the study. 382 

Because the standard minimum ACH in ORs installed with mixing ventilation in different countries 383 

varies from 12 ACH to 25 ACH [8-12]，we only designed four air change rates (10 ACH, 15 ACH, 20 384 

ACH, and 26 ACH), which is the limitation of our experiment. To better understand the behavior of a 385 

specific OR and propose a threshold value ACH, further works using more sophisticated techniques, 386 

such as CFD (Computational Fluid Dynamics) simulations, are needed. However, this limitation 387 

doesn’t affect the conclusions.  388 

Although this study is unique in its design and offers some scientific evidence to support the 389 

conclusions, there are some limitations of the measurement. Point 11 is measured for calculating the 390 

reference concentration under fully mixing ventilation. Ideally, we should measure the concentration 391 

of inlet for all cases in order to calculate case-dependent reference concentration curve. In practice, we 392 

only measured once for each case and for only one inlet. This is due to the limited numbers of sensors. 393 

However, we observed that the N2O concentration at all inlets and in all cases is stable. Therefore, the 394 

lack of values at all inlets for all cases should not affect the conclusions. 395 

Point 1 is 5 cm above the centre of the patient’s wound, which is repeatedly measured to verify 396 

whether the OR Lab as a system is stable and linear for all cases. The relative differences of 397 

measurements at point 1 at four air change rates are listed in Table 2, where the differences of mean 398 

values between Cases A1–D1 and Cases A2–D2 are all less than 5%, and the differences of standard 399 

deviation relative to the mean values are less than 5% as well. A difference of 5% is treated as minor 400 

since the trace gases are released independently from Cases A to Cases B. Therefore, we infer that the 401 

OR Lab as a system is stable and linear, and values at all other points are reliable.  402 

Table 2. The relative difference of mean and standard deviation of N2O concentration 403 

Case Relative difference of mean of N2O 

concentration 

Relative difference of standard deviation 

of N2O concentration 

|(CaseA2-CaseA1)/CaseA1| 3.25% 0.18% 

|(CaseB2-CaseB1)/CaseB1| 4.86% 4.31% 

|(CaseC2-CaseC1)/CaseC1| 4.98% 4.18% 

|(CaseD2-CaseD1)/CaseD1| 0.05% 0.71% 

4 Conclusions 404 

This paper aims to discover the effect of air change rate on the concentration of contaminants in an OR 405 

with mixing ventilation. The first conclusion that can be drawn from this study is that the air change 406 

rate is a direct factor determining the concentration of contaminants in ORs in both the surgical 407 

microenvironment and the outlets. The higher the air change rate is, the lower the contaminant 408 

concentration will be. The higher exposure risks of surgical incision in the surgical microenvironment 409 

may be mitigated with the increasing ACH. 410 

Furthermore, we find that the decrease of contaminant concentration in the surgical microenvironment 411 

is not proportional to the increase in the air change rate. Among the four air change rates (10 ACH, 15 412 

ACH, 20 ACH, and 26 ACH), the variation of N2O mean concentration is the smallest from 20 ACH to 413 

26 ACH at the point above the patient and instrument table. However, the little decreasing of 414 

contaminants concentration at these locations may be directly related to the incidence of SSI. 415 



Therefore, the current most commonly recommended 20 ACH should be improved regarding the air 416 

quality of surgical microenvironment in a mixing ventilated OR. 417 

Similarity in contaminant concentration is observed at certain distances above the wound. This 418 

supports the surgical staff in adjusting the height of the surgical site for comfort without sacrificing 419 

cleanliness around the wound. Significant difference of contaminant concentration among the 420 

air-exhaust outlets indicates the location of medical equipment and contaminant sources may affect the 421 

efficiency of exhaust. 422 

As the N2O concentration in the surgical microenvironment appeared to generally be higher than the 423 

fully mixed concentration, it may suggest that risks are higher than expected simply from a mixing 424 

ventilation calculation. And the higher concentration remained present even with the increasing ACH. 425 

Hence, it is very important to take other measures to reduce risks of the surgical microenvironment. 426 

The results of this study may be used to develop new guidelines for ventilation system design of 427 

ORs. 428 
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