
Can clothing systems and human activities in operating rooms with mixing 1 

ventilation systems help achieve 10 CFU/m3 level during orthopedic surgeries? 2 

Guangyu Caoa, *, Christoffer Pedersenb, Yixian Zhangc, Finn Drangsholtd, Andreas Radtkee,f, Håkon Langvatng,h,i, 3 

Liv-Inger Stenstadj, Hans Martin Mathisena, Jan Gunnar Skogåsj 4 
a Department of Energy and Process Engineering, Norwegian University of Science and Technology, Trondheim, 5 

Norway 6 
b MultiConsult Norge AS, Seksjon VVS Tromsø, Norway 7 
c College of civil engineering and architecture, Hainan University, Haikou, 570228, China 8 
d Sykehusbygg HF, Trondheim, Norway 9 
e Unit for Infection Control, St. Olavs hospital, Trondheim University Hospital, Trondheim, Norway 10 
f Department of Clinical and Molecular Medicine, Norwegian University of Science and Technology, Trondheim, 11 

Norway 12 
g Department of Orthopedic Surgery, St.Olavs University Hospital, Norway 13 
h The Norwegian Arthroplasty Register, Department of Orthopedic Surgery, Haukeland University Hospital, 14 

Bergen, Norway 15 
i Department of Clinical Medicine, University of Bergen, Norway 16 
j Operating Room of the Future, St. Olavs hospital, Trondheim University Hospital, Trondheim, Norway 17 

*Corresponding author: Guangyu Cao, Dr. (Sc.), Professor; Kolbjørn Hejes vei 1b, 7491 Trondheim, Norway; 18 

Mobil:+ 47 91897689; Email: guangyu.cao@ntnu.no 19 

Summary  20 

The level of airborne microbial contamination in operating rooms (ORs) is an important indicator 21 

of indoor air quality and ensures a clean surgical environment. It is necessary to research how different 22 

factors affect the colony forming unit (CFU) level during surgery in a mixing ventilation (MV) 23 

operating room (OR) to fulfil an ultra-clean air requirement. The main objective of this study is to 24 

clarify the possibility of achieving the requirement for an ultraclean operating room (≤ 10 CFU/m3) 25 

with mixing ventilation from two factors of clothing and human activities. The experiment results 26 

verified that the average CFU/m3 of three of five mock-up surgeries was 8.5 which was below or equal 27 

to the ultra-clean requirement, while the other two mock-up surgeries did not meet the ultra-clean 28 

requirement. Surgical activities together with clothing level of surgical staff in ORs seem to be the 29 

most significant reason for the high CFU level during surgery. It is possible to achieve the ultraclean 30 



air requirement (≤ 10 CFU/m3) during a surgical process with proper clothing and low surgical 31 

activities in ORs. This study clarifies the effect of clothing and human activities on the CFU level in 32 

the surgical microenvironment in ORs and contributes to developing new code of products for the 33 

surgical team. 34 
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1 Introduction  37 

Almost 313 million surgical procedures are performed each year around the world [1], which is 38 

twice the number of babies born every year [2]. Surgical site infection (SSI) is a leading cause of 39 

healthcare associated infections. A previous study has shown that airborne microbial contaminants are 40 

an important source of SSIs in clean operations [3]. Today, many countries measure the colony forming 41 

unit per cubic meter of air (CFU/m3) in ORs during surgery as a parameter to classify the expected 42 

microbial level (including bacteria, fungi, and viruses) in operating rooms (ORs). For an OR with an 43 

ultraclean requirement, a value of ≤ 10 CFU/m3 within 30 cm of the surgical wound was suggested [4] 44 

and is often used. To fulfil the ultraclean requirement, most ORs built today utilize an unidirectional 45 

airflow system (UDF-system), which is also known as laminar air flow (LAF)  system, as this type 46 

of system has proven to deliver a cleaner operating environment compared to the traditional mixing 47 

ventilation (MV) system [5,6]. However, there were only very few clinical studies proving a clear 48 

correlation between decreased SSI rates and the use of UDF-system. In fact, a recent study showed 49 

that postoperative SSI rates increased in ORs with UDF-system [7]. A few studies showed significantly 50 

higher SSI rates after knee prosthesis surgery and hip prosthesis surgery using UDF-system [8, 9]. Due 51 



to the ambiguity of UDF-system in the decrease of SSI rate, UDF-system is not recommended by the 52 

World Health Organization guideline for patients undergoing total arthroplasty surgery [10]. 53 

MV is based on the mixing principle and may achieve high dilution efficiency by introducing 54 

high-speed air from diffusors placed in the ceiling, forming a highly turbulent flow pattern inside a 55 

room. However, the dilution principle of MV potentially makes the contaminant source spread 56 

throughout the entire room and reach the surgical wound and sterile instrument table following the 57 

turbulent air pattern. In ORs with MV, the requirement of air cleanliness is ≤ 100 CFU/m3 in many 58 

countries [11]. Earlier studies have shown that it is possible to achieve microbial concentrations ≤ 10 59 

CFU/m3 during surgery in ORs with MV [12,13].  60 

Most of the earlier studies considered air quality of the whole space in ORs, and only a few studies 61 

focused on the zone close to the wound. A recent study defined the specific risk zone close to the 62 

surgical wound bounded by the surgeons, the patient, and the surgical lights as the operating 63 

microenvironment [11]. The air quality of the operating microenvironment could have a direct impact 64 

on the SSI. The main objective of this study is to clarify the possibility of achieving the requirement 65 

for an ultraclean OR (≤ 10 CFU/m3) with MV from two factors of clothing and human activities. To 66 

achieve this, bacterial level of the operating microenvironment was measured in St. Olavs Hospital 67 

through five mock surgeries. 68 

2 Materials and methods 69 

2.1 Operation room for mock surgeries 70 

All measurements through the mock surgeries were conducted in an actual OR with MV in the 71 

Emergency, Heart and Lung Centre at St. Olavs Hospital in Trondheim. The OR has an area of 53 m2 72 

and a floor height of 2.9 m. The OR was equipped with four radial air diffusors located in the ceiling 73 



in each corner of the room (Fig. 1). There were four exhaust grills in this OR. Two exhaust grills were 74 

installed on the wall of the entrance door, with one exhaust grill close to the floor and one close to the 75 

ceiling. The other two exhaust grills were installed in the same manner on the opposite wall. The total 76 

supply airflow rate was 3700 m3/h, and the average airflow rate in the exhaust was 3300 m3/h. The air 77 

change rate of the OR was 22.5 air changes per hour (ACH). The OR has a 5 Pa higher pressure than 78 

the adjacent rooms to avoid any leakage of contaminated air. The room temperature for all experiments 79 

was set 23 ºC. 80 

A)       B)       C) 81 

Fig. 1. Air diffusors and exhaust grills: A) radial air diffusor, B) exhaust grill close to the ceiling, C) 82 

exhaust grill close to the floor 83 

2.2 Clothing systems used in mock surgeries 84 

Five different types of OR clothing were used in mock surgeries (Fig. 2). The clean air suit 85 

(clothing A) fulfilling the requirements of EN13795-2:2019 was used for a patient with a two-piece 86 

disposable nonwoven suit made of polypropylene [14]. Surgical members wore a clean air suit inside 87 

clothing B and clothing C. Clothing B, surgical gowns, were made of nonwoven 88 

polyester/polyethylene and were approved according to the EN13795-2:2019  standard. The surgical 89 

helmet system (SHS, clothing C, without a face mask) was made of a three-layer, liquid-proof fabric. 90 

A surgical cap was worn inside clothing C. Clothing D and clothing E were the combination of a clean 91 



air suit and a surgical hood, with incorrect hood position and correct hood position, respectively. The 92 

surgical hood also had a flexible strap securing a tight fit around the exposed parts of the face. The 93 

surgical masks used were EN 14683 type II approved and were of the double band, tie-on type, with 94 

an integrated adjustable nose clamp [15]. 95 

A) B) C) D) E) 

Fig. 1. The different OR clothing of the five cases: A) clean air suit, B) surgical gown, C) surgical 96 

helmet system, D) clothing with incorrect hood position, E) clothing with correct hood position 97 

2.3 Mock surgery 98 

Five mock surgeries were conducted to simulate typical real operating conditions that can occur 99 

during orthopedic surgeries, as shown in Fig. 3. The mock surgeries can generally be divided into three 100 

main phases according to the activity level: incision (50 minutes); joint replacement (33 minutes); and 101 

wound suture (37 minutes). In addition, zero activity (20 minutes) was added before the start of three 102 

mock surgeries. During this phase, the patient and surgical members keep still with non-activity and 103 

non-talking. The different activity phases allowed for the investigation of how the activity level 104 

influences the CFU/m3 level during surgery. The activities of incision and wound suture were similar. 105 

The joint replacement was differed from the two other phases by a hammering and shaking of arm 106 

action performed by the main surgeon (simulating hammering and drilling), squatting action by the 107 

assistant surgeon (simulating the maneuvering of the patient’s leg), and a shaking of the arm action by 108 

the sterile nurse (simulating mixing of cement). During the mock surgery, talking was performed by 109 



the surgical members who said the alphabet (a-z) loudly every 7th minute. All five mock surgeries 110 

were performed by 5 surgical members with a female patient. Most of participants of the mock up 111 

surgeries were the same with only change of one female and one male in case 1-2 and case 3-5, 112 

respectively. Detailed information on these five cases is presented in  Table . 113 

 114 

Fig. 3. The setup for the mock surgery (case 1) 115 

Table 1. Conditions for the five mock surgeries 116 

Mock surgeries Case 1 Case 2 Case 3 Case 4 Case 5 

Clothing of surgeon and sterile 

nurse 
Clothing C Clothing B Clothing B Clothing B Clothing B 

Clothing of unsterile nurse Clothing C Clothing D Clothing E Clothing E Clothing E 

Total duration 1 h 55 min 1 h 51 min 2 h 01 min 2 h 02 min 2 h 01 min 

Door openings 1 No 1 1 No 

Gender of staff  
3 males, 

2 females 

3 males, 

2 females 

2 males, 

3 females 

2 males, 

3 females 

2 males, 

3 females 

Zero activity phase No No Yes Yes Yes 

2.4 Microbial contaminant measurements 117 

To measure the CFU/m3 in the OR, an active air sampler (AirIdeal 3P from Biomerieux) was 118 

placed on the stomach of the simulated patient, and air samples were collected at 10-minute intervals. 119 



After the experiment, the agar plates were incubated at 35+/-2°C for two days and then for one day at 120 

room temperature before colony counting. The bacterial level of the empty OR (at rest state) was 121 

measured in cases 3-5 using the active sampler before each experiment. According to a guideline, a 122 

mixing ventilation system with 20 ACH removes 99% of the contaminants in an empty room in 14 123 

minutes [16]. Hence, a delayed starting time of 15 minutes was used to allow any bacteria carrying 124 

particles (BCP) to be introduced when placing the sampler, to be either ventilated or to settle. The 125 

sampler had a constant suction volume of 100 L/min and used the impaction principle for particle 126 

collection. The device was calibrated 8 months prior to the start of the experiment. Agar plates had an 127 

external diameter of 90 mm and an internal diameter 85 mm with 5-7% cattle blood and maintains a 128 

pH of 7.4. 129 

3 Results and discussion 130 

3.1 The effect of clothing on CFU level 131 

Clean air suits are designed to limit microbial dispersion from the wearer to the OR air, which is 132 

not the case for regular scrub suits [14]. Many studies have confirmed the protective effect of clean air 133 

suits compared to regular scrub suits by showing reduced airborne BCP concentration during surgery 134 

or in dispersal chamber tests. Surgical masks used in surgery must be EN-14683-type II approved, 135 

which ensures that the filter fabric has a minimum bacterial filtration efficiency of 98% for particles 136 

with a size of 3.0±0.3 μm [15]. Air leaks between the face of the wearer and the mask are known to 137 

reduce the occlusive effect of the mask. As much as 10%-40% of BCP can reach the OR air through 138 

leaks as a result of poor mask fit [17]. A double-tie-on mask with an adjustable nose clamp has been 139 

shown to provide a better seal than ear-loop masks [17].  140 



The measured CFU levels in five cases are shown in Fig. 4. It can be seen that the CFU levels of 141 

cases 1-2 were higher than cases 3-5. In these five mock surgeries, the surgical team and the patient 142 

wore clean air suits with masks made of double tie-on type and folded under the chin. In Case 1, where 143 

the SHS was used, the surgical staff did not wear any surgical hood, and in Case 2, the surgical hood 144 

was not tucked under the clean air suit. In fact, the surgical hood should be tucked under the clean air 145 

suit to improve the seal, preventing the dispersion of airborne BCP. In cases 3-5, this measure was 146 

implemented. This may be one of the reasons why there was a reduction in the CFU/m3 level compared 147 

to cases 1-2. The use of SHS does not reduce the CFU/m3 level in a dilution ventilation OR compared 148 

to using regular OR clothing [18]. If the ultraclean requirement is to be met in a dilution ventilation OR, 149 

it seems to be a necessity that the surgical team wear clean air suits with the surgical hood tucked under 150 

the clean air suit.  151 

 152 

Fig. 4 CFU values of five mock up surgeries 153 

3.2 The effect of human activities on CFU level 154 

By calculating the average CFU/m3 of each phase in these cases, a distribution of measured CFU 155 

levels are shown in Fig. 5. Many studies have suggested that activity level is an important mechanism 156 

0

5

10

15

20

25

30

35

40

0:10 0:22 0:33 0:45 0:55 1:06 1:17 1:28 1:39 1:50 2:01

C
F

U
/m

3

Elapsed time (hours)

Case 1 Case 2 Case 3 Case 4 Case 5

Incision Joint replacement Wound suture



that influences the CFU/m3 level during surgery. In our study, a clear difference could be seen in the 157 

average CFU/m3 level for the zero-activity phase in cases 3-5 compared with the activity phase in the 158 

same experiments. The average values of 2.5 CFU/m3 for the zero-activity period and 8.5 CFU/m3 for 159 

the activity period were observed in this study. This corresponds to an increase in CFU/m3 by a factor 160 

of 3.4 for a surgical team that performs surgical procedures versus a surgical team standing still. In 161 

cases 3-5, the average CFU/m3 was 8.5 CFU/m3, which is below or equal to the ultraclean requirement. 162 

And the average CFU/m3 for cases 1-2 was 19.4 CFU/m3, which did not meet the ultraclean 163 

requirement. These results support the hypothesis and observations made in other studies that activity 164 

level is an important mechanism in influencing the CFU/m3 level and that the activity level is a more 165 

important factor than the number of people present in the OR [19]. According to our results, one person 166 

moving can disperse the same amount of bacteria as 3-4 persons standing still.  167 

 168 

Fig. 5. The average CFU/m3 of the different phases for the five cases  169 

3.3 The effect of door openings on CFU level 170 

Several studies have explored the correlation of door openings with CFU level by statistical 171 

method, as shown in Table 2. It can be seen form the results that there is a strong linear correlation 172 
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between door openings and increase in CFU/m3 for ORs equipped with displacement and MV. For 173 

UDF-system, there is an expected increase in CFU of 69.3 % if there is an operation with door 174 

openings, compared to one without door openings. 175 

 176 

Table 2 The correlation of door openings with CFU level 177 

Reference Number of 

operations 

Type of operation Ventilation type Correlation -door openings and 

increase in CFU/m3 

Andersson 

et al. [20] 

n=30 Orthopedic trauma 

surgery 

Displacement  r = 0.74, (P=0.001) 

Smith et al. 
[21] 

n=81 Orthopedic surgery LAF With door opening, the expected 

number of CFU increases with 

69.3% (p=0.02) 

Scaltriti et 

al. [19] 

n=23 Conventional (n=12) 

and endoscopic(n=11) 

MV r=0.765 (p<0.01) for active 

samples 

for passive sample 

r=0.433(p<0.05) 

In this study, After the door opening occurred in case 1, it was observed that the CFU level varied  178 

from 25 CFU/m3 to 28 CFU/m3.  These measured values may be on the limit of detection of 179 

measuring CFU, as the accepted range for countable colonies on a standard agar plate is between 25 180 

and 250 for most bacteria [22]. In cases 3-4, it was observed that the CFU level didn’t increase 181 

immediately after the door opening occurred. However, the highest CFU/m3 value was sampled 182 

between 1:39-1:50 hours and between 1:51-2:02 hours, in Case 3 and Case 4, respectively. It may 183 

indicate that there is a time delay from when microbial contaminant is introduced by the door opening 184 

until it reaches the surgical wound. This may be due to turbulent air flow patterns and staff movement 185 

inside the OR, as described in the study of Andersson et al. [20]. However, the current instrument to 186 

measure CFU is not able to explain accurately the possible delay of induced CFU caused by door 187 



opening. Further studies are needed to explain the transient phenomenon of transmission of CFU 188 

through door opening to the surgical environment.  189 

4 Practical limitations 190 

The experimental measurements performed in this study are important to understand the 191 

performance of mixing airflow regarding CFU levels in ORs. In this study, case 1-2 were conducted 192 

in a different period (in late autumn) which differs substantially from case 3-5 (in winter), which may 193 

contribute to the difference of indoor environment conditions. These might be unknown factors which 194 

will affect the measurement results of this study. However, all experimental setup in five cases were 195 

very similar and did not differ in any other substantial matter.  196 

The level of airborne microbes occurring during surgery is a result of many factors, including 197 

ventilation design and performance, human activity, number of people, clothing, room cleanliness and 198 

so on [23-29]. As the practical limitations of the experimental measurements, we only analyze the effect 199 

of clothing and human activity on the CFU level in our study. Regarding door openings, the differences 200 

of temperature and bacterial concentration between operating room and adjoining room were not 201 

measured. With a clean corridor outside the operating room the door opening may not result in 202 

significant change of measured results. Moreover, other factors should be considered in further studies, 203 

including more combination of clothing systems, the differences of temperature and bacterial 204 

concentration between operating room and adjoining room, gender of surgical staff and surgery types. 205 

In addition, the level of CFU at the position of the instrument table is also important and this will be 206 

investigated in our further study. 207 

5 Conclusions 208 

It has been shown that a OR with MV may meet the ultraclean requirement, which has less than 209 



10 CFU/m3 of indoor air, if specific conditions, including a lower activity level and a proper clothing 210 

type, are present. However, a single operation can deviate quite substantially from this, even when 211 

these conditions are present. This study shows that MV may not meet the requirement for ultraclean 212 

operating room consistently through different operating phases, which may indicate the vulnerability 213 

of the MV systems during various phase of surgical operations. The large variation in CFU levels may 214 

be influenced by a number of factors, including activities of the surgical team, and clothing 215 

requirements of the surgical team. Our study led us to the following conclusions: 216 

• It is possible to achieve the ultraclean air requirement (≤ 10 CFU/m3) during a surgical 217 

process with proper clothing and low surgical activities in ORs with MV. 218 

• To achieve a lower CFU level of indoor air in ORs, all staff members should wear single-use 219 

clean air suits, preferably made of nonwoven material. 220 

• Compared to regular OR clothing, the surgical helmet system (SHS) seems to be able to 221 

reduce the peak CFU load during a surgical procedure. However, it does not seem to further 222 

reduce the total CFU level in ORs with MV. 223 

• A surgical team performing a surgical procedure may generate 3.4 times more microbial 224 

contaminants than a surgical team standing still in an OR with MV. 225 

This study shows, though not desirable, that a good indoor air quality can be maintained during a 226 

surgical procedure with many surgical staff working in one OR with MV if calm intraoperative 227 

behavior is maintained. This was confirmed by another study that showed that up to 10-11 people 228 

wearing clean air suits can be present in an OR, and the ultraclean requirement can still be met [30]. To 229 

meet the ultraclean air OR requirement in a dilution ventilation OR, it is important to minimize door 230 

openings and activity level. 231 
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