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ABSTRACT 29 
 30 

Aim: To evaluate three types of ventilation systems for operating rooms with respect to air 31 

cleanliness (in colony forming units, CFU/m3), energy consumption, and working 32 

environment comfort (noise and draught) as reported by surgical team members. 33 

 34 

Methods: Two commonly used ventilation systems, vertical laminar airflow (LAF) and 35 

turbulent mixed airflow (TMA), were compared with a newly developed ventilation 36 

technique: temperature controlled airflow (TcAF). CFU concentrations were measured at three 37 

locations in an operating room during 45 orthopaedic surgeries: close to the wound (<40 cm), 38 

at the instrument table, and peripherally in the room. The operating team evaluated the 39 

working environment comfort by answering a questionnaire.  40 

 41 

Findings: We showed that LAF and TcAF, but not TMA, resulted in less than 10 CFU/m3 at 42 

all measurement locations in the room during ongoing surgery. Median values of CFU/m3 43 

close to the wound (250 samples) were 0 for LAF, 1 for TcAF and 10 for TMA. Peripherally 44 

in the room, the CFU concentrations were lowest for TcAF. The CFU concentrations did not 45 

scale proportionally with airflow rates. Compared to LAF, TcAF’s power consumption was 46 

28% lower and there was significantly less disturbance from noise and draught. 47 

 48 

Conclusion: TcAF and LAF remove bacteria more efficiently from the air than TMA, 49 

especially close to the wound and instrument table. Like LAF, the new TcAF ventilation 50 

system maintained very low levels of CFU in the air, but TcAF used substantially less energy 51 

and provided a more comfortable working environment than LAF. This enables energy 52 

savings with preserved air quality. 53 

 54 
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Introduction 57 

Air with a low concentration of viable bacteria in the operating room (OR) has long been 58 

known as one of the key factors to prevent deep surgical site infections (SSIs) [1, 2]. With the 59 

increasing occurrence of antibiotic resistant bacteria that cause SSIs, we can no longer rely on 60 

antibiotic prophylaxis. Thus other measures, such as ventilation of the OR, have to be as 61 

efficient as possible. Charnley at al.[2] improved the microbiological air quality by 62 

introducing low-turbulence displacement airflow facilities resulting in a reduction of the 63 

infection incidence from 8.9% to 1.3% in orthopaedic surgeries. The ventilation air 64 

introduced into the room is filtered and free from bacteria. This means that the main sources 65 

of airborne bacteria in the OR are particle shedding from the surgical team and from outside 66 

air that enters during door openings.  67 

 68 

Traditionally, two main types of ventilation have been used to provide low levels of colony 69 

forming units (CFU) in the OR air: laminar airflow (LAF) and turbulent mixed airflow 70 

(TMA). In most studies that measure airborne bacterial loads, LAF ventilation appears to be 71 

superior to mixed ventilation [3-6]. However in recent years, epidemiologic registry studies 72 

have shown that the SSI risk after surgery in LAF is equal to TMA, or even higher [7, 8], and 73 

for this reason the World Health Organization (WHO) stated that LAF should not be used for 74 

total arthroplasty surgery [9]. The WHO recommendation is conditional, since there is very 75 

limited evidence on the efficiency of different ventilation systems with regard to the incidence 76 

of SSIs [9]. Consequently, there is an urgent need for more evidence to enhance and facilitate 77 

decision making about ventilation techniques when building new hospitals and renovating old 78 

ones. 79 

 80 
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The aim of this study was to compare three ventilation techniques for operating rooms, 81 

focusing on evaluation of a new technique that uses temperature controlled airflow (TcAF). 82 

We compared TcAF with the conventional LAF and TMA ventilation systems regarding the 83 

amount of airborne CFU in the operating room, energy consumption, and the working 84 

environment of the staff. We also included other known parameters reported to affect the 85 

amount of CFU: number of staff in the room, number of door openings, and operating time 86 

duration [5, 10-14].   87 
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Materials and methods 88 

 89 

Study design 90 

Measurements were carried out in three ORs between January 2015 and February 2016 at the 91 

Orthopaedic Surgery Department, Helsingborg General Hospital, Sweden. It is an acute care 92 

hospital where approximately 2500 orthopaedic surgery procedures are performed annually. 93 

The only difference between the ORs was the type of ventilation systems: TMA, LAF, or 94 

TcAF. In total, 45 operations were included, 15 performed in each OR. The procedures were 95 

the same in each OR: 7 wrist fractures, 2 shoulder arthroscopies, and 6 hip fracture fixations. 96 

During all operations, the staff wore similar clothing of mixed material (69% cotton, 30% 97 

polyester, 1% carbon fiber, Mertex P-3477®, Mercan AB) with wristlets at ankles, upper 98 

arms and neckline, the shirt tucked in the trousers, and a disposable surgical hood tucked in 99 

the neck.  100 

 101 

Ventilation systems 102 

The different airflows of the three OR ventilation systems (TMA, LAF and TcAF) (Figure 1) 103 

were modelled using computational fluid dynamics (CFD) models, shown in Figure 2a-f. 104 

CFD is a branch of fluid mechanics that uses applied mathematics, physics and computational 105 

power to study fluid flows. LAF operated at the highest airflow rate (12 000 m3/h), which also 106 

created higher airflow speeds (Figure 2c-d). TcAF operated at a lower airflow rate (5600 107 

m3/h) than LAF, but higher than TMA (3200 m3/h) (Figure 2e-f and 2a-b, respectively). A 108 

technical inspection of the ventilation performance of three systems was carried out before the 109 

study started to ensure that they functioned as intended. 110 

 111 
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Turbulent mixed airflow 112 

Turbulent mixed airflow (TMA) is based on the dilution principle: the airflow is introduced 113 

through a high-efficiency particulate air (HEPA) filter to dilute the contamination to a lower 114 

level. This entails an exponential decay of high concentrations of airborne microbes over time. 115 

Because of turbulent mixing, the concentration will be quite uniform in the entire OR. In this 116 

study, the air entered through a panel along the top of a wall in the OR with TMA, and exited 117 

close to the floor in the corners of the opposite wall (Figure 1a).  118 

 119 

Laminar airflow 120 

The vertical laminar airflow (LAF) ventilation, more correctly called unidirectional air flow 121 

(UDF), pushes the air through HEPA filters in the ceiling above the operating table at a high 122 

airflow rate so that a vertical speed of 0.4 m/s is achieved (Figure 2c-d). The airflow speed 123 

should be high enough to preserve its unidirectional flow even when disturbed by personnel 124 

and equipment, but low enough to hinder turbulence. The incoming air entered the room from 125 

a 2.75 × 2.75 m2 box above the operating table, creating an ultra-clean zone below the box, 126 

and exited through the ceiling just outside the box (Figure 1b).  127 

 128 

Temperature controlled airflow 129 

The newly developed temperature controlled airflow (TcAF) ventilation system system uses 130 

cooled HEPA-filtered air above the operating table that flows downward due to higher density 131 

than the 1.5°C warmer surrounding air. The cooled and filtered inlet air is introduced from 132 

eight spherically shaped air diffusers mounted in a circle, creating an ultra-clean zone that 133 

expands from the centre of the room (Figure 1c). Surrounding the cooled central airflow, 134 
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warmer HEPA-filtered air is dispersed from eight additional ceiling-mounted half-spherically 135 

shaped air diffusers.  The warm air prevents stagnation zones in the periphery of the room and 136 

maintains the temperature gradient that drive the central vertical flow of cooled air. Thus, the 137 

temperature gradient of 1.5°C is maintained by controlling both the cooled central air and the 138 

surrounding warm air. The airflows are high enough (>0.25 m/s) to counteract body 139 

convection from staff around the operating table, and heat convection from lamps and other 140 

equipment.  141 

 142 

 143 

Sampling and quantification of cultivable airborne bacteria 144 

We measured airborne bacteria at three locations: close to the wound, at the instrument table 145 

and in the periphery of the room. Colony forming units (CFU) were used as a measure of 146 

viable airborne bacterial loads. The CFU concentration, at a distance of ≤40 cm from the 147 

wound, was determined by air sampling on vertically oriented 80 mm diameter gelatine filters 148 

(MD8 airscan, Sartorius GmbH, Göttingen, Germany). Immediately after sampling, the filter 149 

was transferred to a blood agar culture medium. CFU concentrations at the instrument table 150 

and in the periphery of the room were measured by direct impaction of airborne cells on blood 151 

agar petri dishes with rotating slit samplers (Impactor FH5, Klotz GmbH, Bad Liebenzell, 152 

Germany). No tubing was used at the inlets of the rotating slit samplers, as this results in 153 

lower CFU counts due to particle losses. The samplers were cleaned with DAX 45% ethanol 154 

surface disinfectant before the surgery started. For both the filter sampler and the slit 155 

samplers, the sampling time was 10 minutes with an airflow rate of 100 L/min. Measurements 156 

started at wound incision and ended at wound closure. All petri dishes were incubated for 48 157 

hours at 35°C and the CFU were subsequently counted and divided into major species by the 158 

Clinical Bacteriological Laboratory at the University Hospital, Lund, Sweden. During CFU 159 
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sampling, observations were made of the number of staff present and the number of door 160 

openings in the operating rooms. The measurements from three surgeries (1 in TMA and 2 in 161 

TcAF) were discarded because of deviations from the protocol; additional surgeries were thus 162 

performed to reach the 15 surgeries in each OR. Due to condensed water on the lid and 163 

contamination, 12 CFU plates from different surgeries (11 in TMA and 1 in LAF) were not 164 

valid to analyse. A comparison of methods for measuring airborne microbial particle 165 

concentration in operating rooms was performed using a slit sampler and a real-time viable 166 

particle counter (BioTrak®, TSI). The BioTrak utilizes autofluorescence from biomolecules 167 

(NADH and riboflavin) to discriminate between microbial and non-microbial particles in the 168 

air and apply an algorithm, based on experimental data of airborne microorganisms, to 169 

identify viable particles. 170 

 171 

Working environment survey 172 

A working environment survey evaluated how the operating staff experienced the impact of 173 

ventilation. They answered a questionnaire with six questions concerning temperature, 174 

draught, noise and perceived comfort after finishing an operation. The questions and more 175 

details are provided in Appendix A. 176 

 177 

Statistical analysis 178 

The non-parametric Mann-Whitney U test was used to investigate pairwise differences 179 

between the ORs. Sign test was used to compare the CFU median concentrations with the 180 

recommended limit of 10 CFU/m3. The correlation between CFU and selected factors, such as 181 

door openings and number of people present, was tested using non-parametrical Spearman 182 
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rank-order correlation test. P-values lower than 0.05 were considered significant. Statistical 183 

analysis was performed using IBM SPSS Statistics, version 23.  184 
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Results 185 

 186 

Concentrations of cultivable bacteria in operating rooms during ongoing surgery 187 

In this study, 750 air samples for CFU concentration measurements from 45 surgeries (on 188 

average 6 samples per location and surgery) were collected and analysed. The measurements 189 

showed that both LAF and TcAF had a median CFU concentration below 10 CFU/m3 at all 190 

locations in the room during ongoing surgery (Figure 3 and Table I). However, the CFU 191 

median concentration for LAF in the periphery of the room was not significantly below 10 192 

CFU/m3 (p=0.28). TMA had CFU concentrations equal to or above 10 CFU/m3 at all 193 

locations during ongoing surgery. 194 

 195 

The three ventilation systems resulted in substantially different CFU concentrations. At the 196 

wound and the instrument table, both located inside the ultra-clean zone in LAF and TcAF, 197 

the lowest CFU concentrations were found in LAF (median 0 CFU/m3). TcAF had higher 198 

CFU concentrations at these locations (median 1-3 CFU/m3) and TMA had even higher 199 

(median 10-22 CFU/m3). As expected, TMA had similar CFU concentrations at all locations 200 

in the room, and the concentrations at the three locations were positively correlated. For LAF 201 

and TcAF, the CFU concentrations correlated between the wound and the instrument table, 202 

but not with the periphery of the room. As further described in Appendix B, the slit sampler 203 

provided higher CFU values than the filter sampler (p<0.05) and thus the lower CFU values 204 

close to the wound are partly a result of measurement methodology. CFU were dominated by 205 

approximately equal amounts of Micrococcus and Staphylococcus in all ventilations, with a 206 

small fraction of Bacillus (2%) (Appendix C, Table C.I). No correlation was found between 207 

CFU/m3 and viable particle count by fluorescence (BioTrak) (Appendix D, Figure D.1). 208 
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 209 

The CFU concentrations in the different ventilation systems cannot solely be explained by the 210 

differences in airflow rates. This is shown by the comparison of the measured CFU 211 

concentrations and the general assumption that the CFU concentration is inversely 212 

proportional to the airflow rate (Figure 4). For instance, TcAF only had twice the airflow of 213 

TMA, but one-tenth the CFU concentration at the wound (Figure 3, Table I). Similarly, LAF 214 

had four times higher airflow than TMA, but the CFU values were less than a twentieth at the 215 

wound. Thus, TcAF and LAF use the airflow more efficiently than TMA to remove bacteria. 216 

Consequently, the higher energy consumption by LAF and TcAF were small compared to the 217 

lowering of CFU concentration: TcAF and LAF used 2 and 3 times more energy than TMA, 218 

respectively (Table I). 219 

 220 

The effect of door openings on CFU concentration levels 221 

We found no significant correlations between the total number of door openings per surgery 222 

(normalized by surgery time) and the average CFU concentration at the wound (Appendix E, 223 

Figure E.1). The adjacent preparation room and the exit room were both efficiently ventilated, 224 

and consequently, only door openings to the corridor were included. In the corridor the 225 

median concentration was 40 CFU/m3 (n=22, range 18-66 CFU/m3). The median number of 226 

door openings to the corridor per surgery were highest in LAF and lowest in TcAF (Table I). 227 

Other parameters that were investigated included the number of people present in the room, 228 

which had low variation (Table I), and the length of the operation (median 70 min, range 40-229 

120 min), but no significant correlations were found in either case. 230 

 231 
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The impact of ventilation system on the working environment  232 

The analysis of the survey responses of the operating personnel (response frequency: 233 

TMA=25, LAF=28 and TcAF =29) indicated that LAF was experienced as noisy and causing 234 

a noticeable draught, while TcAF and TMA were perceived as creating a more comfortable 235 

working environment (Table A.I and Figure A.1). Values on the noise level measured in 236 

empty operating rooms (Table I) were directly related to reported noise disturbances. The 237 

complete survey questions and answers are provided in Appendix A.  238 
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Discussion 239 

 240 

Ultra-clean air, defined as air with less than 10 CFU/m3, is suggested for implant surgery and 241 

infection-prone surgery to minimize surgical site infections [1]. We found that LAF and TcAF 242 

provided air cleanliness below this limit in the entire OR during surgery. The CFU 243 

concentrations in TMA were higher than the recommended limit at all positions in the room, 244 

which compromises its usage for infection-sensitive surgery. Differences in airflow rates for 245 

the three ventilation techniques influenced the CFU concentrations, but it does not fully 246 

explain the differences between the CFU values obtained. TcAF and LAF had airflow rates 247 

that were 2 and 4 times higher than for TMA, but provided CFU concentrations that were 4-248 

20 times lower, with the exception of the peripheral room location in LAF. Hence, it is clear 249 

that both airflow rate and direction of the airflow determine the CFU concentrations for the 250 

ventilation techniques and that TcAF and LAF are more efficient in removing bacteria than 251 

TMA. By directing the clean incoming airflows strategically, there is a potential for lowering 252 

the airflow rates, leading to energy savings that are beneficial for both the hospital’s economy 253 

and the environment. Another possible advantage of using lower airflows in the operating 254 

room is that it might reduce the cooling effect and thus decreases the risk for patient 255 

hypothermia, which has been shown to be a risk factor for SSI [15]. 256 

 257 

The CFU measurement results showed substantial variations during and between operations, 258 

and neither the number of door openings nor people present during surgery correlated with 259 

CFU concentrations. The large variations could be due to individual variations in microbial 260 

particle shedding, and the degree of activity, which was also found in an earlier study [10]. 261 

The overall low CFU levels in our study, compared to for example the results by Agodi et 262 

al.[14] could be explained by meticulous hygiene routines and staff awareness. Consequently, 263 
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a temporary lack of compliance with hygiene routines may be one reason for high CFU values 264 

and large variations from surgery to surgery. Similar to several earlier studies [5, 10, 12, 16], 265 

we did not observe any correlations between number of people in the OR and CFU 266 

concentrations. One hypothesis is that the CFU concentration is correlated to the activity of 267 

the staff rather than the actual number of people present [10]. Model calculations have shown, 268 

however, that there is still reason to have fewer people present during surgery, as the airflow 269 

pattern may be disrupted, causing enhanced risk for contamination [17]. Most studies have 270 

shown significant correlations between CFU concentrations and door openings [10-12, 14, 271 

16]. In our study, no significant relation was found. This is explained by a low number of 272 

door openings and low CFU concentrations in the corridor outside the operating room. 273 

 274 

One limitation of our study is that many designs exist for both the TMA and LAF 275 

ventilations. For instance, there are TMA systems with higher airflows, and LAF systems 276 

with lower. The LAF ventilation studied was designed as a Charnley box, with short curtains; 277 

but there are many other versions where outlets are positioned differently (partly to reduce 278 

noise), or where temperature gradients are used. Yet, the ventilation systems investigated 279 

produce characteristic flow patterns for each type and thus the measurements are 280 

representative and meaningful for comparison. This study was executed in three identical 281 

operating rooms with staff from the same operating unit with the same routines and resources. 282 

No follow up on SSI from these surgeries was done, since a hundredfold larger number of 283 

operations is needed to see any statistical differences. 284 

 285 

Using CFU as a measure of airborne microbial load, which is a common standard in hospital 286 

hygiene, can be questioned as only a small fraction of all bacteria are cultivable [18]. Thus, 287 

there is a risk that bacterial cells that are viable and potentially infectious, but unable to grow 288 
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on nutrition plates, will be missed by cultivation techniques (CFU). Clarke et al.[19] used 289 

polymerase chain reaction (PCR), which is a molecular cultivation-independent technique, to 290 

assess the presence of specific DNA sequences in the environment, and compared it with 291 

CFUs for analysing tissue samples. They showed that in several cases no bacteria were found 292 

using CFU while the PCR analysis gave positive results. However, PCR does not provide 293 

information on viability, and thus should be used rather as a complement to other methods. 294 

Our measurement comparison of a real-time viable particle counter (BioTrak) and CFU/m3 295 

showed no correlation (Figure D.1), yet it was clear that the BioTrak measured substantially 296 

higher concentrations (range: 0-544 viable particle counts/m3) of bacterial particles in the air.  297 

 298 

Regardless of a considerable variation in the efficiency of different sampling techniques, there 299 

are no precise standards on how air cleanliness measurements should be performed. We used 300 

active air samplers in order to obtain volume concentrations. The filter sampler could be 301 

operated with a sterile hose, enabling sampling close to the wound without disturbing the 302 

sterile environment at the operating table. The slit samplers were considerably easier to 303 

handle and also less noisy and were thus used at the instrument table and in the periphery of 304 

the room. The comparison of the collection efficiency for the air samplers (Figure B.1), 305 

showed that the filter sampler measured significantly lower CFU concentrations than the slit 306 

sampler, which could be explained by different sampling orientations and desiccation during 307 

filter sampling leading to reduced viability of the bacteria [20].  308 

 309 

The working environment is critical for the medical staff in the operating room, as they are 310 

expected to perform advanced tasks that demand high attention. Ventilation systems with high 311 

air exchange rates are often noisy and may create a cold draught that can cause tension in the 312 

shoulders, which was reflected in the answers from the working environment questionnaire. 313 
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Thus, one important aspect of the ventilation system is its impact on the working 314 

environment. Obtaining low CFU values (<10 CFU/m3) without special garments may be of 315 

importance for the staff’s working environment. With an impending threat of antibiotic 316 

resistant bacteria in hospitals, we may not be able to choose between ultra-clean ventilation 317 

and occlusive clothing in the future, which makes permanent installations, such as the 318 

ventilations system, a keystone in infection prevention efforts. 319 

  320 
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Conclusion 321 

 322 

The comparison of three ventilation systems in three identical operation rooms showed that 323 

laminar airflow, LAF, and temperature controlled airflow, TcAF, provide the high air 324 

cleanliness that is needed to perform infection-prone surgery (<10 CFU/m3). The turbulent 325 

mixed airflow, TMA, has CFU levels at all locations in the OR that are too high to be 326 

classified as an ultra-clean ventilation system (i.e. <10 CFU/m3). The lower performance of 327 

the TMA investigated can only partly be attributed to a lower airflow. The working 328 

environment and energy consumption are often neglected in evaluations of ventilation for 329 

operating systems. Nevertheless, these parameters play an important role for the economy of a 330 

hospital and for staff well-being and performance. Our study shows that the new TcAF 331 

technology is both more energy efficient and comfortable to work in than LAF, but still 332 

provides high air cleanliness. 333 

  334 
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Table I: Ventilation system parameters and CFU values for turbulent mixed airflow (TMA), 401 

laminar airflow (LAF), and temperature controlled airflow (TcAF). The ventilation power 402 

values are based on calculations made by an external consulting agency.  403 

 404 

Ventilation TMA LAF TcAF 

Airflow (m3/h) 3 200 12 000 5 600 

Recirculation of air (%) 0 70 45 

Noise in empty room (dBA) 45 58 48 

Ventilation power (kW) 2.8 8.0 5.7 

CFU/m3, median (range, number of samples)   

Wound 10    (0-162, 71) 0  (0-16, 90) 1  (0-29, 81) 

Instrument table 22  (2-100, 82) 0  (0-20, 91) 3  (0-25, 81) 

Periphery of the room 17    (3-90, 82) 9  (0-38, 91) 5  (0-37, 81) 

Observation of activities, median (range) 

Door openings per surgery 
(normalized to number/hour) 

5.6  (0-11) a 3.8  (1.4-11) a 2.1  (0-10) a 

Number of people in the room 7  (6-8) a 7  (5-9) a 7   (6-9) a 

 405 

a Differences between the groups were not significant using Kruskal-Wallis test (P=0.06). 406 

  407 
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Figure 1: Schematic figures showing the airflow principles of the three ventilation systems: 408 

1a: turbulent mixing airflow, 1b: laminar airflow, 1c: temperature controlled airflow. 409 

  410 
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Figure 2: CFD simulations showing the airflow velocities of the three ventilation systems. 411 

The colours in the scale bar at the bottom represent the different airflow velocities in m/s. The 412 

images in the left column are cross sections of the OR along the long side of the operating 413 

table, and in the right column, along the short side. 2a-b: turbulent mixed airflow (TMA). 2c-414 

d: laminar airflow (LAF). 2e-f: temperature controlled airflow (TcAF). 415 

 416 

  417 
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Figure 3: Box plot showing the median (middle line in box) CFU/m3 at the wound, instrument 418 

table and in the periphery of the room, for three different ventilation systems: turbulent mixed 419 

airflow (TMA), laminar airflow (LAF) and temperature controlled airflow (TcAF). The 420 

dashed line at 10 CFU/m3 is the limit for ultra-clean air [1]. Groups at each measuring 421 

location are all significantly different (* indicates p<0.01). 422 

  423 
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Figure 4: Median values of CFU concentrations at the wound (marked ) and in the periphery 424 

of the room (marked ▲) in relation to the ventilation airflow rate. The dashed and dotted lines 425 

represent the assumption that the number of CFU/m3 is inversely proportional to the airflow 426 

rate, CFU/m3 ∝ 1/Q, where Q is the airflow rate in m3/s. Both curves are adjusted to the 427 

median values for turbulent mixed airflow (TMA). The dotted (blue) line corresponds to the 428 

wound concentrations and the dashed (black) line to the concentrations in the periphery of the 429 

room. The airflow rates for the ventilation systems are 3200 m3/h for TMA, 5600 m3/h for 430 

temperature controlled airflow (TcAF) and 12 000 m3/h for laminar airflow (LAF). 431 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Supplementary Information to the article: Temperature controlled airflow in operating rooms 
compared with laminar airflow and turbulent mixed airflow. 
 
 
APPENDIX A - WORKING ENVIRONMENT SURVEY 

Method 

A working environment survey was performed to evaluate the experienced impact of ventilation on the 

operating staff. Staff members were asked to answer a questionnaire with six questions concerning 

temperature, draught, noise and perceived comfort after having finished an operation. Each question 

was answered by marking a number on a scale from 1-7 where 1 corresponded to very low/very bad, 

and 7 was very high/very good.  

Questions: 

1. a. Do you perceive a cold draught from the ventilation in the room? 

1=Not at all, 7=Very much 

b. If you perceived a cold draught, how does it affect you? 

Five choices: 1=Cold shoulders/neck, 2=Hurts shoulders/neck, 3=Cold hands, 

4=Headache, 5=Other (possibility to specify) 

2. How do you perceive the temperature control in the room? 

1=Very bad, 7=Very good 

3. What is your perception of the noise from the ventilation? 

1=Very silent, 7=Very loud 

4. What is your overall perception of the ventilation in the operating room? 

1=Very bad, 7=Very good 

5. How does the ventilation affect you? 

Three choices: Positive, Negative, Neither 

If you feel that you are affected, how much would you estimate it to be? 

1=Very little, 7=Very much 

6. How do you perceive the overall working environment comfort in the room? 

1=Very bad, 7=Very good 
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Supplementary Information to the article: Temperature controlled airflow in operating rooms 
compared with laminar airflow and turbulent mixed airflow. 
 
 
Results 

Table A.I: Results from the working environment survey in laminar airflow (LAF), turbulent 

mixed airflow (TMA), and temperature controlled airflow (TcAF). The median is reported for 

the questions that were answered with numbers 1-7. For question 1.b, the frequencies for each 

choice are reported. Question 5 answers are separated in two medians: one for being 

positively affected (5.pos), and one for negative (5.neg). Here, the number of respondents are 

in parentheses. The total response frequency was: TMA=25, LAF=28, TcAF =29.  

Question LAF TMA TcAF 

1.a 4 3 2 

1.b (freq.) 12,3,3,2,1 11,1,6,0,0 11,1,7,0,0 

2. 3 4 5 

3. 7 2 2 

4. 3.5 4 6 

5. negative (n) 5 (19) 5 (3) 5 (2) 

5. positive (n) 2 (1) 1 (1) 4 (11) 

6. 3 4 5 
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Supplementary Information to the article: Temperature controlled airflow in operating rooms 
compared with laminar airflow and turbulent mixed airflow. 
 
 

 

Figure A.1: Results from the working environment survey with the median values for 

questions 1.a, 2, 3, 4, 6, where the answers from question 1.a and 3 are reported as negative 

and 2, 4 and 6 are reported as positive. A negative rating is given to questions where a high 

score is equivalent to a bad working environment.  
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APPENDIX B - COMPARISON OF SARTORIUS FILTER SAMPLER AND KLOTZ SLIT SAMPLERS 

Introduction and Method 

The instruments used for CFU concentration measurements have two different sampling principles: 

impaction and filter collection. In the slit sampler, bacteria receive immediate nutrition once they 

impact on the agar plate. Bacteria collected on gel filters reach nutrition when the runtime is over and 

the filter is dissolved on an agar plate. The slit sampler has a cut-off diameter around 3-4 µm and thus 

a poor sampling efficiency of particles below this size. Consequently, the filter sampler has a higher 

physical collection efficiency than the slit sampler. To investigate if there was a difference in sampling 

efficiency, the CFU counts from the slit sampler and the filter sampler were compared by parallel 

measurements in a hospital corridor. No tubes were used at the inlets of the air samplers to ensure no 

particle loss. 

 

Results and Discussion 

In the hospital corridor, the two parallel air samplers collected 44 air samples. The median CFU 

concentration measured by the slit sampler was 40 CFU/m3 (range 18-66 CFU/m3), and by the filter 

sampler, 16 CFU/m3 (range 0-80 CFU/m3). The collecting agar plate in the slit sampler was positioned 

horizontally, whereas the filter sampler was oriented vertically. The difference in orientation may be a 

reason why the slit sampler values are higher, since µm-sized particles settle due to gravitation and are 

hence easier to collect on a horizontal surface than on a vertical one. Another reason is that bacteria 

are exposed to desiccation on the filter throughout the collection time, which may decrease viability 

and reproducibility. It has been shown that sensitive bacteria (e.g., E. coli) are negatively affected by 

dehydration when collected by filter samplers [1]. 
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Figure B.1: Comparison of CFU concentrations measured by slit sampler and filter sampler, 

n=22. The dashed (red) line represents the 1:1 ratio. 
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APPENDIX C - CLASSIFICATION OF CFU BACTERIA GENERA 

Results 

CFU counts from three major bacterial genera, which are easily recognized by their appearance on 

agar plates, were documented: Staphylococcus, Micrococcus and Bacillus. On average, these genera 

represented 42%, 57% and 2% of all cultivable bacteria, respectively, regardless of the ventilation 

system. TMA showed the highest proportion of Micrococcus, while LAF had a higher proportion of 

Staphylococcus, and TcAF had similar proportions of both Staphylococcus and Micrococcus, see 

Table 2. Bacillus was low (2%) in all ventilation systems. In addition to the results presented in Table 

2, the presence of the following genera were detected at single events: Moraxella, Acinetobacter, 

Corynebacterium, Lactobacillus and mold. 

 

Table C.I: Percentages of the three bacteria genera included in the study, presented for each of 

the ventilation systems, all three measurement locations included. The numbers in parenthesis 

are the percentages of each genera at the wound location only.  

% 

Staphylococcus  

% 

Micrococcus 

%  

Bacillus 

TMA 36 (10) 62 (14) 2 (0) 

LAF 59 (3) 39 (1) 2 (0) 

TcAF 51 (9) 47 (8) 2 (1) 
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APPENDIX D - COMPARISON OF CFU MEASUREMENTS WITH FLUORESCENT VIABLE COUNTS 

BY THE BIOTRAK 

Method 

A comparison of methods for determining the amount of airborne microbial particle concentration was 

performed of CFU concentrations measured by a slit sampler and viable particle concentration 

measured by BioTrak. The two air samplers were positioned side by side and measured in parallel 

during surgery in the operating rooms. Measurements were done during orthopedic surgeries in the 

ORs with LAF and TcAF ventilation. 

Results 

No correlation was found between the two methods, which could be expected since they use totally 

different measures. However, it was clear that the BioTrak measures higher values of airborne bacteria 

than the slit sampler, with median values of 113 viable particles/m3 compared to 3 CFU/m3 (Figure 

S3). 

 

Figure D.1: Comparison of CFU concentrations measured by slit sampler with viable particle 

concentration measured by BioTrak (using auto fluorescence from biomolecules). One sample 

point was omitted from the plot due to high values (40, 544).   
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APPENDIX E - DOOR OPENINGS CORRELATED TO CFU ONLY IN LAF VENTILATION 

Results 

 

 

Figure E.1: Average CFU at wound location in relation to the number of door openings during 

surgery. The number of door openings is divided by surgery time. The R2-values for the fitted 

lines are 0.106 for TMA, 0.081 for LAF, and 0.017 for TcAF. 
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