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INTRODUCTION
	 The indoor air quality of healthcare facilities or 
medical centres can be affected by numerous biological 
pollutants, giving rise to concerns about infection control 
and healthcare workers’ health and well-being.1,2 Biological 
contaminants, such as bacteria, fungi, and viruses, may be 
present in a wide range of healthcare environments and 
also infected patients, and can be transferred through room 
air, which could cause healthcare-associated infections 
(HAIs). Generally, exposure to these bioaerosols is associated 
with severe effects on people with a weakened immune 
system, not only patients but also healthcare workers 
and visitors.2,3

	 Surgical site infections (SSIs) are costly HAIs that 
can involve prolonged hospitalization, readmission, 
reoperation, and increased diagnostic and medical costs.4,5 

In Thailand, one study found that the reported incidence 
of SSIs in a university hospital between 2007 and 2016 
showed a decreasing trend, with an average incidence of 
2.98%; however, severe problems were observed, including 
significantly increased hospital costs of around US $5,509 
and extra hospital stays of 24 days compared with non-SSI 
patients.6 SSIs are generally most evident in orthopaedic 
surgery7, especially operations with aerosol-generating 
procedures (AGPs), such as hip and knee arthroplasties8, 
hip fracture surgery9, internal fixation of fractures10, and 

ABSTRACT
Objective: This study aimed to determine the microbial indoor air quality and factors associated with bacterial air 
contamination in the orthopaedic operating unit. 
Materials and Methods: Conducted in seven operating rooms (ORs) and six surrounding rooms (SRs) in an 
orthopaedic operating unit. A total of 352 air samples were collected using an Andersen air sampler. Fungal and 
bacterial counts were determined as air quality indicators. Antimicrobial resistance (AMR) of predominant bacteria 
and factors influencing microbial air quality were analyzed.
Results: Most air samples in the ORs (87.2%) and SRs (81.8%) contained acceptable fungal counts.  However, 
unoccupied ORs (11.1%), occupied ORs (58.1%), and SRs (64.2%) had fewer samples with acceptable bacterial 
levels. The geometric mean (GM) bacterial load in the ORs before aerosol-generating procedures (AGPs) was 
116.8±1.8 CFU/m³, higher than after AGPs (58.9±2.1 CFU/m³). After controlling potentially confounding factors, 
the factors influencing bacterial loads occupied OR were temperature before AGPs (0.164 CFU/m3, 95%CI 0.017-
0.311, p=0.029), the number of staff after AGPs (0.082 CFU/m3, 95%CI 0.019-0.144, p=0.011), and using saw/drill 
device after AGPs (0.701 CFU/m3, 95%CI -1.326-0.076, p=0.029). Predominant bacteria were Gram-positive cocci 
(90.8%), of which 20.5% were S. aureus. Most S. aureus (94.2%) were resistant to at least one drug, with 40.7% being 
multidrug-resistant. Additionally, 33.7% were methicillin-resistant S. aureus (MRSA).
Conclusion: The indoor air of ORs and SRs may be a source of AMR bacteria, particularly MRSA, a concern for 
surgical site infections. Maintaining ventilation, cleanliness, and minimizing non-essential staff activities are crucial 
for reducing airborne pathogen transmission.
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spinal surgery.11 The incidence of orthopaedic SSIs has 
been reported to be as low as 1.9% and up to 22.7% in 
different studies, and can cause diverse adverse effects on 
patients, including health implications, long-term disability, 
financial loss, and increased mental stress.4,12 Therefore, 
SSI prevention is a priority in healthcare facilities, with 
especially strong attention needed in orthopaedic surgery 
units, and consequently, SSI prevention is included as a 
surgery quality indicator in many facilities.13 
	 The microbial air quality in the orthopaedic operating 
room (OR) is considered to represent an associated 
risk for SSIs, particularly for clean operations.14-18 One 
report stated that airborne transmission accounted for 
20%–24% of SSIs.19 The microbes in bioaerosols can 
fall directly into a wound, or may land on the exposed 
surfaces of instruments or the staffs’ hands, and then 
may be transferred into the wound.20 Implementing 
unidirectional airflow could ensure an acceptable bacterial 
load and lower the risk of SSIs compared with in the 
case of turbulent (mixing) airflow in orthopaedic ORs.21 

Many factors can affect the presence, concentrations, 
and diversity of bioaerosols in hospital environments, 
including the season, temperature, humidity, working 
activities, frequency of door closing and opening, behaviors 
of the surgical staff, and the surgical procedures.20,22,23 

Moreover, microbial contamination on the floor, walls, 
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and high-touch surfaces in orthopaedic ORs may be 
important areas of microbial air contamination.24,25 

There is also evidence that airborne particles could be 
dispersed from staff walking on a contaminated floor in an 
orthopaedic OR.26 Many previous studies have reported 
different varying levels of microbial contamination during 
surgical activities, consistently finding the lowest values 
under “at rest” conditions and the highest values under 
“in operation” conditions. Additionally, the indoor air 
quality before the beginning of operations reflects the 
effectiveness of the ventilation system and cleanliness in 
OR.18,22 However, the duration of the surgical activities, 
both pre-incision and post-incision, can increase risk 
factors for microbial air contamination in OR.17,25

	 The most common microorganisms involved in SSIs 
after orthopaedic procedures are Staphylococcus aureus, 
including methicillin-resistant S. aureus, coagulase-
negative Staphylococci (CoNS), including methicillin-
resistant CoNS, and Escherichia coli. These pathogens are 
responsible for several SSIs and usually originate from the 
patient’s commensal flora and from exogenous microbial 
contamination in the air environment of ORs.27 Moreover, 
there is much evidence that these aerosol bacteria have 
the potential for prolonged survival on the surfaces of 
items, equipment, and in the air in ORs.24,25,28-30 
	 In 2018, the Ministry of Public Health of Thailand 
promoted policies and practices referring to “2P safety 
goals” (patient safety and personal safety) for ensuring 
a sustainable healthcare system that corresponds to 
the World Health Organization’s Strategy for Patient 
Safety.31 Orthopaedic ORs are important hospital areas 
that require a clean environment and good hygiene 
practices for preventing not only serious SSIs but also 
healthcare workers’ exposure to infectious agents that 
may be found both on inanimate surfaces and equipment 
and in the indoor air environments occupied by colonized 
persons or infected patients. As indoor air quality is 
critical to patient safety in hospitals, the World Health 
Organization (WHO) recommended maximum guideline 
values for hospital areas at 100 CFU/m3 for bacteria 
and 50 CFU/m3 for fungi.32 Microbial air monitoring 
in orthopaedic ORs and nearby areas is an important 
control measure for ensuring the safety of both patients 
and staff. Despite most centers being aware of the issue, 
the determination of microbial air contamination in 
orthopaedic ORs is still rarely performed. This study 
aimed to assess the air microbial load in orthopaedic 
ORs and SRs in operating units in a tertiary hospital, 
as well as the burden of antimicrobial-resistant (AMR) 
aerosol bacteria, and the factors associated with bacterial 
air contamination in orthopaedic ORs. 

MATERIALS AND METHODS
Study design and sampling
	 This laboratory-based cross-sectional study was 
conducted with air samples collected in ORs and SRs 
between July and September 2022 in orthopaedic operating 
units of a tertiary hospital, in Bangkok, Thailand. For the 
ORs, 187 air samples were collected from seven selected 
ORs, with the samples collected in both unoccupied and 
occupied ORs. In the unoccupied ORs, the air samples 
were collected before working hours (7.00 am to 8.30 
am). In the occupied ORs, the air samples were collected 
during working hours (9.30 am and 3.00 pm), and were 
collected before the incisional (before the AGPs) and 
wound-closing (after the AGPs) stages in each operation. 
For the SRs, 165 air samples were collected from six types 
of SRs, namely scrub rooms (SCs), induction rooms (IDs), 
sterile storeroom (ST), X-ray room (XR), specimen room 
(SP), and office room (OF). For these, the air  samples 
were collected before working hours between 7.00 am 
to 8.30 am (unoccupied SRs) and after the AGPs in the 
ORs (occupied SRs).
	 The HVAC system in the ORs utilizes high-efficiency 
particulate air (HEPA) filters, ensuring optimal air quality. 
These ventilation systems achieve a minimum of 20 air 
changes per hour (ACH) while providing 100% fresh 
air. Vertical laminar airflow systems effectively direct 
particle-free air over the aseptic surgical field. Regular 
maintenance of air conditioning equipment is performed, 
and filter units are replaced on time. Each OR shares 
similar structure designs, featuring two entry points: 
one from the corridor and another from the scrub room, 
with an additional door opening to the sterile storeroom. 
During the workday in ORs, the floor, equipment, and 
environmental surfaces are cleaned and decontaminated 
before each case. Throughout surgical procedures, the 
OR doors remain closed, except when extra equipment 
is needed or staff members must pass through. Following 
the last surgical case of the day, routine cleaning is 
conducted. The SRs are equipped with a turbulent airflow 
HVAC system providing 6 ACH, which does not utilize 
HEPA filters.

Air sampling and data collection 
	 Air samples were collected using a single-stage 
Andersen air sampler (Bio-Stage Single-stage Impactor, 
SKC, Inc., USA) at a flow rate of 28.3 litres per minute 
(LPM) for 5 minutes, as recommended in the NIOSH-0800 
instructions.33 To achieve sampling the breathing zone, 
the air sampler was placed one metre above the floor 
level and one metre away from the surgical table in the 
ORs, while in the SRs, the air sampler was placed one 
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metre above the floor level and at the centre of each 
room. For each air sampling site, one air sample was 
collected onto blood agar (BA) for bacterial cultivation, 
and another onto potato dextrose agar (PDA) for fungal 
cultivation. The bacterial and fungal sampling plates 
were incubated at 37 ºC for 24–48 hours and at 25 ºC 
for 5–7 days, respectively. Total bacterial and fungal 
colonies were counted manually, and the number of the 
microbial count was calculated and reported as colony-
forming units per cubic metre (CFU/m3), as described 
in a previous study.34 
	 Bacterial colonies were presumptively identified by 
their morphology and Gram stain, and then biochemical 
tests were conducted for suspected Staphylococcus spp., 
which have been found to be the dominant type. The 
identified S. aureus was subjected to antimicrobial 
susceptibility tests using the Kirby–Bauer disc diffusion 
method on Mueller–Hinton agar (Oxoid, UK) against 
eleven antibiotics, with the test organism adjusted to 0.5 
McFarland turbidity standards. The susceptibility test results 
were interpreted according to the Clinical Laboratory 
Standard Institute (CLSI).35 S. aureus ATCC25923 was 
used as a control bacteria strain for quality control for 
the susceptibility tests. 

Determination of the factors affecting the bacterial 
load in the occupied operating rooms 
	 During the air sampling, the air bacterial load-
related factors in the orthopaedic ORs were recorded on 
the sample collecting form. These factors comprised the 
physical factors (temperature, and relative humidity), 
operative procedure-related factors (e.g., types of procedure, 
perioperative activities, size of incision, types of AGPs, 
operative time of the procedure, type of surgical devices, 
extra special instruments), number of staff, and frequency 
of door opening during surgery.

Statistical analyses 
	 IBM SPSS (SPSS Inc., Chicago, USA) was used for 
all the statistical analyses. Descriptive statistics were 
employed to explore the physical and microbial air 
quality, and microbial load in the air samples, and are 
reported in terms of the percentage, mean ± standard 
deviation (SD), median, and GM ± geometric standard 
deviation (GSD). The Mann–Whitney test, independent 
t-test, and ANOVA were used to compare the air quality 
and microbial loads among the different sets of data. 
Univariate and multivariate linear regression analyses 
were used to analyze the relationship between the bacterial 
load (continuous variable, measured in CFU/m3) and the 
associated factors by controlling for potential confounding 
variables (temperature, relative humidity, number of 

staff, frequency of door opening, and operative time as 
continuous variables; perioperative activities, surgical 
devices, cloth, size of incision as categorical variables). 
Statistical significance was set at p<0.05.

RESULTS
Air quality in the orthopaedic operating unit
	 A total of 352 indoor air samples were collected: 
187 samples in ORs and 165 samples in SRs. The mean 
temperature and relative humidity (RH) during air 
sampling differed between the ORs and SRs, with values 
of 21.1±1.4 ºC and 54.6±4.0% in the ORs, and 22.3±1.1 
ºC and 57.2±4.7% in the SRs, respectively. The mean 
temperature in the unoccupied ORs was highest at 23.4±2.0 
ºC, which was significantly higher than before and after 
the AGPs (p<0.05). Similarly, the mean temperature 
in the unoccupied SRs (23.0±1.1 ºC) was significantly 
higher than in the occupied SRs (21.9±0.9 ºC) (p<0.05). 
Additionally, the mean RH in the unoccupied SRs was 
significantly lower (56.0±5.7%) than in the occupied 
SRs (57.8±4.0%) (p<0.05). In the overall comparison, 
the mean air temperature and RH in the ORs were 
significantly lower than in the SRs (p<0.05) (Table 1). 
	 The air quality assessment in the ORs showed that 
the median aerosol fungal count in the unoccupied ORs, 
and in the ORs before AGPs and after AGPs were 3.5, 0, 
and 0 CFU/m3, respectively. Of these, the percentages of 
air samples with an acceptable fungal count (<10 CFU/m3) 
were 77.8%, 86.3%, and 91.3% in the unoccupied ORs, 
and in the ORs before AGPs and after AGPs, respectively. 
Using the bacterial count as an indicator, a significantly 
higher median bacterial count was evidenced before 
AGPs (120.1 CFU/m3) compared with that after AGPs 
(65.4 CFU/m3) and in the unoccupied ORs (28.3 CFU/
m3). These indicated there was a lower percentage of 
acceptable aerosol bacterial counts before AGPs (36.3%) 
compared with after AGPs (80.0%). However, the lowest 
percentage of the acceptable bacterial count (11.1%) was 
detected in the unoccupied ORs, where a lower acceptable 
level of <10 CFU/m3 is recommended compared with 
<100 CFU/m3 for occupied ORs, as detailed in Table 1. 
	 Regarding the microbial air quality in the SRs, the 
median fungal count in the unoccupied SRs (21.2 CFU/
m3) was significantly higher than that in the occupied SRs’ 
air samples (14.1 CFU/m3). The percentages of acceptable 
fungal counts were 78.2% for the unoccupied SRs and 
83.6% for the occupied SRs. According to the aerosol 
bacterial count assessment, the median bacterial counts 
in the unoccupied SRs (91.9 CFU/m3) and occupied 
SRs (84.8 CFU/m3) detected at an acceptable level were 
60.0% and 66.4%, respectively.  
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TABLE 1. Air quality measurement in orthopaedic operating units.

		  Operating rooms  (N= 187) 			   Surrounding rooms (N=165) 		
Variable/ Air				    p-value			   p-value	
quality indicator	 Unoccupied	 Occupied			   Unoccupied	 Occupied
		  (n=27)	 Before	 After		  (n=55)	 (n=110)	  
			   AGPs (n=80) 	 AGPs (n=80) 	 			    

Temperature (ºC) 	  	  	  	  	  	  	  
 	 Mean (SD) 	 23.4 (2.0) ** 	 20.9 (0.9) 	 20.6 (0.8) 	 <0.001 	 23.0 (1.1) * 	 21.9 (0.9) 	 0.014 

 	 MIN-MAX 	 18.1-25.3 	 18.5-23.7 	 18.4-22.7 	  	 20.1-25.3 	 19.4-24.4 	  

Relative humidity (%) 	  	  	  	  	  	  	  
	 Mean (SD) 	 54.8 (5.1) 	 54.4 (3.8) 	 54.8 (3.8) 	 0.804 	 56.0 (5.7) * 	 57.8 (4.0) 	 0.02 

	 MIN-MAX 	 47.0-66.0 	 46.0-65.0 	 46.0-64.0 	  	 48.0-79.0 	 50.0-69.0 	  

Bacterial count (CFU/m3)  	  	  	  	  	  	  
     Acceptable#, N (%) 	 3 (11.1) 	 29 (36.3)  	 64 (80.0) 	  	 33 (60.0) 	 73 (66.4) 	  

 	 Median  	 28.3a	 120.1b	 65.4c	 <0.001 	 91.9 	 84.8 	 0.692 

	 25th percentile	 21.2	 86.6	 35.3		  56.5	 49.5	

	 75th percentile	 63.6	 169.6	 97.2		  130.7	 114.8	

 	 MIN-MAX 	 7.1-212.0 	 14.1-515.9 	 7.1-282.7 	  	 7.1-438.2 	 0-2572 	  

Fungal count (CFU/m3) 	  	  	  	  	  	  
 	 Acceptable#, N (%) 	 21 (77.8) 	 69 (86.3)  	 73 (91.3) 	  	 43 (78.2) 	 92 (83.6) 	  

 	 Median  	 3.5 	 0.0 	 0.0 	 0.157 	 21.2 	 14.1 	 0.033 

	 25th percentile	 0.0	 0.0	 0.0		  7.1	 7.1	

	 75th percentile	 7.1	 7.1	 7.1		  42.4	 28.3	

 	 MIN-MAX 	 0-63.6 	 0-215.6 	 0-148.4 	  	 0-212.0 	 0-848.1 	  

**ANOVA test, p<0.05 compared between unoccupied, before AGPs, and after AGPs; * t-test, p<0.05 compared unoccupied and occupied; 
a,b,c Mann-Whitney test, p<0.05
#European Union Good Manufacturing Practice (EU GMP) for cleanroom recommended microbial count “acceptable” in unoccupied 
operating room ≤ 10 CFU/m3 and occupied operating room ≤ 100 CFU/m3 for bacteria and ≤10 CFU/m3 for fungal count, while in surrounding 
rooms bacterial count ≤ 100 CFU/m3 and fungal count ≤ 50 CFU/m3 for unoccupied and occupied rooms.
Abbreviations: AGPs, aerosol-generating procedures; GM, geometric mean; GSD, geometric standard deviation, 

Aerosol microbial load in the ORs 
	 The microbial load in the air samples that were 
fungal positive (n=55) and bacterial positive (n=160) 
collected in the occupied ORs was analyzed and the 
GM of the microbial load was compared for different 
AGP procedures, as shown in Table 2. The GM of the 
fungal load in the occupied ORs (before and after AGPs) 
showed non-significant differences in each surgical 
procedure (p>0.05). However, the overall GM of the 
bacterial load in the occupied ORs collected before AGPs 
(116.8±1.9 CFU/m3) was significantly higher than after 
AGPs (58.9±2.1 CFU/m3) (p<0.05). Specifically, the 
GM of the bacterial load in samples collected before 
AGPs was significantly higher than that after AGPs for 

each of the AGPs (p<0.05), of which the highest aerosol 
bacterial load (152.5±1.5 CFU/m3) was found in the air 
sampled before the spinal laminectomy procedure, as 
shown in Table 2. 

Aerosol microbial load in SRs 
	 The microbial load in the occupied SRs was analyzed 
and compared between different types of SRs. A total 
of 87 air samples collected in the occupied SRs were 
found to be fungal positive with a GM of 20.2 CFU/
m3. The highest GM fungal load was observed in the 
sterile storeroom (44.7±3.4 CFU/m3). In comparison, 
the GM fungal loads in the sterile storeroom and office 
room were significantly higher than in the induction 
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TABLE 2. Microbial load in air sample collected in occupied ORs with different operating procedures.

Microbial load	     Total		 TKA	 SL	 ALR	 IFI	 P-value

Fungal load (CFU/m3)		  				  

	 Before AGPs							     

   	 No. of positive samples (%)	 30	 (100)	 8 (26.7)	 7 (23.3)	 9 (30.0)	 6 (20.0)	

	 GM (GSD)	 10.7	 (2.4)	 7.4 (1.8)	 14.5 (4.0)	 11.1 (1.8)	 11.4 (2.2)	 0.532

	 After AGPs							     

	 No. of positive samples (%)	 25	 (100)	 7 (28.0)	 10 (40.0)	 5 (20.0)	 3 (12.0)	

	 GM (GSD)	 9.7	 (2.3)	 7.5 (2.5)	 8.8 (1.6)	 11.2 (2.0)	 19.5 (5.8)	 0.421

Bacterial load (CFU/m3)						    
	 Before AGPs							     

	 No. of positive samples (%)	 80	 (100)	 20 (25.0)	 20 (25.0)	 20 (25.0)	 20 (25.0)	

	 GM (GSD)	 116.8*	 (1.9)	 140.9 (1.6)*	 152.5 (1.5)*	 106.4 (1.6)*	 81.5 (2.5)*	 0.005

	 After AGPs							     

	 No. of positive samples (%)	 80	 (100)	 20 (25.0)	 20 (25.0)	 20 (25.0)	 20 (25.0)	

	 GM (GSD)	 58.9	 (2.1)	 59.6 (2.2)	 75.3 (1.9)	 61.4 (2.2)	 43.7 (1.9)	 0.128

* t-test, p<0.05 compared before and after AGPs each procedure
Abbreviations: AGPs, aerosol-generating procedures;  GM, geometric mean; GSD, geometric standard deviation; ALR, arthroscopic ligament 
repair; IFI, internal fixation with implant; SL, spinal laminectomy; TKA, total knee arthroplasty.

rooms, scrub rooms, and x-ray room (p<0.05). Among 
the bacterial-positive air samples collected in the occupied 
SRs (n=109), the highest GM bacterial load was observed 
in the scrub rooms (93.4±2.1 CFU/m3), followed by the 
sterile storeroom (89.8±2.6 CFU/m3), specimen room 
(85.9±1.3 CFU/m3), and induction rooms ( (77.5±2.0 
CFU/m3), with a non-significant statistical difference. 
However, these rooms contained a significantly higher 
bacterial load than the X-ray room and office room 
(p<0.05) (Table 3). 

Factors influencing the indoor air bacterial load in 
the ORs 
	 The independent factors influencing bacterial loads 
during surgeries were the indoor air temperature before 
AGPs (0.164 CFU/m3, 95%CI 0.017-0.311, p=0.029), 
indoor air temperature after AGPs (0.218 CFU/m3, 
95%CI 0.011-0.425, p=0.039), number of staff (0.075 
CFU/m3, 95%CI 0.006-0.144, p=0.033), used saw/drill 
devices ( 0.526 CFU/m3, 95%CI-0.873-0.179, p=0.003), 
used midas/burr equipment( 0.420 CFU/m3, 95%CI 
0.031-0.809, p=0.035), and size of incision ( 0.343 CFU/
m3, 95%CI 0.033-0.654, p=0.030). After controlling for 
potentially confounding factors for the bacterial load in the 
ORs using multiple linear regression analysis, the result 
exhibited a statistically significant correlation between 

the aerosol bacterial loads before AGPs and temperature 
(R2=4.8%, p=0.029). Moreover, the aerosol bacterial load 
after AGPs was correlated with the number of staff, and 
use of saw/drill devices (coefficient of determination, 
R2=15.70% p=0.031) (Table 4).  

Dominant aerosol bacterial and antimicrobial resistance 
in the orthopaedic operating unit 
	 A total of 925 bacterial colonies were isolated and 
identified from the blood agar air samples. Gram-positive 
cocci were dominantly observed, accounting for 90.8% of 
the species (840/925). Of these, CoNS accounted for 49.8% 
(418/840), followed by Micrococcus spp. (29.8%, 250/840), and  
S. aureus (20.5%, 172/840). The antimicrobial susceptibility 
tests were performed on 172 S. aureus isolates that were 
isolated from the ORs (n=98) and SRs (n=74). The results 
indicated high rates of AMR among the S. aureus isolates, 
of which, 94.2% (162/172) of the isolates demonstrated 
resistance to at least one tested antimicrobial agent, 
with high rates of resistance to erythromycin (73.8%, 
127/172) and penicillin (61.0%,105/172), as detailed 
in Table 5. Furthermore, 40.7% (70/172) and 33.7% 
(58/172) of the AMR aerosol S. aureus were defined as 
multidrug-resistant strains and methicillin-resistant  
S. aureus (MRSA).
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TABLE 3. Microbial load in air sample collected from occupied SRs.

Microbial load	 Total 	 SC	 ID	 ST	 XR	 SP	 OF	 P-value

Fungal load (CFU/m3)								      
	 No. of positive 	 87	 29	 22	 24	 4	 4	 4
	 samples (%)	 (100)	 (33.3)	 (25.3)	 (27.6)	 (4.6)	 (4.6)	 (4.6)	

	 GM	 20.2	 12.7	 15.5	 44.7	 10.0	 24.3	 36.6	 <0.001
	 (GSD)	 (2.9)	 (2.2)	 (2.2)	 (3.4)	 (1.5)	 (1.9)	 (3.6)	

Bacterial load (CFU/m3)							     
	 No.of positive 	 109	 39	 27	 32	 4	 3 	 4
	 samples (%)	 (100)	 (35.8)	 (24.8)	 (29.3)	 (3.7)	 (2.7)	 (3.7)	

	 GM	 81.8	 93.4	 77.5	 89.8	 31.7	 85.9	 23.4	 0.01
	 (GSD)	 (2.3)	 (2.1)	 (2.0)	 (2.6)	 (1.4)	 (1.3)	 (2.6)	

Abbreviations: AGPs, aerosol-generating procedures; GM, geometric mean; GSD, geometric standard deviation; ID, induction room; OF, 
office room; SC, scrub room; SP, specimen room; ST, sterile storeroom; XR, x-ray room

TABLE 4. The factors associated with bacterial load in occupied operating rooms using linear regression analysis.

		  Univariate analysis		  Multivariate analysis#

Variables 	 Estimate 	 95% CI 	 p-value	 Estimate	 95%CI	 p-value 

Bacterial load of before AGPs (CFU/m3) 	  	  	  	  

Temperature (ºC) 	 0.164	 0.017-0.311 	 0.029 	 0.164	 0.017-0.311	 0.029*

Relative humidity (%) 	 0.022	 -0.015-0.059 	 0.244	

General anesthesia 	 -0.066	 -0.348-0.216 	 0.642 	

Regional anesthesia 	 0.103	 -0.204-0.410 	 0.507 	

Number of staff (n) 	 -0.011	 -0.070-0.049 	 0.724 	

Hair removal 	 -0.262	 -0.685-0.161 	 0.221 	

Bacterial load of after AGPs (CFU/m3) 	  	  	  	  
Temperature (ºC) 	 0.218	 0.011-0.425 	 0.039 	 0.177	 -0.018-0.372	 0.075

Relative humidity (%) 	 0.032	 -0.011-0.075 	 0.140 	 0.036	 -0.005-0.076	 0.087

Number of staff (n) 	 0.075	 0.006-0.144 	 0.033 	 0.082	 0.019-0.144	 0.011* 

Saw/drill devices 	 -0.526	 -0.873-0.179 	 0.003 	 -0.701	 -1.326-0.076 	 0.029* 

Midas/burr equipment 	 0.420	 0.031-0.809 	 0.035 	 -0.401	 -1.087-0.286 	 0.248

Bovie 	 -0.277 	 -0.951-0.396 	 0.415 	

Irrigation 	 -0.462	 -1.130-0.206 	 0.173 	 -0.623	 -1.281-0.035 	 0.063

Fluoroscope 	 -0.193 	 -0.521-0.135 	 0.246 

Frequency of door opening 	 -0.019 	 -0.042-0.004 	 0.098 	 -0.010	 -0.032-0.012	 0.387

Operative time (mins) 	 -0.001 	 -0.003-0.001 	 0.355 			 

Size of incision 	 0.343	 0.033-0.654 	 0.030 	 0.256	 -0.040-0.552	 0.089

Type of gown  	 0.072 	 -0.300-0.444 	 0.701 			 

#The risk factors with P-value <0.2 by univariate analysis were included into multivariate analysis; 
*significant with P-value <0.05
Abbreviations: AGPs, aerosol-generating procedures; CI, confidence interval 
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TABLE 5. Antimicrobial drug resistance of S. aureus isolates from orthopaedic operating unit (n=172).

Antimicrobial agent	 PEN	 FOX	 GEN	 ERY	 TET	 CIP	 CLI	 LIN	 CHL	 RIF	 SXT

Number of isolates (%)										        

Resistance	 105	 58	 8	 127	 23	 14	 75	 2	 7	 7	 14

		  (61.0)	 (33.7)	 (4.7)	 (73.8)	 (13.4)	 (8.1)	 (43.6)	 (1.2)	 (4.1)	 (4.1)	 (8.1)

Susceptible	 67	 114	 164	 45	 149	 158	 97	 170	 165	 165	 158

		  (39.0)	 (66.3)	 (95.3)	 (26.2)	 (86.6)	 (91.9)	 (56.4)	 (98.8)	 (95.9)	 (95.9)	 (91.9)

Abbreviations: FOX, cefoxitin; CIP, ciprofloxacin; CHL, chloramphenicol; CLI, clindamycin; ERY, erythromycin; GEN, gentamicin; LIN, 
linezolid; PEN, penicillin; RIF, rifampin; TET, tetracycline; SXT, trimethoprim/sulfamethoxazole 

DISCUSSION
	 This study evaluated the aerosol bioburden in ORs 
and SRs located in operating units of a tertiary hospital 
using culturable fungus and bacteria as indicators. Because 
of the budget and time constraints of this study, the total 
air sample of 187 was determined by randomly collecting, 
ensuring coverage of all four types of interested AGPs 
performed in the seven operating rooms in the study 
location. In the study of aerosol fungus in the ORs, 
the air contamination was found to have low fungal 
counts in both the unoccupied ORs (median=3.5 CFU/
m3) and occupied ORs (median=0 CFU/m3). Of these 
samples, 87.2% of the total air samples in the ORs had 
acceptable fungal counts that were considered very 
clean according to the standard recommended by EU 
good manufacturing practice (GMP) for cleanrooms 
(≤ 10 CFU/m3). Of note, the air fungal count was the 
highest at 215.6 CFU/m3 in the air sample collected before 
the AGPs for a spinal laminectomy procedure. In our 
observation, this high fungal count may be affected by 
the activity occurring before the AGPs, such as the more 
complex patient preparations, use of certain instrumental 
techniques, and the involvement of a large surgical team 
for the operation. In addition, the complicated internal 
fixation with implant procedure resulted in the highest 
fungal count of 148.4 CFU/m3 in the air samples collected 
after the AGPs. However, the aerosol fungal loads during 
surgeries (before and after the AGPs) of each procedure 
did not show statistically significant differences. Generally, 
indoor fungal spores can originate from outdoor air 
exposure and are uncommonly found in closed and 
cleaned areas such as OR. In this study, a low fungal 
load was observed in the ORs, except for occasional 
high fungal counts in a few air samples collected while 
company technicians were in the ORs preparing special 
surgical instruments. The high fungal load observed 

in this study may not have been affected by routine 
activities and showed no significant difference before and 
after AGPs. This observation is evidence to recommend 
limiting non-healthcare personnel in ORs. In some parts 
of the SRs, the median fungal count in the unoccupied 
SRs (21.2 CFU/m3) was significantly higher than that of 
the occupied SRs (14.1 CFU/m3). A high percentage of 
81.8% of the total air samples had an acceptable fungal 
count ≤ 50 CFU/m3, which is considered very clean 
according to the standard recommended by EU GMP 
for cleanrooms. In occupied SRs, it was observed that the 
GM aerosol fungal load in each SR was lower than that 
for the unoccupied SRs (data not shown), except for the 
occupied sterile storeroom, which had the highest fungal 
load (44.7±3.4 CFU/m3). The higher aerosol fungal load 
in the sterile storeroom during working hours may be 
affected by the greater number of people entering the 
storeroom compared with before working hours. This 
study also observed a higher relative humidity (RH) in 
the occupied sterile storeroom (56.9%) compared with the 
unoccupied room (54.5%). The higher RH may serve as 
the optimal fungal growth condition as it was previously 
reported that the concentration of fungi was correlated 
with the temperature and humidity.36 Moreover, the high 
fungal load in the air samples may be due to the resistance 
of fungal spores that can survive and grow under stress 
conditions, such as dehydrated and moisturized ambient 
air, as well as under UV radiation.19

	 In comparison to fungal contamination, the aerosol 
bacterial counts in the ORs showed heavier contamination. 
Only 58.1% of the air samples collected from the occupied 
ORs had acceptable bacterial levels ≤ 100 CFU/m3 and 
could be considered clean according to the standard 
recommended by EU GMP for cleanrooms. Furthermore, 
11.1% of the air samples collected from the unoccupied 
ORs had a very low acceptable bacterial count of ≤10 
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CFU/m3, which is considered very clean according to the 
standard recommended by the EU GMP for cleanrooms. 
This study revealed that the overall bacterial load in air 
samples collected before AGPs was significantly higher 
than after AGPs. High GM aerosol bacterial loads were 
observed before the spinal laminectomy procedure 
(152.5 CFU/m3), total knee arthroplasty (140.9 CFU/
m3), and arthroscopic ligament repair (106.4 CFU/m3). 
These results indicate that the indoor air bacterial load 
during the pre-incisional period of patient preparation 
was higher than the standard recommendation (≤100 
CFU/m3). This high bacterial load may be affected by the 
activity of the surgical teams, in particular their many 
movements and use of several instruments, especially 
surgical teams in critical operations. There is evidence 
that the behaviours of the surgical team during patient 
preparation before AGPs, such as surgical planning, 
staff postures, door opening, removing cloth sheets, and 
handling surgical tools, are associated with increasing 
the bacteria load in the air.37 Staff, visitors, and patients 
are potential sources of aerosol bacteria as they shed the 
aerosolized bacteria from the skin and respiratory tract 
via walking, talking, and coughing.22,38 Crowd traffic 
during the pre-operation stage can also harm the indoor 
air quality by interrupting the airflow and ventilation in 
ORs, potentially resulting in a heavy aerosol bacterial load, 
as demonstrated in a previous study.22 This study also 
investigated the bacterial load after different procedures 
and found the spinal laminectomy procedure had the 
highest GM of 75.3 CFU/m3, followed by arthroscopic 
ligament repair (61.4 CFU/m3), total knee arthroplasty 
(59.6 CFU/m3), and internal fixation with implantation 
(43.7 CFU/m3). During operations, aerosol bacteria may 
settle down directly on the surgical wound, or surrounding 
surfaces, which may then be indirectly transmitted to 
the wound by the surgeon’s hands and/or devices.14 It 
was noted that the GMs for the bacterial loads after these 
AGPs were lower than the recommended threshold. In 
the present study, lower activities and lower numbers of 
surgical staff were observed during the air sampling after 
AGPs. This indicated that decreasing staff activities during 
operation may be an effective measure for lowering the 
aerosol bacteria for improving patient safety. However, 
keeping a highly efficient laminar airflow is also a crucial 
measure for preventing SSIs.21 
	 Orthopaedic surgery involves making a large 
incision into deep tissue or organ space and presents 
specific concerns for postoperative SSI due the significant 
factors that must be considered for airborne pollutants 
that may impact patient safety. Differences in aerosol 
bacterial loads have been reported to be associated with 

the highest levels of activity among surgical teams in 
spinal laminectomy.25 
	 Regarding the aerosol bacterial contamination in 
SRs, 64.2% of the total air samples were acceptable with 
a bacterial count of ≤100 CFU/m3, which is considered 
clean according to the standard recommended by EU 
GMP for cleanrooms. The lowest bacterial load of 36.1 
CFU/m3 was observed in the unoccupied X-ray room, 
while the unoccupied specimen room had the highest 
bacterial load of 189.7 CFU/m3. The higher aerosol bacterial 
load in the specimen room before working hours may 
be affected by its smaller volume than other areas, and 
need to keep the door closed to protect the aerosolized 
volatile substances, which results in poor air ventilation 
and a high RH (59.0%), as also recorded in this study. 
This study also  revealed that the bacterial loads in 
the occupied scrub rooms (93.4 CFU/m3) and sterile 
storeroom (89.9 CFU/m3) were higher than during no-
staff activities in the early morning. There was evidence 
that the microbial indoor air quality may be affected by 
external and internal sources, including the numbers of 
staff, crowds of visitors, polluted outdoor air, and poor 
ventilation, which can all increase the aerosol bacterial 
density.36,39 This study was only a short-term assessment 
of indoor air quality and aerosol microbial contamination 
in a closed OR area located in the central city without 
seasonal factor, that many studies have reported that 
seasonal variation showed no significant difference in 
fluctuations of bacterial density in OR.38,40,41  
	 This study investigated the factors associated with 
the indoor air bacterial load using linear regression 
analysis. The univariate analysis and multivariate analysis 
showed that the temperature during perioperative periods 
(before AGPs) had a significant positive correlation 
with the bacterial load in ORs (p<0.05). This finding 
agrees with previous studies that reported a correlation 
between the temperature and indoor air bacterial load 
in surgical rooms42, and surgical and medical wards.43 

After adjusting potential confounding factors, the results 
revealed that the temperature and number of staff were 
significantly correlated with an increase in bacterial load 
before and after AGPs, respectively, whereas the use of 
saw-drill instruments showed significant correlation with 
a decrease in bacterial load after AGPs. Among these 
associated factors, several reports have evidenced that the 
temperature and the number of staff can negatively affect 
the indoor air bacterial load.37,42,44 Several staff members 
and their behaviors, including opening and closing the OR 
doors, foot traffic, and entering or exiting the room, led to 
a changed airflow pattern and created pressure differences 
in ORs, which caused microbial particle contaminants 
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to enter the ORs.45 The correlation between an open or 
deep incision site and the concentrated bacterial load 
in this study may be due to the requirement for more 
sewing of tissue and muscle layers, and the need for 
more assistant staff for these complicated operations.39 

These results confirmed that several staff members in the 
operation room are at potential risk of indoor air bacterial 
load. Although saws and drills are surgical devices that 
generate an aerosol, larger- and medium-sized particles 
are predominantly produced by oscillating saws and 
drills, while lesser small-sized particles are generated by 
oscillating saws (28%–40%), high-speed air-powered drills 
(17%), and high-speed drills with irrigation (9%).46,47 In 
a simulation of AGPs in the OR, the dispersal of body 
fluid was observed to have the highest particle count 
during bone cutting. These particles fly up and hover in 
the air for a short period and then slowly move under the 
direction of laminar airflow. Ensuring laminar airflow 
with a HEPA filter may be a crucial control measure for 
preventing occupational contact with infectious body 
fluids during AGPs in ORs.48 According to several studies 
conducted in operating rooms, a general correlation 
exists between the total microbial count and the risk of 
infection. However, there are discrepancies in findings 
among different studies, which can be attributed to 
several factors, including the surveillance method (active 
or passive air sampling), sampling time (during surgery 
or at rest), ventilation system of the ORs, adequacy of 
room cleaning, and type of disinfectants used.48 
	 This study found that 90.8% of the isolated bacteria 
present in indoor air environments were Gram-positive 
bacteria. Of these, 49.8 % were CoNS, which arose from 
the normal flora of the skin and mucous membranes, 
and 20.5% were S. aureus, which is a common SSI 
causative bacteria. Gram-positive bacteria possess a 
thick cell wall and exhibit higher resistance compared 
to Gram-negative bacteria, enabling them to survive 
under adverse environmental conditions and in closed 
environments.45 Gram-positive bacteria, particularly 
Staphylococcus spp., are more frequently found in hospital 
indoor air and are considered as a bacterial indicator of 
indoor air pollution.34,36 Reasonable explanations for 
the predominantly widespread nature of Gram-positive 
bacteria in hospital environments are their resistance 
to dry conditions and frequent transmission through 
a variety of reservoirs, including human (skin, nasal 
cavity, cloth, and boils of healthcare workers, patients, 
and visitors), and environmental surfaces (high touch 
surfaces, floors, walls, ceilings, and doors).49

	 The WHO declared S. aureus and CoNS species 
as major contaminants in the air of patients rooms, 

floors, and other surfaces in ORs. Based on our findings, 
CoNS was more frequently found as an aerosol than  
S. aureus, which is consistent with a study by Shaw LF  
et al.37 However, studies in Ethiopia44, Iran36, and Nigeria42 

showed that S. aureus was predominant, followed by 
CoNS. S. aureus and CoNS are potential pathogens that 
can cause skin and soft tissue infections and are recognized 
as important causes of SSIs. Therefore, the presence of 
these pathogens, particularly S. aureus, in OR indoor 
air could indicate a significant risk of SSI from airborne 
bacteria. There is evidence that these airborne particles 
with viable bacteria released from the surgical team 
members and patients can settle onto surfaces, including 
surgical wounds and instruments.18,21,46 Therefore, the OR 
should be regularly cleaned and disinfected, including 
all surfaces, after every operation. Integrated hygienic 
control measures in ORs and the medical operatives are 
essential, not only wearing personal protective equipment 
but also following environmental cleaning guidelines, 
including a hand hygiene regimen, and limiting the 
number of personnel in the room as these may generate 
bioaerosols in the indoor air. 
	 According to the reported SSIs causative bacteria 
after orthopaedic surgeries, S. aureus accounts for a 
high prevalence, including a high level antimicrobial 
resistance rate.51 The observed high resistance of S. aureus 
to penicillin (61%) and erythromycin (73.8%) in our 
study aligns with global trends, possibly attributed to 
the penicillin-resistant strains.52 Moreover, this study 
also found MRSA that exhibited resistance to cefoxitin 
(58/172, 33.7%) and was distributed in the indoor air 
in both the ORs and SRs. This finding is at a higher 
percentage than that reported in another hospital in 
Thailand, where MRSA was observed in 2.3% of indoor air 
samples and on 0.5% of surface samples.53 The frequency 
of MRSA in the nasal carriage of surgical patients was 
also reported to be 0.3%–9.4%.54 In general, MRSA has a 
lower prevalence in non-human isolates than in human 
isolates. However, several studies have reported a high 
prevalence of MRSA among environmental surfaces, 
and in sand/water samples. A previous study found 
that 44.7% of S.aureus isolated from hospital surfaces 
were identified as MRSA, that was higher than aerosol 
isolates observed in this study.51 In contrast, some studies 
indicated a low prevalence of MRSA ranging from 0.3%–
3.5% in non-human samples of non-hospitals. In global 
epidemiology, MRSA is classified in the group 2 priority 
list of antibiotic-resistant bacteria, with varying prevalence 
rates globally, including 19.1% in Africa, 31.9% in the 
Americas, 17.4% in the Mediterranean, 67.9% in Europe, 
27.3% in Southeast Asia, and 43.2% in the Western 
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Pacific.47 Also, the prevalence of MRSA colonizers was 
revealed to be 12.0% in India, 15.6% in Africa, and 1.6% 
in Europe55 among healthcare workers. Several reasons 
may explain the variation in the prevalence of MRSA 
in non-human samples, including differences in the 
sampling period, sample size, sampling site, sampling 
techniques, isolation method, single enrichment step, 
frequency of MRSA in different samples, or geographical 
locations.56 
	 The high prevalence of MRSA and the emergence 
of MDR in OR settings require careful attention and is 
an alarm that the surveillance of S. aureus and MRSA 
colonizers in surgical patients and healthcare workers, 
especially surgical teams, should be included in infection 
control measures. Mastering these methods necessitates 
a strong focus on hospital hygiene training, including 
hand hygiene and recommendations for surgical attire 
(such as shirt, trousers, mask, cap, and gloves), the use 
of personal protective equipment, and adherence to 
regulatory requirements.51  The hospital’s standard manual 
cleaning protocol for OR involves using a combined 
cleaner and disinfectant.57 Using portable air cleaning 
technologies58, and ultraviolet (UV) light, aims to ensure 
clean air and reduce viable airborne microorganisms in 
the OR. However, its disadvantages include high costs, 
potential gas irritation, and degradation and discoloration 
of certain surface materials, which may pose risks in the 
OR environment.57 Thus, we recommend extending the 
determination of the susceptibility profile to all bacteria 
associated with air contamination and developing their 
genetic characteristics so that we can trace back or identify 
the MRSA reservoir and their mode of transmission.

CONCLUSION 
	 These findings support that the indoor air in ORs 
and surrounding areas may serve as potential sources 
of AMR bacteria, posing a critical concern for SSI as 
a postoperative complication. The overall bacterial 
contamination rate in the air within the OR areas suggests 
ineffective cleaning and decontamination practices, 
disturbed airflow ventilation, and high activity levels. 
Maintaining a well-controlled ventilation system, ensuring 
environmental cleanliness, and minimizing non-essential 
staff activities are crucial for reducing the risk of airborne 
transmission of pathogens among surgical patients and 
healthcare workers. Applying integrated hygienic control 
measures in operative procedures with high compliance 
and also the surveillance of MRSA colonizers are essential 
for ensuring the safety of surgical patients and reducing 
the risk of SSIs. 

Data Availability Statement
	 The data supporting this study are available upon 
request from the corresponding author.

ACKNOWLEDGEMENTS
	 This study was supported by Siriraj Research 
Development Fund (Managed by Routine to Research: 
R2R)under Grant Number (IO) R016635034. This research 
received valuable assistance from personnel in various 
departments at the Faculty of Medicine Siriraj Hospital, 
Mahidol University, as follows: Dr. Saowalak Hunnangkul 
from Department of Epidemiology, who provided guidance 
on statistical analysis; Ms. Pinprapha Boonhyad from 
Division of Research, Department of Orthopaedic Surgery, 
who managed the English language assessments and 
manuscript submission; and the Orthopaedic operating 
unit and all staff who facilitated the sample collection 
for this study.

DECLARATION
	 All authors declare that they have no personal or 
professional conflict of interest. 

Registration Number of Clinical Trial
	 None

Author Contributions 
	 KB: Project administration, Sample collection and 
analysis, Data analysis, Writing original draft manuscript 
and editing. MR: Conceptualization and research design, 
Manuscript review and criticize. YU: Sample collection 
and analysis, Manuscript review and editing. JN: Research 
design, Data analysis, Manuscript review and editing. 
FU: Conceptualization and research design, Academic 
and methodology supervision,  Manuscript criticism 
and revision.

Ethical Approval  Statement
	 The present study was approved by the Standard 
Operating Procedures of Ethical Review Committee for 
Human Research, Faculty of Public Health, Mahidol 
University (MUPH 87/2022).

REFERENCES 
1.	 Ibrahim F, Samsudin EZ, Ishak AR, Sathasivam J. Hospital  
	 indoor air quality and its relationships with building design,  
	 building operation, and occupant-related factors: A mini- 
	 review. Front Public Health. 2022;10:1067764.  
2.	  Mousavi MS, Hadei M, Majlesi M, Hopke PK, Yarahmadi  
	 M, Emam B, et al. Investigating the effect of several factors on  
	 concentrations of bioaerosols in a well-ventilated hospital  
	 environment. Environ Monit Assess. 2019;191(7):407.  

Borwornphiphattanachai et al.



Volume 77, No.3: 2025 Siriraj Medical Journalhttps://he02.tci-thaijo.org/index.php/sirirajmedj/index 231

Original Article SMJ
3.	 Tran VV, Park D, Lee YC. Indoor air pollution, related human  
	 diseases, and recent trends in the control and improvement of  
	 indoor air quality. Int J Environ Res Public Health. 2020;17(8):2927.  
4.	 Badia JM, Casey AL, Petrosillo N, Hudson PM, Mitchell SA,  
	 Crosby C. Impact of surgical site infection on healthcare costs  
	 and patient outcomes: a systematic review in six European  
	 countries. J Hosp Infect. 2017;96(1):1-15.
5.	 World Health Organization. Global guidelines for the prevention of  
	 surgical site infection. Geneva, Switzerland: World Health  
	 Organization; 2019.
6.	 Chungsiriwattana W, Sangkhathat S, Kongkamol C, Suwalak N, 
	 Phainuphong P, Komet O, et al. Decreasing trend of surgical 
	 site infections among surgical patients in a university hospital in  
	 Thailand after an active surveillance program. Surg Infect  
	 (Larchmt). 2019;20(5):382-9.
7.	 Haque M, Sartelli M, McKimm J, Abu Bakar M. Healthcare- 
	 associated infections - an overview. Infect Drug Resist. 2018; 
	 11:2321-33.
8.	 Uçkay I, Hoffmeyer P, Lew D, Pittet D. Prevention of surgical  
	 site infections in orthopaedic surgery and bone trauma: state- 
	 of-the-art update. J Hosp Infect. 2013;84(1):5-12.
9.	 de Jong L, Klem TMAL, Kuijper TM, Roukema GR. Factors affecting  
	 the rate of surgical site infection in patients after hemiarthroplasty  
	 of the hip following a fracture of the neck of the femur. Bone 
	 Joint J. 2017;99-B(8):1088-94.
10.	 Bai Y, Zhang X, Tian Y, Tian D, Zhang B. Incidence of surgical- 
	 site infection following open reduction and internal fixation  
	 of a distal femur fracture: An observational case-control study.  
	 Medicine (Baltimore). 2019;98(7):e14547.  
11.	 Shillingford JN, Laratta JL, Reddy H, Ha A, Lehman RA Jr,  
	 Lenke LG, et al. Postoperative surgical site infection after  
	 spine surgery: An update from the scoliosis research society  
	 (SRS) morbidity and mortality database. Spine Deform.  
	 2018;6(6):634-43. 
12.	 Bhat AK, Parikh NK, Acharya A. Orthopaedic surgical site  
	 infections: A prospective cohort study. Canadian J Infect  
	 Control. 2018;33(4):227-9.
13.	 Godbole G, Wloch C, Harrington P, Verlander NQ, Hopkins S,  
	 Johnson AP, et al. Future priorities of acute hospitals for surgical  
	 site infection surveillance in England. J Hosp Infect. 2018;100(4): 
	 371-7.
14.	 Persson M. Airborne contamination and surgical site infection:  
	 Could a thirty-year-old idea help solve the problem? Med  
	 Hypotheses. 2019;132:109351.  
15.	 Pasquarella C, Agodi A, Auxilia F, Lytsy B, Mura I, Parneix P,  
	 et al. Air quality in the operating theatre: a perspective.  
	 Aerobiologia. 2019;36(1):113-7.
16.	 Dai R, Liu S, Li Q, Wu H, Wu L, Ji C. A systematic review and  
	 meta-analysis of indoor bioaerosols in hospitals: The influence of  
	 heating, ventilation, and air conditioning. PLoS One. 2021; 
	 16(12):e0259996.  
17. 	 Montagna MT, Rutigliano S, Trerotoli P, Napoli C, Apollonio F, 
	 D’Amico A, et al. Evaluation of air contamination in orthopaedic  
	 operating theatres in hospitals in southern Italy: The IMPACT  
	 project. Int J Environ Res Public Health. 2019;16(19):3581.  
18.	 Cristina ML, Sartini M, Schinca E, Ottria G, Spagnolo AM.  
	 Operating room environment and surgical site infections in  
	 arthroplasty procedures. J Prev Med Hyg. 2016;57(3):E142-8.
19.	 Fernstrom A, Goldblatt M. Aerobiology and its role in the  
	 transmission of infectious diseases. J Pathog. 2013;2013:493960.  

20.	 Pasquarella C, Agodi A, Auxilia F, Lytsy B, Mura I, Parneix P,  
	 et al. Air quality in the operating theatre: a perspective.  
	 Aerobiologia. 2019;36(1):113-7.
21.	 Pasquarella C, Barchitta M, D’Alessandro D, Cristina ML,  
	 Mura I, Nobile M, et al. Collaborators. Heating, ventilation and  
	 air conditioning (HVAC) system, microbial air contamination  
	 and surgical site infection in hip and knee arthroplasties: the  
	 GISIO-SItI Ischia study. Ann Ig. 2018;30(5 Supple 2):22-35.
22.	 Pasquarella C, Balocco C, Colucci ME, Saccani E, Paroni S,  
	 Albertini L, et al. The influence of surgical staff behavior on  
	 air quality in a conventionally ventilated operating theatre  
	 during a simulated arthroplasty: A case study at the university  
	 hospital of Parma. Int J Environ Res Public Health. 2020;17(2):425.  
23.	 Seo JH, Jeon HW, Choi JS, Sohn JR. Prediction model for  
	 airborne microorganisms using particle number concentration  
	 as surrogate markers in hospital environment. Int J Environ  
	 Res Public Health. 2020;17(19):7237.  
24.	 Flouchi R, Elmniai A, El Far M, Touzani I, El Hachlafi N,  
	 Fikri-Benbrahim K. Microbiological monitoring of the environment  
	 using the “Association Rules” approach and disinfection  
	 procedure evaluation in a hospital center in Morocco. J Environ  
	 Public Health. 2021;2021:7682042.  
25.	 Muthoni MS. Hospitals surfaces and sites as a reservoir for  
	 pathogenic bacteria that play a role in transmission of infectious  
	 diseases. J Health Environ Res 2021;7(3):139-44.
26.	 Sunagawa S, Koseki H, Noguchi C, Yonekura A, Matsumura U, 
	 Watanabe K, et al. Airborne particle dispersion around the feet  
	 of surgical staff while walking in and out of a bio-clean operating  
	 theatre. J Hosp Infect. 2020;106(2):318-24.
27.	 Birgand G, Toupet G, Rukly S, Antoniotti G, Deschamps  
	 MN, Lepelletier D, et al. Air contamination for predicting  
	 wound contamination in clean surgery: A large multicenter  
	 study. Am J Infect Control. 2015;43(5):516-21.
28.	 Luksamijarulkul P, Aiempradit N, Vatanasomboon P. Microbial  
	 contamination on used surgical masks among hospital personnel  
	 and microbial air quality in their working wards: A hospital  
	 in Bangkok. Oman Med J. 2014;29(5):346-50.
29.	 Matthew D, Dadah AJ, Mohammed SSD. Bacterial contamination of  
	 operating theatres: a case study of a hospital in Northern  
	 Nigeria. Science World J. 2020;15(2):83-9.
30.	 Wistrand C, Soderquist B, Sundqvist AS. Time-dependent  
	 bacterial air contamination of sterile fields in a controlled  
	 operating room environment: an experimental intervention  
	 study. J Hosp Infect. 2021;110:97-102.
31.	 World Health Organization. Patient safety: Making health  
	 care safer. Geneva, Switzerland: World Health Organization;  
	 2017.
32.	 World Health Organization. Indoor air quality: biological  
	 contaminants. Copenhagen, Denmark: World Health Organization;  
	 1988.
33.	 Lindsley WG, Green BJ, Blachere FM, Martin SB, Law BF,  
	 Jensen PA, et al. Sampling and characterization of bioaerosols.  
	 In: Ashley K, O’Connor PF, editors. NIOSH manual of analytical  
	 methods (NMAM). 5th ed. Cincinnati: OH; 2014.p.BA1-115.
34.	 Montazeri A, Zandi H, Teymouri F, Soltanianzadeh Z, Jambarsang  
	 S, Mokhtari M. Microbiological analysis of bacterial and fungal  
	 bioaerosols from burn hospital of Yazd (Iran) in 2019. J Environ  
	 Health Sci Eng. 2020;18(2):1121-30.
35.	 Clinical and Laboratory Standards Institute. Performance  
	 standards for antimicrobial susceptibility testing; thirtieth  



Volume 77, No.3: 2025 Siriraj Medical Journal https://he02.tci-thaijo.org/index.php/sirirajmedj/index232

	 informational supplement. M100-S30 Clinical and Laboratory  
	 Standards Institute, Wayne, PA; 2020.
36.	 Nasiri N, Gholipour S, Akbari H, Koolivand A, Abtahi H,  
	 Didehdar M, et al. Contamination of obstetrics and gynecology  
	 hospital air by bacterial and fungal aerosols associated with  
	 nosocomial infections. J Environ Health Sci Eng. 2021;19(1): 
	 663-70.
37.	 Fu SL, Chen IH, Chen CS, Wu HH, Lai LS, Chen YY, et al.  
	 Factors influencing microbial colonies in the air of operating  
	 rooms. BMC Infect Dis. 2018;18(1):4.  
38.	 Núñez A & García AM. The aerobiome in a hospital environment:  
	 characterization, seasonal tendencies and the effect of window  
	 opening ventilation. Building and Environment. 2023;230:110024.
39.	 Yousefzadeh A, Maleki A, Athar SD, Darvishi E, Ahmadi M,  
	 Mohammadi E, et al. Evaluation of bio-aerosols type, density,  
	 and modeling of dispersion in inside and outside of different wards  
	 of educational hospital. Environ Sci Pollut Res Int. 2022;29(10): 
	 14143-57.
40.	 Asif A, Zeeshan M, Hashmi I, Zahid U, Bhatti MF. Microbial  
	 quality assessment of indoor air in a large hospital building during  
	 winter and spring seasons. Building and Environment. 2018;135: 
	 68-73.
41.	 Chaivisit P, Fontana A, Galindo S, Strub C, Choosong T, Kantachote  
	 D, et al. Airborne bacteria and fungi distribution characteristics  
	 in natural ventilation system of a university hospital in Thailand.  
	 Environment Asia. 2018;11(2):53-66.
42.	 Ogundare JO, Fakunle AG, Alege A, Elizabeth ST, Sylvia ME,  
	 Bolaji OM. Indoor airborne microbial burden of operating  
	 theatres in a tertiary hospital in South-Western Nigeria. Int J  
	 Curr Microbiol App Sci. 2017;6(9):3335 45. 
43.	  Onmek N, Kongcharoen J, Singtong A, Penjumrus A, Junnoo S. 
	 Environmental factors and ventilation affect concentrations of  
	 microorganisms in hospital wards of Southern Thailand. J  
	 Environ Public Health. 2020;2020:7292198.  
44.	 Yimer RM, Alemu MK. Bacterial contamination level of indoor  
	 air and surface of equipment in the operation room in Dil- 
	 Chora referral hospital, Dire Dawa, Eastern Ethiopia. Infect  
	 Drug Resist. 2022;15:5085-97.
45.	 Sadrizadeh S, Pantelic J, Sherman M, Clark J, Abouali O.  
	 Airborne particle dispersion to an operating room environment  
	 during sliding and hinged door opening. J Infect Public Health.  
	 2018;11(5):631-5.
46.	 Sharma S, John R, Patel S, Neradi D, Kishore K, Dhillon MS.  
	 Bioaerosols in orthopedic surgical procedures and implications  
	 for clinical practice in the times of COVID-19: A systematic  
	 review and meta-analysis. J Clin Orthop Trauma. 2021;17:239- 
	 53.
47.	 Al-Moraissi EA, Kaur A, Günther F, Neff A, Christidis N. Can  

	 aerosols generating dental, oral and maxillofacial, and orthopedic  
	 surgical procedures lead to disease transmission? An implication  
	 on the current COVID-19 pandemic. Front Oral Health. 2022; 
	 3:974644.  
48.	 Koseki H, Sunagawa S, Imai C, Yonekura A, Matsumura U,  
	 Yokoo S, et al. Visualization of airborne particles as a risk  
	 for microbial contamination in orthopedic surgery. Front Surg.  
	 2021;8:754785. doi: 10.3389/fsurg.2021.754785.
49.	 Tolabi Z, Alimohammadi M, Hassanvand MS, Nabizadeh R,  
	 Soleimani H, Zarei A. The investigation of type and concentration  
	 of bio-aerosols in the air of surgical rooms: A case study in  
	 Shariati hospital, Karaj. MethodsX. 2019;6:641-50.
50.	 Parvizi J, Barnes S, Shohat N, Edmiston CE, Jr. Environment of  
	 care: Is it time to reassess microbial contamination of the  
	 operating room air as a risk factor for surgical site infection in  
	 total joint arthroplasty? Am J Infect Control. 2017;45(11):1267- 
	 72.
51.	 Chaoui L, Mhand R, Mellouki F, Rhallabi N. Contamination  
	 of the surfaces of a health care environment by multidrug- 
	 resistant (MDR) bacteria. Int J Microbiol. 2019;2019:3236526.  
52.	 Mengistu H, Mesfin W, Elshadie A. Intensive care units and  
	 operating rooms bacterial load and antibiotic susceptibility  
	 pattern. J Surg. 2016;4(2):60-4.
53.	 Jirawathin W, Siri S, Sujirarat D, Manomaipiboon, A. The  
	 environmental contaminate and drug-resistant nosocomial  
	 bacterial infection in hospital settings. Vajira Nursing J. 2021; 
	 25(1):58–69.
54.	  Pongbangli N, Oniem N, Chaiwarith R, Nantsupawat T,  
	 Phrommintikul A, Wongcharoen W. Prevalence of Staphylococcus  
	 aureus nasal carriage and surgical site infection rate among patients  
	 undergoing elective cardiac surgery. Int J Infect Dis. 2021;106: 
	 409-14.
55.	 Prestinaci F, Pezzotti P, Pantosti A. Antimicrobial resistance: a  
	 global multifaceted phenomenon. Pathog Glob Health.  
	 2015;109(7):309-18.
56.	 Saenhom N, Kansan R, Chopjitt P, Boueroy P, Hatrongjit R,  
	 Kerdsin A. Evaluation of in-house cefoxitin screening broth to  
	 determine methicillin resistant staphylococci. Heliyon. 2022; 
	 8(2):e08950.  
57.	 Murrell LJ, Hamilton EK, Johnson HB, Spencer M. Influence  
	 of a visible-light continuous environmental disinfection system on  
	 microbial contamination and surgical site infections in an  
	 orthopedic operating room. Am J Infect Control. 2019;47(7): 
	 804-10.
58.	 Alvarenga MOP, Dias JMM, Lima BJLA, Gomes ASL, Monteiro  
	 GQM. The implementation of portable air-cleaning technologies  
	 in healthcare settings - a scoping review. J Hosp Infect. 2023;132: 
	 93-103.

Borwornphiphattanachai et al.


