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Abstract

Background: The objective of an operating room (OR) ultra-clean ventilation system is to eliminate
or reduce the quantity of dust particles and colony-forming units per cubic meter of air (CFU/m?). To
achieve this, ultra-clean goal high air change rates per hour are required to reduce the particle load
and number of CFU/m>. Aim: To determine the air quality in an ultra-clean OR during surgery, in
terms of the number and type of microorganism and quantity of dust particles in order to establish
a benchmark. Methods: Number of CFUs and the quantity of dust particles were measured. For mea-
suring the CFUs, sterile extraction hoses were positioned at the incision, the furthest away positioned
instrument table, and the periphery. At these locations, air was extracted to determine the quantity of
dust particles. Findings: The number of CFU/m? and particles was on average at wound level <I
CFU/m? resp. 852.679 particles, at instrument table <I CFU/m® resp. 3.797 particles and in the
periphery <8 CFU/m’, resp. 4.355 particles. Conclusion: The number of CFUs in the ultra-clean
area is below the defined ultra-clean level of <10 CFU/m? for ultra-clean surgery. The quantity of
dust particles measured during surgery was higher than the defined ISO 5.
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Introduction

The objective of an operating room (OR) ultra-
clean ventilation (UCV) system is to eliminate
or reduce the quantity of dust particles and
colony-forming units per cubic meter of air
(CFU/m?). To achieve this goal, high air change
rates per hour (ACH) are required to reduce the
particle load and number of CFU/m> (Langvatn
et al., 2020; Lans et al., 2022).

The Dutch Federation of Medical Specialists
(FMS) recently introduced a guideline for air
handling in operating and treatment rooms
(Kennisinstituut van de federatie van medisch spe-
cialisten, 2022). Only major orthopedic implant sur-
geries and major spinal surgeries (e.g., scoliosis)
should be performed in a Class 1+ (Kennisinstituut
van de federatie van medisch specialisten, 2022)
OR. A Class 1+ OR corresponds to a Class 1 (DIN
1946-4:2018-09, 2018; SIS-TS,2015) OR according
to international standards, where ultra-clean
(HTM-03-01 Part A, n.d.; SIS-TS, 2015) air is
defined as air which contains <10 CFU/m’. Other
surgeries (Kennisinstituut van de federatie van
medisch specialisten, 2022) could be performed in
a generic OR with conventional (mixing) ventilation
(CV) system with an air change rate of >20h™". This
is in line with the WHO (World Health Organization,
2016) and for generic surgery with other international
standards (DIN 1946-4: 2018-09, 2018; HTM-03-01
Part A, n.d.; NF S 90 351, 2013; Schweizerischer
Verein von Gebdudetechnik-Ingenieuren, 2015;
SIS-TS 39(E):2015, 2015). Evidence of the relation
between higher ACH and a reduction of the
number of surgical site infections (SSI) at most
types of surgeries is weak (Kennisinstituut van de fed-
eratie van medisch specialisten, 2022; World Health
Organization, 2016). Therefore, in accordance with
their guideline, the FMS recommends a lower
number of air changes per hour. Previous studies,
during real (Agodi et al., 2015; Knudsen et al.,
2021; Tammelin et al., 2023) or simulated surgery
(Marsault et al., 2021), defined the air quality in
terms of CFUs and sometimes dust particles directly
and only underneath the Unidirectional Air Flow
(UDAF) system and did not determine the measured
number and type of microorganism close to the
wound site and at the instrument table or in the

periphery.

To date, most ORs in Dutch hospitals are built
as an ultra-clean (Lans et al., 2023) OR. Since the
recent FMS recommendation to reduce the number
of air changes per hour for most surgeries, there is
a need for a primary benchmark regarding the
number and type of microorganisms and dust par-
ticles measured during real surgery at the wound
site, instrument table, and periphery, measured in
an ultra-clean OR. The present baseline study
can be used as a contribution to the existing
body of work (Knudsen et al., 2021; Marsault
et al, 2021; Pedersen et al., 2019; Romano,
Milani, Ricci, et al., 2020; Scaltriti et al., 2007,
Tammelin et al., 2023) leading to a benchmark.

Methods

The measurements were executed in an OR at Reinier
de Graaf Hospital (Delft, the Netherlands) during 29
different types of surgeries. The OR in this study was
equipped with a UDAF system and classified as an
ultra-clean OR class 1+. The UDAF system intro-
duces the air directly (and only) above the protected
area (see Figure 1). The staff present during surgery
wore modern scrub suits made out of 99% polyester
and 1% carbon fibers (Ljungqvist et al., 2015). The
source strength using this type of clothing was 2.9
(0.9-5.7) CFU/s per person (Ljungqgvist et al.,
2015). The surface of the UDAF was 10.5 m?, and
the total air volume introduced was 11.340 m’/h,
which was 71 air changes per hour (ACH).

Colony-Forming Unit Measurements

For the CFU measurements, sterile sample extraction
hoses were positioned at three locations in the OR.

T f*,ﬁ
TO | BRI
\U |U 0|| K)
T Ddadd U NN s

Figure 1. Working principle Unidirectional Air Flow
(UDAF).
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Figure 2. Photos of sample extraction hoses at the wound site (a), lighthouse 3016 handheld particle counters and
portable lighthouse H100 active-air samplers during measurements at instrument table (b), and extraction point (c).

The extraction hoses were positioned by the surgical
staff at the location (<5 cm) of the incision, at the fur-
thest away positioned instrument table from the surgi-
cal site and in the periphery close to an air extraction
point (see Figure 2). The material of the sample tube
was 1515 “python” neoprene hose dimensions @15 X
21(mm), temperature resistance: —20°C to +100°C.
The maximum length of the sample hoses was 3
meters. Portable Lighthouse H100 active-air sam-
plers were used for microbial air sampling, according
to the slit principle. For 10 min, 100 dm*/min was
sampled. Airborne bacteria-carrying particles were
trapped via impaction on Tryptose Soy Agar cultiva-
tion plates. The plates were incubated aerobically for
2%x24 h at 30-35°C. Directly after the incubation
period, the hospital laboratory determined and
reported the type of microorganism. The level of
CFUs was assessed by means of the Swedish stan-
dard SIS—TS39:2015 (SIS-TS 39(E):2015, 2015).
In contrary to other interational standards (DIN
1946-4: 2018-09, 2018; Schweizerischer Verein
von Gebéudetechnik-Ingenieuren, 2015), the focus
in this standard (SIS-TS 39(E):2015, 2015) is on bio-
logical contamination and the use of microbiological
methods for the assessment.

Particle Count Measurements

The quantity of dust particles was measured at three
positions in the OR. The quantity of dust particles

was measured by the surgical staff at the location
(<5 cm) of the incision, at the furthest away posi-
tioned instrument table from the surgical site and
in the periphery close to an air extraction point
(see Figure 2). For the particle measurements,
Lighthouse 3016 handheld particle-counters with a
flow rate of 2.83 Umin (0.1 ft*/min) were used.
Particles with a size of >0.5 pm were measured.
The ISO level of particles was assessed by means
of the ISO 14644-1(ISO, 2015) standard, at-rest sit-
uation. At-rest is the condition where the OR or
clean zone is complete with equipment installed
and operating in a manner agreed upon, but with
no personnel present (ISO, 2015).

During all measurements, the number of staff
present, door openings, activity level, and extra
ordinary occasions were recorded.

Results

The number of CFU/m® and particles during the
surgeries was on average at wound level <1
CFU/m® resp. 852,679 particles, at instrument
table <1 CFU/m? resp. 3,797 particles and in the
periphery <8 CFU/m>, resp. 4,355 particles. The
level of CFUs measured at the incision and instru-
ment table was on average 0.5 resp. 0.7 CFU/m’.
This is below the defined <10 CFU/m® for ultra-
clean surgery (SIS-TS 39(E):2015, 2015), see
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Table 1 for number of CFU/m’, type of microor-
ganism, and quantity of dust particles measured.

Discussion

Reducing energy consumption in hospitals has a
high priority (Friedericy et al., 2019; Zarzycka
et al.,, 2019). One possibility to save energy is to
reduce the ACH in the OR (Lans et al., 2024;
Loomans et al., 2020). For new construction pro-
jects, the choice is sometimes made to lower OR
classifications (Kennisinstituut van de federatie
van medisch specialisten, 2022), to lower the
ACH, and to modify the existing air handling instal-
lation fitted in existing ORs (Lans et al., 2024). The
WHO (World Health Organization, 2016) and FMS
(Kennisinstituut van de federatie van medisch spe-
cialisten, 2022) stated that existing research on
OR ventilation systems is flawed and that there is
only weak evidence that OR ventilation systems
help to reduce the incidence of SSIs (Brandt et al.,
2008; Breier et al., 2011; Weinstein & Bonten,
2017). Other studies declare the opposite
(Langvatn et al., 2020; Surial et al., 2022; Whyte
& Lytsy, 2019) and advise to use a UCV system
for infection-prone surgeries (HTM-03-01 Part A,
n.d.; NICE guideline, 2020; SIS-TS 39(E):2015,
2015), where artificial implants are used.

This baseline study has been performed to
enable a comparison regarding the number of
CFU/m’, type of microorganism, and quantity
of dust particles in an ultra-clean (HTM-03-01
Part A, n.d.; SIS-TS 39(E):2015, 2015) OR.
Since the recent FMS advice to reduce the ACH
for most surgeries, it is important to have a bench-
mark regarding the number and type of microor-
ganisms and particles measured during surgery
at the wound site, instrument table, and periphery,
measured in an OR Class 1+.

In this study, there was a broad variety of
microorganisms cultured at different locations,
often there was little correlation between types
of organisms found during one operation at differ-
ent locations or in subsequent uses of the OR. In
general, it can be said that an overwhelming
majority of the cultured bacteria are not known
as primary pathogens, such as Staphylococcus
aureus (Bode et al, 2010). The majority
of cultured organisms in this study are known

as colonizing bacteria of the human skin
(Staphylococcus ~ hominis, S.  epidermidis,
S. capitis) which could pose a risk for low-grade
prosthetic infections but were found in this study
distant from the operating table to form a risk to
the patient. Determination of the type of microor-
ganisms shows a paucity of primary pathogens,
with the largest numbers of cultured bacteria
members of human colonizers or environmental
contaminants that occasionally participate in
prosthetic infections, and in this study in an OR
equipped with a UDAF, were found distant
from the site of the surgery to form a threat in
those special cases. Besides the known SSI pre-
vention measures (Seidelman et al., 2023), an
ever-increasing air change rate is a concept that
is on most occasions already beyond a reasonable
expectation dose/response effect as long as the six
general strategies supported by randomized trials
are followed for prevention of SSIs: avoiding
razors for hair removal, decolonization with intra-
nasal antistaphylococcal agents and antistaphylo-
coccal skin antiseptics for high-risk procedures,
use of chlorhexidine gluconate and alcohol-based
skin preparation, maintaining normothermia to
keep the body temperature warmer than 36 °C,
perioperative glycemic control, and use of nega-
tive pressure wound therapy.

During the measurements, the UCV system
did not meet the at-rest ISO class 5 (DIN
1946-4: 2018-09, 2018; Kennisinstituut van de
federatie van medisch specialisten, 2022) stan-
dards at the measuring locations during surgery.
This is consistent with previous studies
(Marsault et al., 2021; Scaltriti et al., 2007). Our
study showed that the desired ISO5 (DIN
1946-4: 2018-09, 2018; Kennisinstituut van de
federatie van medisch specialisten, 2022; NF S
90 351, 2013) classification was exceeded on
every measurement location despite the high
ACH (Langvatn et al., 2020). The quantity of par-
ticles measured during surgery was on average
ISOS at the wound site and ISOG6 at the instrument
table and in the periphery (ISO, 2015). This is
consistent with other studies (Landrin et al.,
2005; Stalfelt et al., 2023).

When changing the air change rate in an existing
OR or when building a new OR, the selection of the
classification of the OR and ACH should depend
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on the type of the surgical procedure. As well the
number of people present, the heat load in the
OR, the clothing procedure (Ljungqvist et al.,
2015) etc. are important criteria. The impact of
reducing the ACH on the measured numbers of
CFUs and particles cannot be determined without
considering the aforementioned parameters.

This study has several limitations.

First, the impact on SSIs when reducing the air
change rate (Lans et al., 2024) in the OR is not
determined. To date, most ORs in Dutch hospitals
are designed as ultra-clean ORs (FMS Class 1+).
Changing from an UCV to a CV air supply
system can have an effect on the use of surgical
smoke and contaminant removal effectiveness
(Romano, Milani, Gustén, et al., 2020). However,
reducing the air change rate will decrease the
energy consumption of the OR air handling instal-
lation (Gormley et al., 2017; Marsault et al., 2021).
A study is recommended to evaluate the impact on
the number of SSIs and cultured bacteria when
reducing the ACH according to the FMS. This
study is recommended despite the fact that the out-
comes will be influenced by parameters such as
number and the behavior of staff present
(Humphreys, 2018; Wang et al., 2020), number
of door openings (Perez et al., 2018; Roth et al.,
2019; Smith et al., 2013), amount of air introduced
(Lans et al., 2022), type of surgical clothing (Cao
et al., 2021; Ljungqvist et al., 2015), and type of
surgical procedures (Friedericy et al., 2024).

Secondly, the number of staff present, door
openings, activity level, and extraordinary occa-
sions has influence on the number of CFU
during surgery. Although we recorded these, we
did not assess the impact of those activities on
we did not assess the impact of those activities
or occasions on the number of CFUs or the quan-
tity of dust particles (Perez et al., 2018; Roth
etal., 2019; Smith et al., 2013; Teter et al., 2017).

Third, in the current study, we only examined
one hospital OR location. It is recommended to
conduct a similar study in other hospitals and
ORs where room geometry (Memarzadeh &
Jiang, 2004), the ACH (Langvatn et al., 2020;
Lans et al., 2024), and type of UCV system vary
(Lans et al., 2022). The merging of all these data
will give a more comprehensive picture of
whether it is needed to apply high ACH.

In conclusion, the level of CFUs in the ultra-
clean surgical area is below the standards defined
ultra-clean level for ultra-clean ORs. The quantity
of dust particles measured during surgery was
higher than the standards defined ISO5 (ISO,
2015) at-rest. Regarding the number of particles
(>0.5um) during surgery ISO8 (ISO, 2015) levels
were reached at the wound site and ISO6 (ISO,
2015) at the instrument table and in the periphery.

Implications for Practice

e [t is relevant to understand how air quality
in the OR affects the patient’s risk of
developing a SSI and the risk to staff
when exposed to surgical smoke and
other harmful substances.

e The design of the OR air handling installation
and selection of the type of UCV system is
important. The type of surgery should be
considered when selecting the type of air
handling and OR air supply system.

e  When an OR is equipped with an ultra-clean
air supply system that is protecting only the
surgical site it will leave, the periphery of
the OR at risk for contamination.

e All environmental parameters should be
assessed to determine if a higher or lower
ACH will benefit the asepsis of the OR.

Acknowledgments

The authors would like to thank the staff of
the Reinier de Graaf hospital group, the
Netherlands, for making the operating rooms
available for the measurements and determine
the type of microorganism.

Declaration of Conflicting Interests

The author(s) declared the following potential
conflicts of interest with respect to the research,
authorship, and/or publication of this article:
J.L.A. Lans is CEO of Medexs BV, a company
that supplies and install OR ventilation systems.
All other authors report no conflict of interest rel-
evant to this article.



Lans et al.

Funding

The author(s) received no financial support for the
research, authorship, and/or publication of this
article.

ORCID iDs
J.L.A. Lans
2759

P.R. Goswami
8546-5389

https:/orcid.org/0000-0001-8502-

https:/orcid.org/0000-0002-

References

Agodi, A., Auxilia, F., Barchitta, M., Cristina, M. L.,
D’Alessandro, D., Mura, I, Nobile, M.,
Pasquarella, C., Avondo, S., Bellocchi, P.,
Canino, R., Capozzi, C., Casarin, R., Cavasin, M.,
Contegiacomo, P., Deriu, M. G., Evola, F. R,
Farsetti, P., Grandi, A., D’Alessandro, D.,
Guareschi, D., Longhitano, A. M., Longo, G.,
Malatesta, R., Marenghi, P., Marras, F., Maso, A.,
Mattaliano, A. R., Montella, M. T., Moscato, U.,
Navone, P., Romeo, M. A., Rossi, F., Ruffino, M.,
Santangelo, C., Sartini, M., Sessa, G., Tardivo, S.,
Tranquilli Leali, P., Torregrossa, M. V., & Vitali,
P. (2015). Operating theatre ventilation systems
and microbial air contamination in total joint replace-
ment surgery: Results of the GISIO-ISChIA study.
Journal of Hospital Infection, 90(3), 213-219.
https:/doi.org/10.1016/j.jhin.2015.02.014

Bode, L. G. M., Kluytmans, J. A. J. W., Wertheim,
H. F. L., Bogaers, D., Vandenbroucke-Grauls,
C. M. J. E., Roosendaal, R., Troelstra, A., Box,
A. T. A, Voss, A., van der Tweel, 1., van
Belkum, A., Verbrugh, H. A., & Vos, M. C.
(2010). Preventing surgical-site infections in nasal
carriers of Staphylococcus aureus. New England
Journal of Medicine, 362(1), 9—17. https:/doi.org/
10.1056/nejmoa0808939

Brandt, C., Hott, U., Sohr, D., Daschner, F., Gastmeier,
P., & Riiden, H. (2008). Operating room ventilation
with laminar airflow shows no protective effect on
the surgical site infection rate in orthopedic and
abdominal surgery. Annals of Surgery, 248(5), 695—
700. https:/doi.org/10.1097/SLA.0b013e31818b757d

Breier, A.-C., Brandt, C., Sohr, D., Geffers, C., &
Gastmeier, P. (2011). Laminar airflow ceiling size:
No impact on infection rates following hip and
knee prosthesis. Infection Control & Hospital

Epidemiology, 32(11), 1097-1102. https:/doi.org/
10.1086/662182

Cao, G., Pedersen, C., Zhang, Y., Drangsholt, F., Radtke,
A., Langvatn, H., Stenstad, L.-I., Hans, M., &
Skogas, J. G. (2021). Can clothing systems and
human activities in operating rooms with mixing 1
ventilation systems help achieve 10 CFU/m3 level
during orthopaedic surgeries? Journal of Hospital
Infection, 120, 110-116. https:/doi.org/10.1016/j.
jhin.2021.11.005

DIN 1946-4: 2018-09. (2018). Ventilation and air con-
ditioning—Part 4: Ventilation in buildings and
rooms of health care.

Friedericy, H. J., Friedericy, A. F., de Weger, A., van
Dorp, E. L. A., Traversari, R. A. A. L., van der
Eijk, A. C., & Jansen, F. W. (2024). Effect of unidi-
rectional airflow ventilation on surgical site infec-
tion in cardiac surgery: Environmental impact as a
factor in the choice for turbulent mixed air flow.
Journal of Hospital Infection, 148, 51-57. https:/
doi.org/10.1016/j.jhin.2024.03.008

Friedericy, H. J., Weiland, N. H. S., Van Der Eijk,
A. C., & Jansen, F. W. (2019). Steps for reducing
the carbon footprint of the operating room.
Nederlands  Tijdschrift
163(43), D4095.

Gormley, T., Markel, T. A., Jones, H., Greeley, D.,
Ostojic, J., Clarke, J. H., Abkowitz, M., & Wagner,
J. (2017). Cost-benefit analysis of different air
change rates in an operating room environment.
American Journal of Infection Control, 45(12),
1318-1323. https:/doi.org/10.1016/.ajic.2017.07.024

HTM-03-01 Part A. (n.d.). Part A: The concept, design,
specification, installation and acceptance testing of

Voor  Geneeskunde,

healthcare ventilation systems Classification:
Official Publications approval reference: PAR38.

Humphreys, H. (2018). Behaviours and rituals in the
operating theatre. Do they really matter?
Healthcare Infection Society, 1-27. https:/doi.org/
10.33325/ipc0006

ISO. (2015). ISO 14644-1:2015 Classification of air
cleanliness by particle concentration. Cleanrooms
and Associated Controlled Environments, 2(2), 2-5.

Kennisinstituut van de federatie van medisch specialis-
ten. (2022). Luchtbehandeling in operatickamers en
behandelkamers.

Knudsen, R. J.,, Knudsen, S. M. N., Nymark, T.,
Anstensrud, T., Jensen, E. T., La Mia

Malekzadeh, M. J., & Overgaard, S. (2021).


https://orcid.org/0000-0001-8502-2759
https://orcid.org/0000-0001-8502-2759
https://orcid.org/0000-0001-8502-2759
https://orcid.org/0000-0002-8546-5389
https://orcid.org/0000-0002-8546-5389
https://orcid.org/0000-0002-8546-5389
https://doi.org/10.1016/j.jhin.2015.02.014
https://doi.org/10.1016/j.jhin.2015.02.014
https://doi.org/10.1056/nejmoa0808939
https://doi.org/10.1056/nejmoa0808939
https://doi.org/10.1056/nejmoa0808939
https://doi.org/10.1097/SLA.0b013e31818b757d
https://doi.org/10.1097/SLA.0b013e31818b757d
https://doi.org/10.1086/662182
https://doi.org/10.1086/662182
https://doi.org/10.1086/662182
https://doi.org/10.1016/j.jhin.2021.11.005
https://doi.org/10.1016/j.jhin.2021.11.005
https://doi.org/10.1016/j.jhin.2021.11.005
https://doi.org/10.1016/j.jhin.2024.03.008
https://doi.org/10.1016/j.jhin.2024.03.008
https://doi.org/10.1016/j.jhin.2024.03.008
https://doi.org/10.1016/j.ajic.2017.07.024
https://doi.org/10.1016/j.ajic.2017.07.024
https://doi.org/10.33325/ipc0006
https://doi.org/10.33325/ipc0006
https://doi.org/10.33325/ipc0006

Health Environments Research & Design Journal 0(0)

Laminar airflow decreases microbial air contamina-
tion compared with turbulent ventilated operating
theatres during live total joint arthroplasty: A
nationwide  survey. Jowrnal of  Hospital
Infection, 113, 65-70. https:/doi.org/10.1016/].
jhin.2021.04.019

Landrin, A., Bissery, A., & Kac, G. (2005). Monitoring
air sampling in operating theatres: Can particle

replace  microbiological ~sampling?
Journal of Hospital Infection, 61(1), 27-29.
https:/doi.org/10.1016/j.jhin.2005.03.002

Langvatn, H., Schrama, J. C., Cao, G., Hallan, G.,
Furnes, O., Lingaas, E. Walenkamp, G,
Engesaeter, L. B., & Dale, H. (2020). Operating
room ventilation and the risk of revision due to infec-
tion after total hip arthroplasty: Assessment of vali-
dated data in the Norwegian Arthroplasty Register.
Journal of Hospital Infection, 105(2), 216-224.
https:/doi.org/10.1016/j.jhin.2020.04.010

Lans, J. L. A., Mathijssen, N. M. C., Bode, A., van den
Dobbelsteen, J. J., van der Elst, M., & Luscuere,
P. G. (2022). Operating room ventilation systems:

counting

Recovery degree, cleanliness recovery rate and air
change effectiveness in an ultra-clean area.
Journal of Hospital Infection, 122, 115-125.
https:/doi.org/10.1016/j.jhin.2021.12.018

Lans, J. L. A., Mathijssen, N. M. C., Bode, A., van den
Dobbelsteen, J. J., van der Elst, M., & Luscuere,
P. G. (2024). What is the effect of reducing the air
change rate on the ventilation effectiveness in ultra-
clean operating rooms? Journal of Hospital
Infection, 147, 115-122. https:/doi.org/10.1016/].
jhin.2024.02.007

Lans, J. L. A., Mathijssen, N. M. C., Traversari, A. A.
L., Jacobs, I. M., van den Dobbelsteen, J. J., van der
Elst, M., & Luscuere, P. G. (2023). Capital and
operational expenditures of different operating
room air-handling installations with conventional

or ultra-clean air supply systems. Journal of

Building Engineering, 78, 107714. https:/doi.org/
10.1016/j.jobe.2023.107714

Ljungqvist, B., Reinmiiller, B., Gustén, J., &
Nordenadler, J. (2015). Clothing systems in operat-
ing rooms—A comparative study. Journal of the
IEST, 58(1), 20-23. https:/doi.org/10.17764/1098-
4321.58.1.20

Loomans, M. G. L. C., Ludlage, T. B. J., van den
Oever, H., Molenaar, P. C. A, Kort, H. S. M., &
Joosten, P. H. J. (2020). Experimental investigation

into cleanroom contamination build-up when apply-
ing reduced ventilation and pressure hierarchy con-
ditions as part of demand controlled filtration.
Building and Environment, 176, 106861. https:/
doi.org/10.1016/j.buildenv.2020.106861

Marsault, L. V., Ravn, C., Overgaard, A., Frich, L. H.,
Olsen, M., Anstensrud, T., Nielsen, J., &
Overgaard, S. (2021). Laminar airflow versus turbu-
lent airflow in simulated total hip arthroplasty:
Measurements of colony-forming units, particles,
and energy consumption. Journal of Hospital
Infection, 115, 117-123. https:/doi.org/10.1016/j.
jhin.2021.06.009

Memarzadeh, F., & Jiang, Z. (2004). Effect of opera-
tion room geometry and ventilation system parame-
ter variations on the protection of the surgical site.
TAQ Conference.

NF S 90 351. (2013). Health care institutions—
Controlled environment areas—Requirements for
airborne contamination control.

NICE guideline. (2020). Joint replacement (primary):
hip, knee and
guidance/ng157

Pedersen, C., Cao, G., Drangsholt, F., Stenstad, L. I., &
Skoggas, J. G. (2019). Can we meet the requirement

shoulder. www.nice.org.uk/

for ultra-clean operation room (10CFU/m3) with
dilution ventilation? E3S Web of Conferences,
111, 01041. https:/doi.org/10.1051/e3scont/201
911101041

Perez, P., Holloway, J., Ehrenfeld, L., Cohen, S.,
Cunningham, L., Miley, G. B., & Hollenbeck,
B. L. (2018). Door openings in the operating
room are associated with increased environmental
contamination. American Journal of Infection
Control, 46(8), 954-956. https:/doi.org/10.1016/j.
ajic.2018.03.005

Romano, F., Milani, S., Gustén, J., & Joppolo, C. M.
(2020). Surgical smoke and airborne microbial con-
tamination in operating theatres: Influence of venti-
lation and surgical phases. International Journal of
Environmental Research and Public Health,
17(15), 539s. https:/doi.org/10.3390/
ijerph17155395

Romano, F., Milani, S., Ricci, R., & Joppolo, C. M.
(2020). Operating theatre ventilation systems and

13

their performance in contamination control: “at
rest” and “in operation” particle and microbial mea-
surements made in an Italian large and multi-year

inspection campaign. International Journal of


https://doi.org/10.1016/j.jhin.2021.04.019
https://doi.org/10.1016/j.jhin.2021.04.019
https://doi.org/10.1016/j.jhin.2021.04.019
https://doi.org/10.1016/j.jhin.2005.03.002
https://doi.org/10.1016/j.jhin.2005.03.002
https://doi.org/10.1016/j.jhin.2020.04.010
https://doi.org/10.1016/j.jhin.2020.04.010
https://doi.org/10.1016/j.jhin.2021.12.018
https://doi.org/10.1016/j.jhin.2021.12.018
https://doi.org/10.1016/j.jhin.2024.02.007
https://doi.org/10.1016/j.jhin.2024.02.007
https://doi.org/10.1016/j.jhin.2024.02.007
https://doi.org/10.1016/j.jobe.2023.107714
https://doi.org/10.1016/j.jobe.2023.107714
https://doi.org/10.1016/j.jobe.2023.107714
https://doi.org/10.17764/1098-4321.58.1.20
https://doi.org/10.17764/1098-4321.58.1.20
https://doi.org/10.17764/1098-4321.58.1.20
https://doi.org/10.1016/j.buildenv.2020.106861
https://doi.org/10.1016/j.buildenv.2020.106861
https://doi.org/10.1016/j.buildenv.2020.106861
https://doi.org/10.1016/j.jhin.2021.06.009
https://doi.org/10.1016/j.jhin.2021.06.009
https://doi.org/10.1016/j.jhin.2021.06.009
http://www.nice.org.uk/guidance/ng157
http://www.nice.org.uk/guidance/ng157
https://doi.org/10.1051/e3sconf/201911101041
https://doi.org/10.1051/e3sconf/201911101041
https://doi.org/10.1051/e3sconf/201911101041
https://doi.org/10.1016/j.ajic.2018.03.005
https://doi.org/10.1016/j.ajic.2018.03.005
https://doi.org/10.1016/j.ajic.2018.03.005
https://doi.org/10.3390/ijerph17155395
https://doi.org/10.3390/ijerph17155395
https://doi.org/10.3390/ijerph17155395

Lans et al.

Environmental Research and Public Health, 17(19),
7275. https:/doi.org/10.3390/ijerph17197275

Roth, J. A., Juchler, F., Dangel, M., Eckstein, F. S.,
Battegay, M., & Widmer, A. F. (2019). Frequent
door openings during cardiac surgery are associated
with increased risk for surgical site infection: A pro-
spective observational study. Clinical Infectious
Diseases, 69(2), 290-294. https:/doi.org/10.1093/
cid/ciy879

Scaltriti, S., Cencetti, S., Rovesti, S., Marchesi, 1.,
Bargellini, A., & Borella, P. (2007). Risk factors for
particulate and microbial contamination of air in oper-
ating theatres. Journal of Hospital Infection, 66(4),
320-326. https:/doi.org/10.1016/.jhin.2007.05.019

Schweizerischer  Verein von  Gebéudetechnik-
Ingenieuren. (2015). SWKI VA105-01
Raumlufttechnische Anlagen in medizinisch gen-
utzten Raumen SICC VA105-01. www.swki.ch

Seidelman, J. L., Mantyh, C. R., & Anderson, D. J.
(2023). Surgical site infection prevention: A
review. JAMA, 329(3), 244. https:/doi.org/10.
1001/jama.2022.24075

SIS-TS 39(E):2015. (2015). Swedish Standards Institute
—Microbiological cleanliness in the operating room
—Preventing airborne contamination—Guidance and
fundamental requirements. www.sis.se

Smith, E. B., Raphael, 1. J.,, Maltenfort, M. G.,
Honsawek, S., Dolan, K., & Younkins, E. A.
(2013). The effect of laminar air flow and door
openings on operating room contamination.
Journal of Arthroplasty, 28(9), 1482-1485. https:/
doi.org/10.1016/j.arth.2013.06.012

Stalfelt, F., Svensson Malchau, K., Bjorn, C., Mohaddes,
M., & Erichsen Andersson, A. (2023). Can particle
counting replace conventional surveillance for air-
borne bacterial contamination assessments? A system-
atic review using narrative synthesis. In American
Journal of Infection Control, 51(12), 1417-1424.
https:/doi.org/10.1016/j.ajic.2023.05.004

Surial, B., Atkinson, A., Kiilpmann, R., Brunner, A.,
Hildebrand, K., Sicre, B., Troillet, N., Widmer,
A., Rolli, E., Maag, J., & Marschall, J. (2022).

Better operating room ventilation as determined
by a novel ventilation Index is associated with
lower rates of surgical site infections. Annals of
Surgery, 276(5), €353-e360. https:/doi.org/10.
1097/SLA.0000000000005670

Tammelin, A., Kylménen, P., & Samuelsson, A.
(2023). Comparison of number of airborne bacteria
in operating rooms with turbulent mixing ventila-
tion and unidirectional airflow when using reusable
scrub suits and single-use scrub suits. Journal of
Hospital Infection, 135, 119-124. https:/doi.org/
10.1016/j.jhin.2023.03.012

Teter, J., Guajardo, 1., Al-Rammah, T., Rosson, G.,
Perl, T. M., & Manahan, M. (2017). Assessment
of operating room airflow using air particle counts
and direct observation of door openings. American
Journal of Infection Control, 45(5), 477-482.
https:/doi.org/10.1016/j.ajic.2016.12.018

Wang, C., Sadeghian, P., & Sadrizadeh, S. (2020).
Effect of staff number on the Bacteria contamina-
tion in operating rooms with temperature controlled
airflow ventilation and turbulent mixing ventilation.
Proceedings of Building Simulation 2019: 16th
Conference of IBPSA, 16, 747-753. https://doi.org/
10.26868/25222708.2019.210960

Weinstein, R. A., & Bonten, M. J. M. (2017). Laminar
airflow and surgical site infections: The evidence is
blowing in the wind. The Lancet Infectious
Diseases, 17(5), 472-473. https:/doi.org/10.1016/
S1473-3099(17)30060-9

Whyte, W., & Lytsy, B. (2019). Ultraclean air systems
and the claim that laminar airflow systems fail to
prevent deep infections after total joint arthroplasty.
Journal of Hospital Infection, 103(1), e9—el5.
https:/doi.org/10.1016/j.jhin.2019.04.021

World Health Organization. (2016). Global guidelines
for the prevention of surgical site infection
(WHO, Ed.; pp. 158-162).

Zarzycka, A., Haskoningdhv, R., Maassen, W., &
Zeiler, W. (2019). Energy saving opportunities in
operating theatres: a literature study. REHVA
Journal, 2, 25-31.


https://doi.org/10.3390/ijerph17197275
https://doi.org/10.3390/ijerph17197275
https://doi.org/10.1093/cid/ciy879
https://doi.org/10.1093/cid/ciy879
https://doi.org/10.1093/cid/ciy879
https://doi.org/10.1016/j.jhin.2007.05.019
https://doi.org/10.1016/j.jhin.2007.05.019
http://www.swki.ch
https://doi.org/10.1001/jama.2022.24075
https://doi.org/10.1001/jama.2022.24075
https://doi.org/10.1001/jama.2022.24075
http://www.sis.se
https://doi.org/10.1016/j.arth.2013.06.012
https://doi.org/10.1016/j.arth.2013.06.012
https://doi.org/10.1016/j.arth.2013.06.012
https://doi.org/10.1016/j.ajic.2023.05.004
https://doi.org/10.1016/j.ajic.2023.05.004
https://doi.org/10.1097/SLA.0000000000005670
https://doi.org/10.1097/SLA.0000000000005670
https://doi.org/10.1097/SLA.0000000000005670
https://doi.org/10.1016/j.jhin.2023.03.012
https://doi.org/10.1016/j.jhin.2023.03.012
https://doi.org/10.1016/j.jhin.2023.03.012
https://doi.org/10.1016/j.ajic.2016.12.018
https://doi.org/10.1016/j.ajic.2016.12.018
https://doi.org/10.26868/25222708.2019.210960
https://doi.org/10.26868/25222708.2019.210960
https://doi.org/10.26868/25222708.2019.210960
https://doi.org/10.1016/S1473-3099(17)30060-9
https://doi.org/10.1016/S1473-3099(17)30060-9
https://doi.org/10.1016/S1473-3099(17)30060-9
https://doi.org/10.1016/j.jhin.2019.04.021
https://doi.org/10.1016/j.jhin.2019.04.021

	 Introduction
	 Methods
	 Colony-Forming Unit Measurements
	 Particle Count Measurements

	 Results
	 Discussion
	 Implications for Practice
	 Acknowledgments
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


