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Abstract: Environmental microbial contamination in the operating room (OR) can favour contami-
nation of the surgical wound, posing the risk of infection of the surgical site. Thus, environmental
monitoring is a useful tool for assessing environmental health and the effectiveness and efficiency
of the measures adopted to control the risk of infection in the OR. This work aimed to analyse the
long term environmental quality of 18 ORs throughout Sardinia, Italy, through the quantitative
and qualitative characterisation of the microbial flora present in the air and on surfaces, in order to
evaluate the trend over time, including in relation to any control measures adopted. The results of
the sampling carried out in the period from January 2010 to December 2019 have been extrapolated
from the archive-database of the Laboratory of the Hygiene and Control of Hospital Infections Unit
of the University Hospital in Sassari. During the period in question, 188 air evaluations were carried
out, both in empty rooms and during surgery, and 872 surface samples were taken. When the air was
monitored, it emerged that significant contamination was detectable in a reduced number of exami-
nations and a limited number of rooms. Microbial load values higher than the reference values may
have been mainly determined by sub-optimal operation/maintenance of the air conditioning system.
Surface testing showed a good level of sanitisation, given the low percentage of non-compliant values
detected. The possibility of having data available on environmental quality is a useful educational
and training tool both for those responsible for sanitisation procedures and the surgical team, in
order to increase awareness of the effects of a lack of compliance with behavioural standards.

Keywords: indoor air quality; air monitoring; surfaces monitoring; surgical site infection; operating
room; healthcare-associated infections

1. Introduction

The operating room (OR) is one of the areas of the hospital most at risk of infections.
In Europe and the United States, surgical site infections (SSIs) are the second most frequent
cause of healthcare-associated infections (HAIs) and are the most common type of HAIs
in low and middle-income countries [1]. The incidence varies according to the surgical
class and its risk index [2]. In Europe, it varies between 0.5% and 10.1%, depending on the
type of surgical intervention [3]; in Italy, the National Surveillance System of Surgical Site
Infections reported an incidence of 2.6% (range from 0.4% to 8.9% depending on the type of
surgery) [4]. Overall, SSIs are linked to one-third of post-operative deaths and represent 8%
of all deaths caused by HAIs [5]. The available data indicate a significant economic impact,
determined by the increase in the duration of hospitalisation, readmission to hospital,
additional surgical procedures, and/or admission to intensive care units [3,6]. In Europe,
the cost attributable to SSIs is likely to be underestimated at between 1.5 and 19 billion
Euros per year [1,7].
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Among the various factors that can determine the onset of SSIs, the level of envi-
ronmental microbial contamination in the OR must be taken into consideration [8-11].
In particular, several studies show that, in the OR, microbial contamination of the air
may favour contamination of the surgical wound, thus posing the risk of infection of the
surgical site [10,12-14]. In fact, airborne microorganisms can settle directly on the wound
or be transferred to it from contaminated surfaces [15]. In this context, the assessment and
control of airborne and sedimented microbial flora in the OR are useful tools for assessing
environmental health and the effectiveness and efficiency of the measures taken to achieve
and maintain it. The detection of microbial contamination through environmental moni-
toring may reflect shortcomings or failures of structural, organisational, and behavioural
aspects. Indeed, the adequacy of these aspects is fundamental to controlling the risk of
infections in the OR [16].

The aim of this work is to analyse the long term environmental quality of ORs, through
the quantitative and qualitative characterisation of the microbial flora present in the air
and on surfaces, in order to evaluate its trend over time, including in relation to any control
measures adopted over the years.

2. Methods
2.1. Setting

The study, covering the period from January 2010 to December 2019, involved testing
in 18 ORs in northern Sardinia, with a catchment area of 600,000 inhabitants and an average
annual volume of activity quantifiable in approximately 8400 surgical DRG (diagnosis
related groups). The rooms, concerning various specialties, are all equipped with turbulent
flow ventilation and air conditioning systems. For each room examined, air and surface
sampling was performed according to the methods reported below. If values higher than
the standard were detected in at least one sample, the outcome of the examination was
considered positive.

2.2. Microbiological Testing of the Air

In order to characterise the microbial flora, air samples were taken with International
pbi Surface Air System (VWR International, Milan, Italy) containing Plate Count Agar
plates for the qualitative/quantitative determination of the bacterial flora and Sabouraud
dextrose agar plates for determining fungi. In accordance with the Guidelines on Occupa-
tional Safety and Hygiene Standards in the Operating Room outlined by ISPESL (Istituto
Superiore per la Prevenzione e la Sicurezza del Lavoro), each examination consisted of
samples taken under two separate conditions: with the OR empty (‘at rest’), in order to
evaluate the effectiveness of sanitisation procedures and the functioning of the heating,
ventilation and air-conditioning (HVAC) systems; and during surgery (‘operational’), in
order to evaluate both the HVAC systems and the operators” compliance with behavioural
procedures [16].

For each of these conditions (at rest, operational), air was taken from two different
zones: at the operating table (‘bed’) and at the air inlet vents of the air conditioning system
(“air inlet’). Finally, for each sampling zone, 2 successive samples of 200 L of air each were
collected. The results were expressed as an average value of colony-forming units per cubic
metre of air (CFU/m?) (Figure 1).

As suggested by ISPESL, for interpreting the results of the bed area, the British refer-
ence limits have been used. These guidelines recommend, for the type of ORs considered,
the maximum limit of 35 CFU/m? at rest and 180 CFU/m? in operational [16,17]; for
the air inlets, the maximum value of 35 CFU/m? has also been used, a value we have
identified, following experience in the field, as indicative of the correct functioning and
maintenance of the air conditioning system [18]. For the evaluation of contamination by
fungi, given the lack of specific national and international reference standards, its pres-
ence/absence has been taken into account. Where present, the total fungal organisms load
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value <15 CFU/m? has been considered “acceptable”, as recommended in the literature
for environments equipped with air handling units with high-efficiency filters [19,20].

Condition Zones Double Sampling Results (mean values)

:
N T
. 200 litres I

200 litres
‘.

Atrest

Air inlet

Operating room examination

Operational

Air inlet

Figure 1. Flow chart of operating room air examination method.

2.3. Microbiological Testing of Surfaces

Testing was carried out on the most critical surfaces: the operating table, the anaes-
thesia trolley, the instrument table, the scialytic lamp, the floor, and the walls. Sampling
was carried out using 24 cm? RODAC (Replicate Organism Direct Agar Contact) plates
containing Plate Count Agar and Sabouraud dextrose agar, with a neutraliser added to
inhibit the residual activity of the disinfectant used on the surfaces during sanitisation. Sur-
face sampling was carried out under at rest conditions. The results have been interpreted
according to the ISPESL Guidelines which provide for values of <5 CFU/plate for ORs and
deem acceptable values between >5 and <15 CFU/plate in the absence of Staphylococcus
aureus, Enterobacteria, Pseudomonas spp., and Aspergillus spp. [16].

2.4. Statistical Analysis

Data were entered on Excel (Microsoft Office, Microsoft Corporation, Redmond, WA,
USA) and analysed. Qualitative variables were summarised as absolute and relative (per-
centages) frequencies, whereas quantitative variables were summarised with the measures
of position and variability of values, depending on their parametric distribution.

3. Results
3.1. Microbiological Monitoring of the Air

In the period 2010-2019, a total of 188 examinations were carried out. Of which, for
organisational reasons, 158 (84%) were carried out both in empty rooms and during surgery,
28 (14.9%) only in at rest conditions, and 2 (1.1%) only when operational. In both conditions,
the number of samplings carried out at the air inlet level was slightly lower (3.8% at rest,
1.9% operational) than those carried out in the bed area, as the ventilation system was not in
operation at the time of sampling. Depending on technical and organisational reasons (the
room’s specialty, interventions of maintenance, renovation of the air conditioning system,
etc.) the number of examinations per room varied from a minimum of 7 to a maximum of
14 (Table 1).

At rest, the median value of bacterial load was 38.2 CFU/m? (range 0-320; IQR:
13.1-68.9) near the bed and 20 CFU/m? (range 0-330 CFU/m?; IQR: 5-50) at air inlet
level; during the operating activity, the median values recorded in the bed and air inlet
zones were 66.8 CFU/m? (range 6.7—>1000 CFU/ m?; IQR: 36.5-122.2) and 47.5 CFU/m?
(range 0-712.5 CFU/m3; IQR: 16.7-102.5) respectively. Overall, 70.7% of the examinations
carried out showed bacterial load values that did not comply with the standards (positive
examinations); of which 29.3% only at rest conditions, 22.6% only when operational and
48.1% in both conditions. In particular, 55.4% of at rest evaluations showed values higher
than the standards indicated, with 51.0% (bed) and 32.8% (air inlet) of the values detected
not conforming. When operational, non-compliant bacterial load values were found in
58.8% of the evaluations, with non-compliant values in 13.1% and 56.9% at bed and air
inlet level, respectively.
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Table 1. Air: distribution of examinations per year and condition.

Year MNO ‘;US)I:: | Examinations Ev‘:ltulzfis;ns gf;f;i’;‘:sl AR+OP AR Only OP Only
2010 15 2 2 19 19 3 0
2011 16 21 21 17 17 4 0
2012 18 18 18 16 16 2 0
2013 18 27 27 21 21 6 0
2014 18 19 19 14 14 5 0
2015 18 19 18 16 15 3 1
2016 18 21 21 19 19 2 0
2017 14 15 14 13 12 2 1
2018 14 14 14 14 14 0 0
2019 12 12 12 11 11 1 0
Total 188 186 160 158 28 2

LEGEND: AR = at rest; OP = operational; ORs = operating rooms.

Statistics (minimum, maximum, mean, standard deviation, median, interquartile
range) of the positive evaluations are reported in Table 2.

Table 2. Air: quantitative analysis of positive examinations: measures of position and variability of values CFU/m3.

L. At Rest Operational
Statistics
Bed Air Inlet Bed Air Inlet
Minimum 37 36.1 180.8 37
Maximum 320 330 >1000 712.5
Mean (Standard Deviation) 81.9 (50.3) 79.1 (51.3) 274.2 (174.8) 101.6 (79.7)
Median (Interquartile Range) 67.5 (52.5-88.8) 67.5 (50-85) 231.5 (196.3-270.4) 95 (53.9-122.5)

Taking the data for each year separately, there is an almost constant percentage
reduction over the years of positive examinations, ranging from 100% of examinations
carried out in 2010 to 41.7% of those carried out in 2019, with the lowest percentage
recorded in 2018 (35.7%) (Figure 2).

4 positive controls

e sampling area 10 4.4 68.4 52.4 533 357 417

Figure 2. Air: qualitative analysis, percentage of positive examinations per year.



Atmosphere 2021, 12, 19

50f 10

Over the 10 years under consideration, all of the rooms have shown at least one
positive examination. The percentage of positive examinations observed in each room
varies from a minimum of 14.3%, observed in only one room, to 100% observed in two of
the rooms.

From a qualitative point of view, in addition to the common microbial flora in the
environment, Pseudomonadaceae was isolated in 47.9% of the examinations (of which Pseu-
domonas aeruginosa in 7.8%), Enterobacteriaceae in 28.7%, Staphylococcus aureus in 27.7%, of
which 13.5% were methicillin-resistant (methicillin-resistant Staphylococcus aureus, MRSA)
and coagulase-negative methicillin-resistant staphylococci in 21.8%. The presence of fungi—
moulds and/or yeasts—was detected in 81.9% of examinations, 35% of which were above
the value indicated in the literature (<15 CFU/m?). Figure 3 shows the qualitative aspect
of fungal contamination.

other yeasts = 2 6%

Rhodotorula spp. L ) 6. 1%
other moulds T ) 5%,
Mucor spp. T (.2 %
Aspergillus spp. S WP
Penicillum spp. - 33, 8%,
Cladosporium spp. [ — — WA
0 5 10 15 20 25 30 35 40 45

Figure 3. Qualitative aspects of fungal contaminations.

The highest percentage of positive examinations for fungi was observed in 2011 and
2012 (95.2% and 94.4% of examinations).

3.2. Microbiological Monitoring of Surfaces

Microbiological monitoring of surfaces has been carried out since 2011, and has
been performed on surfaces in 17 rooms. A total of 870 samples were taken, almost
equally distributed among the different types of surfaces considered. Seventy per cent
of the samples showed the presence of microbial flora with a density between 1 and
>50 CFU/plate (median value 4 CFU/plate; IQR: 2-9). Considering the reference values
indicated by ISPESL, in 84.7% of the contaminated surfaces the microbial density was
within the standard limits for surfaces in critical environments; in particular, 62.1% of the
sampling was <5 CFU/plate, and 22.6% was between 6 and 15 CFU/plate. By contrast,
in 15.1% the microbial density was higher than 15 CFU/plate and in 1 case it was not
assessable due to the presence of a patina (Table 3).

The most critical surfaces were the floors, for which 36.0% (45/125) of the samples
showed microbial load above the recommended levels, followed by the scialytic lamps
with 16.0% (20/125) of the non-compliant samples (Figure 4).
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Table 3. Surfaces: quantitative analysis.

Anaesthesia Scialytic Instrument Anaesthesia

Bed Trolley Lamp Table Floor Wall Machine Total
41.3% 27.6% 16% 38.4% o 50.4% 32.2% 30%
Floraabsent o, 176, (34/123) (20/125) as/125) AP O/B) a5 (39/121)  (261/870)
Flora present 58.7% 72.4% 84% 61.6% 96% 49.6% 67.8% 70%
P (74/126) (89/123) (105/125) (77/125) (120/125)  (62/125)  (82/121)  (609/870)
<5 77% 69.6% 57.2% 71.4% 30.8% 80.6% 69.5% 62.1%
CFU/plate (57/74) (62/89) (60/105) (55/77) (37/120) (50/62) (57/82) (378/609)
>5 and <15 16.2% 22.5% 23.8% 22.1% 31.7% 12.9% 22% 22.6%
CFU/plate (12/74) (20/89) (25/105) (17/77) (38/120) (8/62) (18/82) (138/609)
>15 . . 19% . 37.5% 6.5% . 15.1%
CFU/plate 08 % (B/74) 7% (/89) g SXR@TD i @2 S5RU/8D g
. . 0.2%
Patina 0 0 0 1.3% (1/77) 0 0 0 (1/609)
Instrument table 3.2%
Wall 3.2%
Bed 4%
Anaesthesia trolley 5.7%
Anaesthesia machine 5.8%

Scialytic lamp NN 16%
Floor I 36%

Figure 4. Surfaces: percentage of non-compliant samples.

From a qualitative point of view, critical microorganisms (Staphylococcus aureus, Pseu-
domonas spp., Enterobacteria and Aspergillus spp.) were present on 16.9% of contaminated
surfaces; in particular, Staphylococcus aureus was present on 2.6% (18.8% of which were
MRSA), Pseudomonas spp. on 8%, Enterobacteria on 4.9% and Aspergillus spp. on 2.6%.
Of the non-critical flora isolated, the presence of coagulase-negative methicillin-resistant
staphylococci (5.4%), yeasts (3.1%), and moulds other than Aspergillus spp. (19.2%) should
be noted. Based on the quantitative and qualitative criteria indicated in the ISPESL Guide-
lines [16], overall 18.7% of the samples showed a condition of non-compliance: for solely
the quantitative aspect in 6.9%, for solely the qualitative aspect in 8.1%, for both in the
remaining 3.7%.

Taking the data for each year separately, the highest percentage of non-compliant
samples was recorded in 2012 (36.8%), against a small number of samplings carried out,
and in 2015 (28.6%) (Table 4).
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Table 4. Distribution of non-compliant samples (K+) of the total number of samplings carried out (K) per room and per year.

2011 2012 2013 2014 2015 2016 2017 2018 2019
Room Total
K+/K K+/K K+/K K+/K K+/K K+/K K+/K K+/K K+/K
6/56
1 0/6 - 2/8 0/7 2/7 1/7 /7 0/7 0/7 " 0.7o)
10/55
2 1/6 - 4/7 1/7 2/7 1/7 0/7 1/7 0/7 (18.2%)
7/49
3 ] - 1/7 3/7 0/7 0/7 1/7 2/7 0/7° " (14.3%)
3/49
4 ] - 1/7 0/7 0/7 0/7 1/7 1/7 0/7 (6.1%)
11/62
5 1/6 - 2/7 1/7 3/14 2/7 0/7 1/7 1/7 a7.7%)
7/55
6 0/6 - 1/7 1/7 1/7 0/7 1/7 /7 217 127%)
11/55
7 1/6 - 2/7 1/7 3/7 2/7 0/7 0/7 27 0.0%)
11/55
8 2/6 - 3/7 1/7 1/7 2/7 0/7 1/7 V7 200%)
21/76
9 2/6 3/6 2/15 3/7 4/7 1/14 3/7 2/7 V7 76w
10 3/6 2/7 2/15 3/7 3/7 1/14 1/7 0/7 1/7 16/?
(21.1%)
14/70
11 - 2/6 1/15 4/7 3/7 1/14 2/7 1/7 0/7 (20.0%)
9/28
12 - - 3/7 4/7 1/7 1/7 - . ) (32.1%)
8/35
13 ; ; 2/7 1/7 4/7 0/7 - 1/7 - (22.9%)
8/28
14 B} - 2/7 1/7 3/7 2/7 - - - (28.6%)
8/29
15 } - 1/7 4/7 2/7 1/8 - - - (27.6%)
5/49
16 ) ; 1/7 0/7 2/7 1/7 1/7 0/7 0/7 " (10.2%)
8/42
17 . - 1/7 2/7 2/7 2/7 1/7 0/7 - (19.0%)
Toal 10/48 7/19  31/144  30/119  36/126  18/141  12/91 11/98 8/84  163/870
° (20.8%)  (36.8%)  (215%)  (252%)  (28.6%)  (128%)  (13.2%)  (112%)  (95%)  (18.7%)

4. Discussion

Although more than 70% of the examinations of the air showed bacterial load values
which did not conform to the standards indicated for at least one sampling zone, significant
contamination both as an entity of the microbial load observed per sampling point and,
above all, as a global criticality (all sampling points non-compliant) can be detected in
a very small number of examinations and affects a limited number of rooms. Moreover,
disaggregating the results by sampling zone, given the different objectives of the evaluation
in the at rest room vs. the operational room, it can be observed that over 40% of the
evaluations both in the empty room (44.6%) and during the surgical procedure (41.2%)
show values within the compliance range.



Atmosphere 2021, 12, 19

8 of 10

Considering the main variables that under the two different conditions can affect the
microbial contamination of the air, it appears possible that the high microbial load values
observed may have been determined, especially during surgical activities, mostly by a
non-optimal operation and/or maintenance of the air conditioning system. In many cases,
in fact, high microbial loads are observed at the level of the air inlet vents, sometimes even
higher than those detected at the same time near the bed. However, a certain criticality
must also be pointed out in the bed zone when at rest, which may be due to non-optimal
sanitisation procedures. It should be noted, however, that the percentage of non-compliant
examinations has decreased considerably over the years, with the lowest values shown in
recent years. This observation suggests that various management/structural/engineering
and behavioural aspects that may influence air quality have been the subject of attention
and improved following the sub-standard examination results in the testing carried out.

In terms of quality, bacteria isolated from air samples include Pseudomonadaceae, En-
terobacteriaceae, Staphylococcus aureus, and coagulase-negative staphylococci, considered
among the main aetiological agents of surgical site infections [6,11,21,22]. Machinery
malfunctions may have affected the detection of gram-negative bacteria in the air. Their
survival may be enhanced by altered conditions such as high humidity and low tem-
perature [23,24]. Moreover, Pseudomonadaceae, which have also been detected by other
authors in the air and on the surfaces of ORs, have a high capacity to survive and spread
in hospital environments given their modest nutritional requirements and resistance to
commonly used antibiotics and disinfectants [8,25-27]. As far as S. aureus is concerned, its
presence in the OR environment could be related to the presence of colonised subjects [28].
In fact, Staphylococcus aureus eliminated in the environment by carrier subjects (patient,
operators) can remain vital for long periods of time [29]. The focus on Staphylococcus aureus
is such that, since the microorganism may be of endogenous origin, the WHO Global
Guidelines for the Prevention of Surgical Site Infections recommend decolonisation in
nasal carriers undergoing surgery [1]. In addition, an increasing number of these infec-
tions are caused by MRSA [6,21,22]; in these cases, the mortality rate can exceed 70% [30].
The presence of both MRSA and methicillin-resistant non-aureus staphylococci confirms
that methicillin-resistant staphylococci are currently part of the endemic flora in many
hospitals [31,32].

Fungal contamination is also considered a very important environmental indicator
(although no official limits are set), as it can be related to high humidity and dustiness,
reduced ventilation, and, in general, poor air quality [33]. Their frequent isolation, in
over 80% of examinations, would seem to confirm a possible problem with the ventilation
system. The higher levels detected in the years 2011 and 2012 could be attributed, at least
in part, to construction works in progress at the time in the areas adjacent to the hospital
examined. Additionally, in this case, a malfunctioning of the air conditioning systems
could have played a role. The risk of SSI from airborne fungi was rarely reported, and
mainly in immunodepressed subjects [34].

With a view to better assessing the microbiological quality of the environment, as
well as testing the air, surfaces were also tested. These evaluations have shown an overall
good level of sanitation of the surfaces examined. In fact, the percentage of non-compliant
surfaces detected was relatively low and, in these cases, the judgment of non-compliance
was mainly due to the qualitative aspect. The fact that the floors and scialytic lights were
found to be the most critical surfaces may suggest that, on occasion, sanitising procedures
were not carried out with the same attention to the various surfaces present in the same
environment. One might argue, in fact, that more attention is paid to the easier and
more conveniently-reached ones, as shown by the fact that the highest-located surface,
the scialytic lights, and lowest-located one, the floor, were the least clean. It can also be
assumed that the greater attention paid to the other surfaces may have been determined by
the different perceptions of the infectious risk associated with them.
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5. Conclusions

In the OR, the main way of preventing SSI is by reducing the microorganisms that
can reach the surgical wound. As such, it is fundamental that the environment complies
with structural, organisational, and managerial norms and adequate behavioural models.
The detection of microbial contamination through environmental monitoring may be the
indirect expression of shortcomings or failures in the above-mentioned aspects. In terms of
prevention, environmental monitoring certainly constitutes a secondary level intervention,
mainly aimed at an “early diagnosis” of environmental unhealthiness, as a forewarning
of sentinel events. For this reason, it should be carried out by all surgical facilities on a
constant, although obviously not daily, basis. Its value transcends the moment in which it is
performed, since through monitoring, indications are given of the hygienic-sanitary quality
not only of that moment (the status quo) but also of the quality that that environment will
always have under the same operating, management and sanitation conditions. Moreover,
data on environmental quality could be a useful educational and training tool both for
those responsible for the sanitation procedures, since the results reflect the effectiveness
and suitability of the procedures adopted, and for the surgical team in order to increase
awareness of the effects of a possible non-adherence to behavioural standards.
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