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Abstract

Ensuring effective cleaning and disinfection (C/D) of operating room (OR) surfaces is
essential for patient safety, yet available monitoring methods vary in performance and
interpretation. This study aimed to assess changes associated with a multimodal interven-
tion on C/D quality, compare the performance of four monitoring methods, and identify
predictors of post-cleaning outcomes. A quasi-experimental pre-post study was conducted
during 40 surgical procedures, totaling 1400 assessments across five high-touch surfaces.
Monitoring included visual inspection, adenosine triphosphate (ATP) bioluminescence,
microbiological culture (reference method), and a fluorescent marker. Sensitivity, specificity,
and accuracy were calculated, and multivariable models were used to evaluate predictors
of post-cleaning ATP levels. The methods showed distinct performance profiles: ATP
demonstrated high specificity (93.9% and 86.7%) and accuracy (92.0% and 85.0%) but low
W) Check for updates sensitivity; visual inspection showed intermediate accuracy (62.0% and 44.0%); and the

o fluorescent marker demonstrated high sensitivity (100% in the first collection) but low
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specificity. The intervention period was associated with increased cleaning time and re-
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Published: 4 June 2026 ated in the second phase. These findings suggest that multimethod monitoring captures
Copyright: ©2026 by the authors. complementary dimensions of environmental hygiene and may support continuous quality
Licensee MDPI, Basel, Switzerland. improvement in surgical settings.

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Hygiene 2026, 6, 32 https:/ /doi.org/10.3390/hygiene6020032


https://crossmark.crossref.org/dialog?doi=10.3390/hygiene6020032&domain=pdf&date_stamp=2026-06-04
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/hygiene
https://www.mdpi.com
https://orcid.org/0000-0003-2710-2122
https://orcid.org/0000-0001-7472-5213
https://orcid.org/0000-0003-2711-0667
https://orcid.org/0000-0001-6119-6762
https://orcid.org/0000-0002-5913-8886
https://orcid.org/0000-0002-4975-2727
https://orcid.org/0000-0002-5937-4301
https://orcid.org/0000-0002-5946-0197
https://orcid.org/0000-0002-4054-768X
https://doi.org/10.3390/hygiene6020032

Hygiene 2026, 6, 32

2of 16

Keywords: operating rooms; hospital housekeeping services; disinfection; health education;
infection control

1. Introduction

Healthcare-associated infections (HAIs) remain among the greatest challenges to pa-
tient safety, with substantial impacts on morbidity and mortality, length of hospital stay, and
healthcare costs. Recent estimates indicate that approximately 7% of hospitalized patients in
high-income countries and up to 15% in low- and middle-income countries acquire at least
one HAI during hospitalization [1,2]. In Brazil, a multicenter study conducted in 152 hospi-
tals reported an overall prevalence of 10.8%, underscoring the magnitude of the problem at
the national level [3]. Key determinants include failures in hand hygiene, inappropriate
antimicrobial use, breaches in care practices, and environmental contamination [4].

Cross-contamination through environmental surfaces and fomites represents an im-
portant pathway for pathogen transmission in healthcare settings, particularly in critical
areas such as operating rooms (ORs). In these environments, the complexity of surgical
procedures, patient vulnerability, and intense circulation of staff and equipment increase
the likelihood of microbial dissemination, including multidrug-resistant organisms [5,6].
Accordingly, effective cleaning and disinfection (C/D) of environmental surfaces constitute
a central component of infection prevention programs, as recommended by international
and national organizations such as the World Health Organization (WHO), the Association
of periOperative Registered Nurses (AORN), and the Brazilian Health Regulatory Agency
(ANVISA). Nevertheless, studies conducted in different healthcare settings indicate that
compliance with recommended environmental hygiene practices remains suboptimal, with
only 25-50% of surfaces meeting established cleaning criteria in routine assessments [7].

Environmental contamination in operating rooms has been associated with the occur-
rence of surgical site infections (SSI), one of the most common HAIs in surgical patients.
Inadequately cleaned high-touch surfaces located near the surgical field may act as reser-
voirs for microorganisms, facilitating indirect transmission and maintaining contamination
cycles in the surgical environment. Previous studies have demonstrated that pathogens
such as Staphylococcus aureus and Acinetobacter spp. can persist on surgical equipment
and adjacent surfaces, highlighting the importance of effective environmental hygiene
between procedures [8-10].

Despite the recognized importance of environmental cleaning, its evaluation in clinical
practice frequently relies on visual inspection alone. However, visual assessment has
limited ability to detect residual organic matter or microbiological contamination and may
not accurately reflect cleaning effectiveness. For this reason, guidelines recommend the use
of objective and complementary monitoring methods, including adenosine triphosphate
(ATP) bioluminescence, fluorescent markers, and microbiological cultures, to support
environmental hygiene auditing and verification processes [7,11].

In Brazil, however, important knowledge gaps remain regarding the systematic evalu-
ation of environmental cleaning effectiveness in operating rooms using these monitoring
methods, either individually or in combination. Existing studies are limited and often focus
on isolated indicators, making it difficult to compare the relative performance of different
monitoring tools or to assess adherence to recommended cleaning practices in real surgical
environments [12,13]. This lack of evidence may hinder decision-making by healthcare
managers and infection control teams, particularly in resource-constrained contexts where
prioritization of monitoring strategies is necessary.
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Several strategies have been proposed to improve environmental hygiene prac-
tices, including standardized protocols, staff training, audit and feedback systems, and
multimethod monitoring approaches that combine process indicators with environmen-
tal outcomes. However, there is still limited evidence from real-world surgical set-
tings comparing the performance of different monitoring methods within structured
improvement interventions.

Given this context, investigating the quality of surface cleaning and disinfection in
operating rooms using objective and complementary methods is essential for identifying
critical points in the process and supporting continuous improvement initiatives. Lo-
cally generated evidence aligned with national and international recommendations may
contribute to strengthening institutional policies and improving environmental hygiene
practices in surgical environments.

Therefore, the research question guiding this study was: what changes are observed
following a multimodal intervention on objective indicators of surface cleaning and disin-
fection in operating rooms?

Based on this question, the objective of this study was to evaluate changes associ-
ated with a multimodal intervention, combining staff training, process standardization,
and modification of disinfectant products, on surface cleaning and disinfection in oper-
ating rooms using four monitoring methods: visual inspection, ATP bioluminescence,
microbiological culture, and a fluorescent marker.

2. Materials and Methods

This was a quasi-experimental, nonrandomized, single-group pre—post intervention
study designed to evaluate changes before and after a multimodal intervention on the
cleaning and disinfection (C/D) processes of surfaces in operating rooms (ORs).

The study was conducted in a medium-sized public hospital located in eastern Mato
Grosso do Sul, in Brazil’s Central-West region. The institution is a referral center for
medium- and high-complexity surgical procedures and has 116 beds. The Surgical Center
(SC) includes 10 operating rooms (ORs), a pre-anesthesia room (PAR) with five beds, and
a post-anesthesia care unit (PACU) with five beds. The hospital performs approximately
120 surgical procedures per month across multiple specialties.

Eighteen professionals directly involved in the cleaning and disinfection processes of
the operating rooms participated in the study, including nurses, nursing technicians, and
environmental services staff. Professionals who were on medical leave or vacation during
the data collection period were excluded.

Surfaces selected for monitoring were identified through direct observation conducted
over one week, considering the frequency of hand contact by healthcare professionals and
proximity to the patient. Based on these criteria, five high-touch surfaces were selected by
convenience sampling for evaluation: the anesthesia cart (upper tray), the operating table
(upper surface of the mattress, middle third), the instrument side table, the electrocautery
unit, and a granite countertop located in the operating room.

Effectiveness of cleaning and disinfection (C/D) was assessed using four complemen-
tary monitoring methods: visual inspection, ATP bioluminescence, microbiological culture,
and a fluorescent marker. In visual inspection, a surface was considered noncompliant if
it showed any sign of dust, dirt, grease, stains, scratches, chips, rust, moisture, biological
residues such as blood or secretions, or structural damage [14,15].

ATP bioluminescence was performed using a LaborClin sampling template (10 cm x 10 cm
Pinhais, PR, Brazil ) applied to the surface to standardize the sampled area. An appropriate
swab for the Clean-Trace™ 3M system (3M Science Applied to Life™ Sumaré, SP, Brazil)
was used to swab the area uniformly within the template using horizontal and vertical
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strokes. After sampling, the swab was returned to its tube and agitated for 5-10 s to
homogenize the sample with the reagent. The tube was then inserted into the Clean-Trace™
3M luminometer for measurement, and results were expressed as relative light units (RLU).
Values < 250 RLU were considered acceptable [16]. Although the <250 RLU threshold
is widely used, its applicability may vary according to surface type and clinical context,
which should be considered when interpreting ATP results.

For microbiological culture, total aerobic microorganisms were monitored using Rodac
Plate® (Biocen fromBrazil Campinas, SP, Brazil) contact plates containing tryptic soy agar.
Each plate, containing 15-20 mL of culture medium, was applied to the surface for 10 s and
subsequently incubated at 37 °C for 2448 h. Results were expressed as colony-forming
units (CFU) [17] using a Logen LS6000 digital colony counter (Texas Instruments Inc.,
Dallas, TX, USA) under reflected light. Surfaces presenting fewer than 2.5 CFU/cm?,
equivalent to 60 CFU per plate, were considered microbiologically clean [18-20].

The fluorescent marker method was performed using Optiglow® SF (Oleak), applied
as approximately 3 cm spots on the evaluated surface. After cleaning, inspection was
conducted under ultraviolet light. The presence of fluorescent marks indicated inadequate
removal of the product and, therefore, a cleaning failure. If all marks were removed, the
surface was considered adequately cleaned [21].

The study was conducted between September and November 2023 and comprised
three phases.

2.1. Phase I—Situational Assessment

In this phase, the effectiveness of routine surface cleaning and disinfection per-
formed in the operating rooms was evaluated without prior intervention. To minimize the
Hawthorne effect, staff were not informed about the study; this approach was approved by
the Ethics Committee. Sampling was conducted immediately after the surgical procedure
(pre-cleaning) and 10 min after cleaning and disinfection (post-cleaning), with surfaces
completely dry to avoid interference from disinfectant residues.

Four monitoring methods were applied: visual inspection, ATP bioluminescence,
microbiological culture (CFU counting), and a fluorescent marker. At that time, the unit
routinely used sterile gauze pads moistened with 70% alcohol for surface cleaning due to
concerns regarding the integrity of certain equipment surfaces.

2.2. Phase II—Multimodal Intervention

Based on the results of Phase I, a multimodal intervention was implemented for the
nursing and environmental services teams. The intervention was conducted over a week-
end, totaling 6 h of training, delivered in four sessions of 1 h and 30 min each, and involved
18 professionals distributed across daytime (even and odd shifts) and nighttime shifts.

The intervention comprised three main components. First, theoretical and practical
training was delivered through lecture-discussion sessions, demonstrations, and practical
simulations using fluorescent markers on hands and surfaces to illustrate the importance of
proper cleaning techniques. The training covered: (i) principles of environmental hygiene;
(if) correct friction technique; (iii) adequate surface coverage; (iv) disinfectant contact time;
and (v) identification of high-touch surfaces.

Second, baseline results obtained in Phase I, including visual inspection and mi-
crobiological findings, were presented to participants to raise awareness of current
cleaning performance.

Third, cleaning and disinfection procedures were standardized. The disinfectant
Peroxy 4D (Sumaré, SP, Brazil), composed of 4.25% hydrogen peroxide and 5.6% quaternary
ammonium compounds, was adopted. The product was applied using six sprays onto
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reusable wipes (70% viscose and 30% polyester; 35 g/m?) until fully moistened without
dripping. Surfaces were wiped using moderate pressure and broad strokes. A standardized
cleaning sequence was implemented, including a predefined order of surfaces (from less to
more contaminated areas) and unidirectional movements to avoid recontamination and
ensure full surface coverage. The recommended disinfectant contact time was maintained
according to manufacturer instructions before drying.

Cloth use was also standardized: one cloth was used for the operating table, one for
the anesthesia cart, and another for the remaining surfaces (granite countertop, instrument
side table, and electrocautery unit). Cloths were replaced whenever visibly soiled. In the
presence of organic matter, a two-cloth technique was applied, with one cloth used for
removal of organic material and another for cleaning and disinfection [15,22-24].

The intervention was delivered by the research team, composed of professionals with
experience in infection prevention and control. No formal assessment of adherence to the
intervention (intervention fidelity) was conducted during the post-intervention phase.

2.3. Phase 1II—Post-Intervention Monitoring (Short-Term)

This phase began one month after the intervention and aimed to assess the practical
adherence of the team to the standardized procedures. Sampling followed the same
protocol used in Phase I, without additional training or feedback, in order to evaluate the
spontaneous maintenance of the implemented practices.

A total of 40 cleaning and disinfection procedures associated with 40 surgical proce-
dures were evaluated. In each procedure, five predefined high-touch surfaces were assessed
both before and after cleaning and disinfection. All four monitoring methods were applied:
visual inspection, ATP bioluminescence, microbiological culture, and fluorescent marker.

In each phase (Phase I and Phase III), 40 surgical procedures were evaluated, result-
ing in 200 surfaces per phase (five surfaces per procedure). Each surface was assessed
before and after cleaning, generating paired measurements for each method. Across the
four monitoring methods, this resulted in a total of 700 assessments per phase, totaling
1400 assessments across the study.

The unit of analysis in this study was the surface per procedure. Measurements
were structured as repeated observations within procedures, with paired data (pre- and
post-cleaning) for each surface. The study design and data structure are illustrated in
Figure 1.

Sampling occurred at two time points: immediately after the end of the surgical
procedure (pre-cleaning and disinfection [pre-C/D]) and after cleaning and disinfection,
before the start of the next surgical procedure. The following monitoring methods were
applied sequentially: visual inspection, ATP bioluminescence, microbiological culture, and
fluorescent marker.

Data were organized in Microsoft Excel and analyzed using Epi Info™ version 7.2.4
and BioEstat version 5.3. Descriptive and inferential statistical analyses were performed
with a significance level of 5%.

Continuous variables were expressed as median and interquartile range or mean and
standard deviation, and categorical variables as absolute and relative frequencies. As most
variables showed non-normal distributions according to the Lilliefors test, nonparametric
tests were used. The Mann-Whitney test was applied for comparisons between indepen-
dent groups, and the Wilcoxon signed-rank test was used for paired comparisons between
pre- and post-cleaning measurements.

Given the paired structure of the data (pre- and post-cleaning measurements for the
same surfaces), analyses were conducted at the surface level. Although measurements
were clustered within procedures, this potential dependency was considered a limitation of
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the study. No formal correction for multiple comparisons was applied. Therefore, results
should be interpreted with caution due to the increased risk of type I error.

Multiple linear regression models were used to evaluate the association between
cleaning and disinfection outcomes, expressed by ATP and colony-forming unit (CFU)
values, and independent variables such as surgical duration, surface type, time dedicated
to cleaning and disinfection, and number of people present in the operating room. Model
assumptions, including linearity, homoscedasticity, and absence of multicollinearity, were
assessed prior to analysis. The performance of the monitoring methods was evaluated by
calculating sensitivity, specificity, and accuracy, using microbiological culture as the refer-
ence (gold standard) method. Confidence intervals (95%) were calculated for diagnostic
performance measures.

CONTEXT
Hospital: Public, Brazil
Procedures: n=40
Surfaces/procedure: n=5

J

PHASE | — BASELINE
Procedures: n=40
Surfaces: n=200
Assessments: n=700
Monitoring: Visual | ATP | Culture | Fluorescent
Measurements: Before vs After

{

PHASE Il — INTERVENTION
Training
Protocol standardization
Disinfectant change
No data collection

y

PHASE Illl — POST-INTERVENTION
Procedures: n=40
Surfaces: n=200
Assessments: n=700
Monitoring: Visual | ATP | Culture | Fluorescent
Measurements: Before vs After

!

DATA STRUCTURE
Unit: surface per procedure
Paired: before vs after
Multimethod

Figure 1. Study design of the quasi-experimental pre—post multimodal intervention in operating
room surface cleaning.

The study was approved by the Research Ethics Committee of the Federal University
of Mato Grosso do Sul (CAAE: 67932423.1.0000.0021), in accordance with Resolution
No. 466/2012 of the Brazilian National Health Council. Participation of professionals was
voluntary and occurred after signing the informed consent form, ensuring confidentiality
and anonymity of the collected information.

3. Results

Following the multimodal intervention, in Table 1 the mean time devoted to cleaning
increased significantly (13.5 to 21.9 min; p = 0.002). On visual inspection, failure rates
remained high on the granite countertop and the instrument side table (90-100%), with a
slight reduction on the anesthesia cart (25% to 20%) and an increase on the mattress (35%
to 45%).

By ATP bioluminescence, the electrocautery unit was the most critical surface before
cleaning (45%), decreasing to 30%; there was improvement on the instrument side table (15%
to 5%) and worsening on the granite countertop (15% to 20%). On microbiological culture,
failure rates were low (0-10%): no growth on the instrument side table and the mattress
after the intervention, with a residual 5% on the anesthesia cart and the electrocautery unit.
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The fluorescent marker revealed limitations in physical removal, with increased failures on
the granite countertop (60% to 90%) and the instrument side table (50% to 70%), persistently
high levels on the anesthesia cart (75%), and rates greater than 65% on the mattress and the
electrocautery unit.

Table 1. Number and percentage of dirty surfaces by surface type and C/D monitoring method,
before and after the multimodal intervention, in the first and second data collections. Public Hospital,
Central-West Brazil, 2024.

Granite . Instrument Side Electrocautery
Method/Data Collection Countertop Anesthesia Cart Table Unit Mattress
No. (%) of Dirty Surfaces
Visual inspection
Before—T1st collection 19 (95) 3(15) 18 (90) - -
After—1st collection 19 (95) 1(5) 18 (90) - -
Before—2nd collection 20 (100) 5(25) 20 (100) 6 (30) 7 (35)
After—2nd collection 18 (90) 4 (20) 20 (100) 5(25) 9 (45)
ATP bioluminescence
Before—T1st collection 3(15) - - 9 (45) -
After—1st collection - 1(5) 2 (10) 3(15) -
Before—2nd collection 3(15) 3 (15) 3 (15) 9 (45) 2 (10)
After—2nd collection 4 (20) 2 (10) 1(5) 6 (30) -
Microbiological culture
Before—1st collection - 1(5) - - -
After—1st collection 1 (5) 1(5) - - -
Before—2nd collection 1(5) 2 (10) - 1(5) -
After—2nd collection - 1(5) - 1(5) -
Fluorescent marker
After—1st collection 12 (60) 15 (75) 10 (50) 13 (65) 11 (55)
After—2nd collection 18 (90) 15 (75) 14 (70) 14 (70) 13 (65)

Notes: Twenty samples were collected for each surface type in both the first and second collections, totaling
100 samples per collection. Percentages are calculated based on 20 samples per surface (n = 20). “-” = zero frequency.

Overall, mean ATP levels decreased after C/D (1st collection: 109.3 to 95.7; p = 0.002;
2nd collection: 224.3 to 124.9; p = 0.021). By surgery type, declines were observed in clean
surgeries in both collections (117.0 to 86.2; p = 0.001 and 171.0 to 122.0; p = 0.036) and a
marked reduction in potentially contaminated procedures in the 2nd collection (1237.4
to 180.8; p = 0.018). With respect to the number of people present in the operating room,
reductions occurred with 7-8 persons in the 1st collection (208.0 to 51.8; p = 0.002) and with
3—4 (310.3 to 179.6; p = 0.008) and 5-6 persons in the 2nd collection (255.1 to 101.4; p = 0.009);
an increase was recorded with 5-6 persons in the 1st collection (92.8 to 112.4; p = 0.013).
Regarding surgical duration, reductions were observed for procedures < 30 min in the
1st collection (69.4 to 23.52; p < 0.001) and >60 min in the 2nd collection (324.4 to 213.1;
p =0.030). For C/D time, decreases were seen at 11-20 min (119.6 to 94.9; p < 0.001) and
>30 min (128.4 to 48.2; p = 0.006) in the 1st collection, and at <10 min in the 2nd collection
(211.6 to 116.6; p = 0.023). Among surfaces, notable reductions were found for the granite
countertop (110.8 to 46.4; p = 0.020) and the electrocautery unit (262.3 to 207.0; p = 0.021) in
the 1st collection (Table 2).

In the 1st collection, statistically significant reductions in mean colony-forming unit
(CFU) values were observed in rooms with 5-6 people (5.2 to 3.5; p = 0.010), in surgeries
lasting <30 min (4.2 to 1.2; p = 0.003), and on the electrocautery surface (6.9 to 2.5; p = 0.022).
In the 2nd collection, a significant reduction occurred when C/D time was >30 min (3.7
to 1.1; p = 0.042) and on the granite countertop (11.7 to 3.2; p = 0.003). In the other
stratifications and for the set of surfaces (“all”), no statistically significant differences were
observed between pre- and post-cleaning measurements(Table 3).
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Table 2. Mean and standard deviation of ATP (RLU) values by study variables, before and after the
first and second data collections. Public Hospital, Central-West Brazil, 2024.

ATP
Variables Before After p-Value
Mean SD Mean SD
Surgery
Potentially contaminated
1st collection (n = 10) 115.0 127.9 181.8 461.4 0.254
2nd collection (n = 5) 1.237.4 2.626.9 180.8 320.0 0.018
Clean
1st collection (n = 90) 117.0 173.2 86.2 288.1 0.001
2nd collection (n = 95) 171.0 273.4 122.0 183.2 0.036
OR occupancy (persons)
3-4
1st collection (n = 15) 99.3 111.8 82.3 94.8 0.500
2nd collection (n = 15) 310.3 338.2 179.6 300.1 0.008
5-6
1st collection (n = 65) 92.8 124.8 1124 377.6 0.013
2nd collection (n = 60) 255.1 798.8 101.4 161.3 0.009
7-8
1st collection (n = 20) 208.0 275.0 51.8 62.3 0.002
2nd collection (n = 25) 98.8 96.9 148.6 170.0 0.089
Duration of surgery
<30 min
1st collection (n = 25) 69.4 83.7 23.52 30.62 <0.001
2nd collection (n = 55) 258.0 834.8 103.3 168.5 0.057
31-60 min
1st collection (n = 20) 190.0 265.5 152.6 323.8 0.148
2nd collection (n = 30) 112.5 104.6 120.4 159.8 0.367
>60 min
1st collection (n = 55) 111.8 145.6 107.9 364.3 0.079
2nd collection (n = 15) 324.4 326.8 213.1 288.3 0.030
C/D time
<10 min
1st collection (n = 35) 125.4 151.9 115.5 251.8 0.393
2nd collection (n = 15) 211.6 379.5 116.6 192.7 0.023
11-20 min
1st collection (n = 55) 119.6 189.4 94.9 363.8 <0.001
2nd collection (n = 45) 334.2 908.7 146.2 223.7 0.057
21-30 min
1st collection (n = 5) 15.0 5.7 13.6 2.4 0.288
2nd collection (n = 25) 115.6 147.8 101.2 1774 0.294
>30 min
1st collection (n = 5) 128.4 99.4 48.2 80.9 0.006
2nd collection (n = 15) 88.5 53.5 108.9 68.3 0.257
Surface type
Granite countertop
1st collection (n = 20) 110.8 141.3 46.4 52.3 0.020
2nd collection (n = 20) 174.3 343.0 128.4 202.2 0.397
Anesthesia cart
1st collection (n = 20) 70.8 65.3 133.1 3255 0.484
2nd collection (n = 20) 146.7 150.6 87.8 82.8 0.058
Instrument side table
1st collection (n = 20) 55.6 52.6 56.5 81.2 0.195
2nd collection (n = 20) 167.8 289.7 108.3 225.1 0.075
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Table 2. Cont.
ATP
Variables Before After p-Value
Mean SD Mean SD
Electrocautery unit
1st collection (n = 20) 262.3 260.1 207.0 595.6 0.021
2nd collection (n = 20) 541.6 1.316.0 249.2 254.0 0.294
Mattress
1st collection (n = 20) 474 35.6 35.8 38.5 0.169
2nd collection (n = 20) 91.2 117.8 51.0 421 0.118
All surfaces
1st collection (n = 100) 109.3 157.5 95.7 307.9 0.002
2nd collection (n = 100) 224.3 635.9 124.9 190.2 0.021

Note: p < 0.05 indicates statistical significance (Wilcoxon test); n = sample size.

Table 3. Mean and standard deviation of colony-forming unit (CFU) values by study variables, before

and after the first and second data collections. Public Hospital, Central-West Brazil, 2024.

CFU
Variables Before After p-Value
Mean SD Mean SD
Surgery
Potentially contaminated
1st collection (n = 10) 3.1 4.4 2.7 4.3 0.390
2nd collection (n = 5) 5.6 7.6 24 1.7 0.062
Clean
1st collection (n = 90) 4.7 9.8 45 12.0 0.085
2nd collection (n = 95) 10.0 26.9 7.1 13.3 0.319
OR occupancy (persons)
34
1st collection (n = 15) 2.5 3.8 3.1 3.6 0.240
2nd collection (n = 15) 11.1 18.7 4.1 5.7 0.091
5-6
1st collection (n = 65) 5.2 10.8 35 10.4 0.010
2nd collection (n = 60) 7.0 12.7 7.6 15.5 0.387
7-8
1st collection (n = 20) 4.0 6.8 8.1 17.1 0.276
2nd collection (n = 25) 15.6 46.9 6.6 9.0 0.358
Duration of surgery
<30 min
1st collection (n = 25) 4.2 4.5 1.2 29 0.003
2nd collection (n = 55) 8.1 139 8.0 15.7 0.256
31-60 min
1st collection (n = 20) 2.6 3.1 3.6 4.0 0.222
2nd collection (n = 30) 144 42.8 74 9.7 0.275
>60 min
1st collection (n = 55) 5.4 121 6.0 14.9 0.366
2nd collection (n = 15) 6.5 17.0 1.2 1.3 0.098
C/D time
<10 min
1st collection (n = 35) 3.7 55 5.6 13.3 0.489
2nd collection (n = 15) 3.6 3.8 2.6 3.3 0.212
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Table 3. Cont.

CFU
Variables Before After p-Value
Mean SD Mean SD

11-20 min

1st collection (n = 55) 53 11.7 3.8 11.1 0.060

2nd collection (n = 45) 8.7 14.2 10.5 18.0 0.456
21-30 min

1st collection (n = 5) 14 1.7 0.6 1.3 0.164

2nd collection (n = 25) 19.1 48.0 6.2 6.3 0.397
>30 min

1st collection (n = 5) 5.6 7.1 5.2 6.3 0.500

2nd collection (n = 15) 3.7 7.5 1.1 1.6 0.042

Surface type

Granite countertop

1st collection (n = 20) 3.3 3.8 6.4 17.7 0.389

2nd collection (n = 20) 11.7 18.5 3.2 52 0.003
Anesthesia cart

1st collection (n = 20) 5.9 15.5 8.3 16.8 0.143

2nd collection (n = 20) 11.1 22.2 8.4 18.1 0.361
Instrument side table

1st collection (n = 20) 3.3 3.6 24 3.7 0.117

2nd collection (n = 20) 2.6 2.6 4.3 54 0.105
Electrocautery unit

1st collection (n = 20) 6.9 12.2 2.5 4.1 0.022

2nd collection (n = 20) 19.4 50.3 11.1 16.3 0.300
Mattress

1st collection (n = 20) 35 53 2.2 4.8 0.154

2nd collection (n = 20) 4.1 6.9 7.2 13.6 0.078
All surfaces

1st collection (n = 100) 45 94 43 114 0.089

2nd collection (n = 100) 9.8 26.3 6.8 13.0 0.249

Note: p < 0.05 indicates statistical significance (Wilcoxon test) n = sample size.

According to the multiple linear regression analysis (Table 4), in the first collection,
pre—cleaning and disinfection (pre-C/D) ATP levels were significant predictors of post-C/D
ATP (the dependent variable). In the second collection, in addition to initial ATP, surgical
duration and surface type were also significantly associated with the outcome. By contrast,
no statistically significant associations were observed between the variables studied and
post-C/D colony-forming unit (CFU) values in either collection.

As shown in Table 5, the ATP detection method had the best performance for evalu-
ating surface C/D, with accuracy of 92.0% in the first collection and 85.0% in the second,
as well as high specificity in both phases (93.9% and 86.7%, respectively). The fluorescent
marker demonstrated high sensitivity in the first collection (100%) but low specificity
(39.8%) and reduced overall accuracy (41.0%), with performance worsening in the second
collection, when accuracy fell to 26.0%. Visual inspection showed intermediate perfor-
mance, inferior to the other methods, with accuracy of 62.0% in the first collection and
44.0% in the second.
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Table 4. Multiple linear regression of ATP and CFU values after C/D (dependent variables) in relation
to independent variables, first and second data collections. Public Hospital, Central-West Brazil, 2024.

1st Collection 2nd Collection
Variables
b p-Value b p-Value

ATP

Surgery classification 88.59 0.375 —59.34 0.465
ORNumber of people in the ~2335 0.372 23.08 0.185

Duration of surgery 0.62 0.426 1.30 0.038

C/D time 1.02 0.839 —1.90 0.303

Surface type 11.64 0.608 24.83 0.035

Pre-C/D ATP 0.68 0.001 0.15 <0.001
CFU

Surgery classification —-1.11 0.780 -5.60 0.347
OR Number of people in the 1.02 0.326 1.43 0.294

Duration of surgery 0.03 0.323 -0.09 0.082

C/D time 0.01 0.956 —0.20 0.172

Surface type 0.67 0.420 0.85 0.356

Pre-C/D CFU —0.04 0.764 0.09 0.082

Note: b = partial regression coefficient. p < 0.05 indicates statistical significance.

Table 5. Classification of dirty and clean surfaces after C/D by microbiological culture (gold standard)
and other methods. Public Hospital, Central-West Brazil, 2024.

Method Sensitivity % Specificity % Accuracy % (CI 95%)
First collection
Visual inspection 50.0 62.2 62.0 (52.5-71.5)
ATP 0.0 93.9 92.0 (86.7-97.3)
Fluorescent marker 100.0 39.8 41.0 (31.4-50.6)
Second collection
Visual inspection 50.0 43.9 44.0 (34.3-53.7)
ATP 0.0 86.7 85.0 (78.0-92.0)
Fluorescent marker 50.0 25.5 26.0 (17.4-34.6)

Note: CI 95% = confidence interval 95%.

4. Discussion

The findings of this study indicate that the multimodal intervention was associated
with changes in several indicators of the cleaning and disinfection (C/D) process in operat-
ing rooms. Following the intervention, an increase in the time dedicated to C/D and reduc-
tions in ATP levels after cleaning were observed in both data collections. These patterns
suggest that the combined implementation of training, process standardization, and modifi-
cation of disinfectant products may be linked to improved removal of organic residues from
critical surfaces. However, given the quasi-experimental single-group pre-post design,
these findings should be interpreted as associations, and the observed changes cannot be
attributed exclusively to the intervention.

Multivariable analysis further highlighted the importance of contextual and baseline
factors influencing cleaning outcomes. Pre-cleaning ATP levels were consistently associated
with post-cleaning ATP values, indicating that the initial organic load plays a central role in
determining the final condition of surfaces. In the second data collection, surgical duration
and surface type also remained independently associated with post-cleaning ATP levels.
These findings are consistent with previous evidence suggesting that longer procedures
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and frequently handled or structurally complex surfaces tend to accumulate higher levels
of organic material and may require more rigorous cleaning approaches.

The comparison across monitoring methods provides important insights into the
multidimensional nature of environmental hygiene assessment. ATP bioluminescence
demonstrated high specificity but very low sensitivity when microbiological culture was
used as a reference standard. This pattern likely reflects the low prevalence of culture-
positive samples observed in the present study, as well as the conceptual differences
between the methods. While ATP detects organic residues regardless of microbial viability,
microbiological culture identifies viable microorganisms. In low-contamination contexts,
sensitivity estimates may become unstable, and accuracy may be disproportionately in-
fluenced by specificity. Similar discrepancies between ATP results and microbiological
cultures have been described in previous studies and are generally interpreted as evidence
that these methods capture complementary rather than equivalent dimensions of surface
contamination [25,26].

In contrast, the fluorescent marker showed high sensitivity for identifying failures
in friction and surface coverage, but low specificity and overall accuracy when compared
with microbiological culture. This finding suggests that the mechanical component of
cleaning may remain inconsistent even when reductions in organic residues are observed.
The increase in failure rates detected by the fluorescent marker in the second data collection
may be related to variations in cleaning practices or differences in measurement sensitivity,
in which greater emphasis on chemical disinfection could have been accompanied by
less consistent mechanical friction. This interpretation is aligned with previous studies
highlighting the importance of adequate friction and coverage as critical components of
effective environmental cleaning [27,28].

An additional finding was the lower level of baseline contamination observed in the
second data collection, particularly before cleaning. This pattern may reflect behavioral
adaptation among staff following exposure to training and monitoring activities, consistent
with the Hawthorne effect. Alternatively, improvements in environmental organization
or terminal cleaning routines between procedures may have contributed to maintaining
lower levels of contamination prior to routine C/D. Similar behavioral changes have been
reported in studies evaluating audit-and-feedback interventions in healthcare settings.

Surface-specific analyses revealed persistent operational challenges. The electrocautery
unit, granite countertop, and instrument side table showed higher frequencies of noncon-
formities across monitoring methods. These surfaces combine frequent handling with
structural characteristics that may hinder effective cleaning, such as irregular geometry
and hard-to-reach areas. Despite reductions in some indicators, visual inspection failures
and fluorescent marker results suggest that mechanical cleaning may remain suboptimal in
these contexts. At the same time, microbiological cultures showed low residual positivity
(0-10%), reinforcing the notion that different monitoring approaches capture distinct and
complementary aspects of environmental hygiene.

Operational factors also appeared to be associated with cleaning performance. Lower
ATP levels after cleaning were more frequently observed in situations with reduced room
occupancy, suggesting that greater circulation of personnel may contribute to environ-
mental contamination and increase the complexity of cleaning procedures. Similarly, the
association between surgical duration and post-cleaning ATP levels indicates that longer
procedures may require more structured and rigorous cleaning routines due to the accumu-
lation of organic material and increased manipulation of equipment and surfaces.

Although the time dedicated to C/D increased after the intervention, the findings
suggest that longer cleaning duration alone may not ensure effective surface decontamina-
tion. The effectiveness of cleaning likely depends on the quality of technique, including
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appropriate sequence, adequate friction, complete surface coverage, and adherence to
disinfectant contact time. Educational strategies that combine training with feedback mech-
anisms, such as fluorescent markers, have been associated with improvements in adherence
to recommended practices and may support sustained improvements in environmental
hygiene performance [29-31].

Findings related to specific equipment further illustrate operational challenges. The
anesthesia cart, characterized by multiple components and irregular surfaces, maintained
high failure rates in marker assessments and showed worsening in visual inspection results
between data collections. Similar difficulties have been described in complex clinical
equipment where structural design may hinder systematic cleaning. The electrocautery
unit also remained a critical point in ATP measurements despite reductions after the
intervention, suggesting the need for targeted approaches focused on cleaning technique
and access to difficult areas.

Taken together, these findings highlight the relevance of adopting multimethod mon-
itoring strategies for environmental hygiene in operating rooms. ATP measurements
provide rapid feedback on organic residue removal, fluorescent markers support evalu-
ation of friction technique and coverage, and microbiological cultures allow for periodic
verification of microbiological safety. The integration of these complementary approaches
may strengthen surveillance systems and support continuous quality improvement in
environmental hygiene programs.

From a practical perspective, three main implications emerge. First, multimethod
monitoring may be incorporated into routine infection prevention programs, combining
rapid screening methods with periodic microbiological verification. Second, environmental
hygiene protocols may benefit from prioritizing surfaces with higher risk of contamina-
tion or structural complexity, such as electrocautery units, countertops, instrument tables,
and anesthesia carts. Third, strategies addressing the pre-cleaning phase, including im-
proved field organization and management of biological residues during procedures, may
contribute to more effective subsequent cleaning processes.

Overall, the findings suggest that improvements in environmental hygiene in oper-
ating rooms may be associated with the combined use of standardized protocols, staff
training, and continuous monitoring using complementary methods. These observations
are consistent with previous studies indicating that multimodal strategies, including educa-
tion, process standardization, and structured auditing, are linked to better environmental
hygiene performance [32,33].

Limitations

This study has several limitations that should be considered when interpreting the
findings. The quasi-experimental single-group pre—post design without a control group
limits causal inference, and the observed changes cannot be attributed exclusively to the
intervention. In addition, the single-center design and the use of convenience sampling for
surface selection may limit external validity and may not fully represent the complexity of
environmental contamination patterns in operating rooms. The relatively short follow-up
period, with post-intervention monitoring conducted one month after implementation, also
limits conclusions regarding the long-term sustainability of the observed improvements.

Another important limitation relates to the low prevalence of culture-positive samples.
Although microbiological culture was used as the reference method, the small number of
positive results may have influenced estimates of sensitivity and specificity, particularly for
ATP bioluminescence. The absence of sensitivity observed for ATP should be interpreted
with caution, as it is strongly influenced by the low prevalence of culture-positive samples,
which limits the stability of diagnostic performance estimates. In contexts where microbio-
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logical contamination is infrequent, diagnostic performance metrics may become unstable
and accuracy may be driven predominantly by specificity rather than by true detection of
contamination events.

The intervention should also be interpreted as a multimodal strategy, combining
educational activities, changes in disinfectant products, and standardization of cleaning
techniques and materials. Because these components were implemented simultaneously, it
is not possible to isolate the individual effect of each component.

Finally, the study focused on environmental and process indicators and did not
evaluate clinical outcomes such as surgical site infections or other healthcare-associated
infections. Therefore, although improvements in environmental hygiene indicators were
observed, direct inference about patient safety outcomes cannot be established. Future
multicenter studies with longer follow-up periods, inclusion of clinical endpoints, cost-
effectiveness analyses, and calibration of ATP thresholds according to surface type and
surgical context may provide stronger evidence to guide environmental hygiene practices
in operating rooms.

5. Conclusions

The multimodal intervention implemented in this study—combining staff training,
process standardization, and modification of cleaning products—was associated with im-
provements in several indicators of surface cleaning and disinfection in operating rooms.
Increased time dedicated to cleaning procedures and reductions in ATP levels after cleaning
suggest that structured interventions may contribute to improving the removal of organic
residues from critical surfaces. The findings also highlight the complementary nature
of environmental monitoring methods. ATP bioluminescence proved useful for rapid
assessment of organic residue removal, whereas fluorescent markers provided valuable
information on mechanical friction and coverage during the cleaning process, and microbio-
logical cultures allowed for periodic verification of residual contamination. Together, these
methods capture different dimensions of environmental hygiene and should be interpreted
as complementary rather than interchangeable tools.

Integrating multimethod monitoring strategies with standardized protocols and con-
tinuous staff training may strengthen environmental hygiene programs in operating rooms.
Targeted attention to critical surfaces, combined with structured feedback mechanisms and
ongoing surveillance, may contribute to improving the consistency and sustainability of
cleaning and disinfection practices in surgical environments.
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