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Abstract

Objectives:We longitudinally observed and assessed the impact of the operating room (OR) staff movements and door openings on surrogates
of the exogenous infectious risk using a new technology system.

Design and setting: This multicenter observational study included 13 ORs from 10 hospitals, performing planned cardiac and orthopedic
surgery (total hip or knee replacement). Door openings during the surgical procedure were obtained from data collected by inertial sensors
fixed on the doors. Intraoperative staff movements were captured by a network of 8 infrared cameras. For each surgical procedure, 3 micro-
biological air counts, longitudinal particles counts, and 1 bacteriological sample of the wound before skin closure were performed. Statistics
were performed using a linear mixed model for longitudinal data.

Results: We included 34 orthopedic and 25 cardiac procedures. The median frequency of door openings from incision to closure was independ-
ently associatedwith an increased log10 0.3 μmparticle (ß, 0.03; standard deviation [SD], 0.01; P = .01) and airmicrobial count (ß, 0.07; SD, 0.03;
P = .03) but was not significantly correlated with the wound contamination before closure (r = 0.13; P = .32). The number of persons
(ß, −0.08; SD, 0.03; P < .01), and the cumulated movements by the surgical team (ß, 0.0004; SD, 0.0005; P < .01) were associated with
log10 0.3 μm particle counts.

Conclusions: This study has demonstrated a previously missing association between intraoperative staff movements and surrogates of
the exogenous risk of surgical site infection. Restriction of staff movements and door openings should be considered for the control of
the intraoperative exogenous infectious risk.

(Received 3 September 2018; accepted 6 February 2019)

Surgical site infections (SSIs) are the most common hospital-
acquired infections among surgical patients and the leading cause
of hospital readmission after surgery; they impose amajor financial

burden.1,2 It is generally accepted that the contamination of the
surgical wound mainly occurs at the time of surgical procedure
in the operating room (OR), eventually leading to SSI. Main routes
ofmicrobial entry into an open, clean, surgical wound include from
the patient’s skin, from the surgical staff, by airborne microbes, or
by contaminated surgical instruments.3

The literature suggests an impact of surgical team behavior on
the air microbial contamination and the SSI risk.4 Door openings
have been demonstrated to adversely affect air exchange, air qual-
ity, and positive pressure in the OR, affecting the air microbial
contamination in the OR.5 Current guidelines do not include spe-
cific recommendations regarding the best OR staff behavior
(except for clothing rules and hand hygiene) to decrease the exog-
enous risk of SSI.6,7 New technologies using motion-capture
systems present an opportunity to objectively and continuously
assess the global OR staff dynamics and behavior during surgical
intervention in OR.8
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In this study, we aimed to objectively describe and assess staff
behaviors in the OR and their variability by recording staff move-
ments using a motion tracking system and door-openings detec-
tion system. We also assessed correlations between movements
of the OR personnel and the SSI risk, as approximated by surro-
gates of the exogenous infectious risk, in a panel of ORs from 2
clean surgical specialties.

Methods

Population and location of the study

This observational multicenter study was conducted at 10 facilities
(5 university hospitals and 5 private hospitals) in France in a con-
venience sample of 13 ORs (6 in cardiac surgery and 7 in ortho-
pedic surgery).9 Procedures requiring full median sternotomy
and total hip replacement and knee replacement were included.
The population observed comprised OR personnel and any other
person likely to enter the OR during a surgical procedure. At the
preoperative stage, patients were informed orally by surgeons,
anesthetists, or infection control specialists of the ongoing study,
and an information letter was systematically given. The ethics
committee approved this study and granted a waiver of informed
consent patients. Consent forms were obtained from the OR
members.

System of motion capture

A technology of motion capture based on a video-tracking system
was adapted for the objective, continued, and prolonged detection
and characterization of movements in the OR. A network of 8
video cameras (VICON-Bonita, Vicon, Los Angeles, CA)10 was
fixed upright to the wall using suction-cup supports. Markers
placed on the surgical caps/hoods of each person entering the
OR were located in 3 dimensions (3D) using the Vicon Tracker
software using spatial triangulation.11 The 68 LEDs situated on
each camera produced an infrared light reflected by hemispherical
markers and acquired by the optic sensors. The detection of the
same marker by different cameras allows its 3D positioning. The
motion capture was performed by continuous tracking of reflective
markers placed on the surgical caps/hoods of each person entering
the OR. Different markers distinguished different professional cat-
egories: surgeons, anesthesiologists (doctors, nurse and extracor-
poreal circulation personal), OR nurses, and others (including
visitors). A study coordinator holding a marker stayed in the
OR during the procedures, moving only for the sampling and to
provide technical assistance.

Two autonomous wireless inertial sensors (HiKoB FOX,
HiKoB, Villeurbanne, France) were fixed on each door of the
OR and synchronized with the motion-tracking system. Door
openings were determined offline based on data collected by the
inertial sensors.

Themotion-tracking system remained in place for 1 week in the
same OR to allow people to acclimate to its presence and to take
into account potential behavioral modifications due to the
Hawthorne effect. Data acquisition started at skin incision and
continued until wound closure. Door-opening sensors remained
in some ORs for 1 additional week after the removal of the video
cameras. The OR staff were not informed of the persistence of
doors sensors. Thus, the comparison of the frequency of door
openings during and after removal of the motion-tracking system
allowed us to estimate the impact of the Hawthorne effect.

Surrogates of the infectious risk

Microbiological air counts were measured using an impactor air
sampler (Air-test Omega, LCB, La Salle, France) at a flow rate
of 100 L per minute for 5 minutes (500 L) on trypticase soy agar
(BioMerieux, Marcy-l’Étoile, France), which was then incubated
for 4 days at 30°C. Air counts were expressed as colony-forming
units (CFU) per cubicmeter. Samples were taken at the time of skin
incision, 15 minutes after bone was cut (sternum or femur) and at
wound closure.

Particle count was performed using a photodetection device
(HandiLaz Mini, Boulder, CO) continuously from incision to
wound closure.12 The particle analyzer sampled for 1 minute every
5minutes from the patient entry into through exit from the OR at a
rate of 28.3 L per minute (1.0 ft3/min). Particles were classified by
diameter into 3 sizes: 0.3 μm, 0.5 μm, and 5 μm. Both particle and
microbiological air counts were performed near the patient’s head.

A sample from the operated wound was performed before clo-
sure and prior to antiseptic aspersion. We used the sampling
method described previously13 using sterile pads of polyamide-
polyester-viscose placed on subcutaneous tissue for 1 minute.
Microorganisms were extracted by vortexing the pads in phosphate
buffer (PBS) with Tween 80 at 2% and lecithin at 0.3% (Hyphen
BioMed, Neuville sur Oise, France). For each pad, an aliquot of
0.5 mL phosphate buffer was cultured on blood agar after 48 hours
of aerobic and anaerobic incubation, and colonies were counted
without further identification.

Data collection

The following information was collected: (1) the surgical pro-
cedure, including the surgical specialty, procedure and technique
used, incision time, preselected procedure periods described above
and closure time; (2) surgical environment characteristics, includ-
ing type of air filtration, either laminar airflow or turbulent, air
changes per hour, positive pressure and the class of air cleanliness
for airborne particulate level (ISO 14644). The architecture of the
OR was also collected, including size and volume.

Statistical analysis

The results of particle counts were log10 transformed. Numbers of
colony-forming units cultured from wounds in aerobic and
anaerobic media were added up and computed to obtain the num-
ber of colony-forming units per square centimeter of wounds.
Results of the wound culture were categorized into 3 classes: (1)
negative culture, (2) 1–10 CFU/100 cm2, and (3) >10 CFU/100
cm2. Microbiologic air counts were also categorized into the
following 3 different classes: negative, 1–10 CFU/m3, and >10
CFU/m3. These stratifications were performed using the 25th

and the 75th percentile distributions. Continuous variables were
compared using Mann–Whitney U and proportion using χ2 tests,
as appropriate.

To determine potential risk factors for an increase of particles
and air microbial counts, univariate linear mixed models for longi-
tudinal data with a random intercept for each intervention and
each OR and a random slope for time were used. The unstructured
covariance matrix were used for the random-effects model.
The Satterthwaite method was used to compute the denominator
degrees of freedom for the tests of fixed effects models. Behaviors
observed (ie, numbers of door openings, number of persons, or the
total movements by persons) during the 5 minutes before the par-
ticle count (corresponding to the period between 2 particle counts)
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were considered to estimate associations. This period was prag-
matically selected to consider the quasi-instantaneous26 impact
of door openings on the positive pressure and airflow in the OR
and to leave enough time to obtain explicative events (eg, door
openings).

Significant variables at 0.1 were selected for the multivariate
model. A backward selection was used on the multivariate model.
Conditional studentized residuals were checked. A subanalysis was
performed on interventions with video data to precisely evaluate
the effect of number of persons and staff movements on increase
of particles.14

The same method was applied to determine potential risk
factors for an increase of air microbial count. Unlike the previous
model, only 3 measures of air microbial count were done.
Behaviors observed between the patient’s arrival and the first mea-
sure, the first and the secondmeasure, and the second and the third
measurewere considered to estimate associations (Appendix Fig. A1).
SAS version 9.3 statistical software (SAS Institute, Cary, NC) was used
to perform all statistical analyses.

Results

General data

A total of 62 surgical procedures were observed from the May 14
through December 20, 2013. Three procedures were excluded due
to incomplete data collection, for a total of 59 procedures (25 in
cardiac and 34 in orthopedic surgery) included in the door-
opening assessment. Data on intraoperative staff movements were
comprehensively collected during 34 of the 59 procedures (Fig. 1).

The architecture of the 13 participating ORs was characterized
by a median surface of 42 (interquartile range [IQR], 36–47) m²,
including a median of 2 doors (IQR, 1–5). The air ventilation
system was turbulent in 8 of 13 ORs (6 of 7 in cardiac surgery

and 2 of 6 in orthopedic surgery). The median baseline air renewal
was 53 (IQR, 45–64) changes per hour, with a median positive
pressure of 19 Pa (IQR, 12–33).

In cardiac surgery, only the first procedure of the day in the OR
was included. In orthopedic surgery, 19 procedures were in first
position, 11 were in second position, and 4 were in third position
during the same day. In orthopedic surgery, the median duration
from patient entry to exit and from incision to closure was 2.5
hours (IQR, 2–3.1) and 1.3 hours (IQR, 1–1.8), respectively. In car-
diac surgery, the same duration measures were 5.1 hours (IQR,
4.7–6.2) and 3.5 hours (IQR, 3–4.3), respectively (Table 1).

Surrogates of the infectious risk

Themedian log10 of 0.3 μm, log10 of 0.5 μm, and log10 of 5 μmof the
1,747 particle counts performedmeasured during the 59 procedures
are displayed in supplementary Table S1 and Fig. 2A. The counts of
log10 of 0.3 μm particles varied according to ORs and procedures.
The log10 of 0.3 μm varied according to ORs and procedures, with
amean inORswith laminar airflowof 6.8 (standard deviation [SD], 1)
and 6.8 (SD, 0.9) during orthopedic procedures. These values were
consistently below those observed in ORs with turbulent ventilation
systems (mean, 7.2; SD, 0.9) and during cardiac surgery (mean, 7.3;
SD, 0.9) (P < .01) (Appendix Fig. A2 online).

Themedian air microbial count at 3moments in all 59 procedures
was 3CFU/m3 (IQR, 0–8). Among the 177 air samples, 50 (28%)were
sterile, 90 (51%) carried 1–10 CFU/m3, and 37 (21%) >10 CFU/m3.
For this last category, the median CFU value in air sampling was 21
CFU/m3 (IQR, 14–29, range 11–47), and 33 of 37 were in cardiac sur-
gery and 35 of 37 were in OR with a turbulent ventilation system.

Among the 59 cultures of wound samples, 33 (56% of patients)
were sterile, 18 (30%) had 1–10 CFU/100 cm², and 8 (14%) had
>10 CFU/100 cm². Wounds in orthopedic surgery were signifi-
cantly less contaminated at closure than in cardiac surgery: 24

Fig. 1. Flow chart of procedures included in the analysis and data collected during orthopedic and cardiac surgeries.
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versus 9 sterile cultures; 9 versus 11 cultures with 1–10 CFU/100
cm², and 0 versus 6 cultures with >10 CFU/100 cm² (P = .002).

Door openings

Among the 59 procedures observed, the median frequency of 19.4
openings per hour (IQR, 13.9–25.5), with large variation across ORs
(Table 1 and Fig. 2B). Doors of aseptic preparation rooms were the
most frequently opened, and door openings were mainly generated

by the anesthetics team and persons not directly involved in the pro-
cedure (ie, assistant nurse or visitors).

During the 34 orthopedic procedures, the median frequency
was 14.8 openings per hour (IQR, 12.2–21.2) from incision to skin
closure. Doors stayed opened a cumulated duration of 4.2 minutes
(IQR, 2.6–10.8), corresponding to 6% (IQR, 3.1%–10.4%) of the
incision-to-closure period. During the 25 cardiac procedures,
the median frequency of openings was 23.4 (IQR, 19.7–30) per
hour from incision to closure. The cumulated duration of openings

Table 1. Descriptive Analysis on Door Openings From Cutaneous Incision to Closure During Orthopedic and Cardiac Surgery

Door Openings (N= 59 Procedures)

All Interventions Orthopedic Surgery (N= 34) Cardiac Surgery (N= 25)

Mean (SD) Median (IQR) Mean (SD) Median (IQR) Mean (SD) Median (IQR)

Duration of procedure, h 2.3 (1.3) 1.9 (1.3–3.4) 1.4 (0.5) 1.4 (1–1.8) 3.6 (1) 3.5 (2.9–4.3)

Cumulated no. of doors openings 49.5 (39.2) 35 (20–72) 24.4 (15.5) 22 (14–32) 83.6 (35.7) 75 (64–91)

Cumulated duration of doors opening, min 13.3 (17.2) 10 (4–13.3) 9 (18.3) 4.2 (2.6–10.8) 19.2 (13.9) 13.1 (10.7–21.3)

% Duration of door opened/total duration 9.4 (12.8) 6.9 (3.8–10.5) 9.8 (16.4) 6 (3.1–10.4) 8.8 (5.2) 7.3 (5.3–10.6)

Frequency of door opening, per hour 20.2 (10) 19.4 (13.9–25.5) 16.9 (8.9) 14.8 (12.2–21.2) 24.6 (9.9) 23.4 (19.7–30)

Frequency by door categories

Material store room (n= 12 OR) 15.5 (6.3) 13.8 (12.2–17) 16.7 (6.1) 14.6 (13–18.4) 9.2 (2.6) 9.2 (7.4–11.1)

Surgical team aseptic preparation (n= 37 OR) 16.6 (9.6) 15.7 (9.8–22.6) 12.6 (7.3) 13.2 (7.2–19.1) 22 (9.8) 20.5 (16.9–28.9)

Decontamination room (n= 4 OR) 1.4 (0.9) 1.2 (0.8–1.9) : : : : : : 1.4 (0.9) 1.2 (0.8–1.9)

Single door (n= 18 OR) 14.7 (9.4) 13 (7.5–21.6) 12.1 (11.7) 7.5 (5.2–14.3) 17.2 (6.3) 17.9 (12.2–21.6)

Pre-operative patient preparation (n= 19 OR) 6.3 (4.4) 5.3 (2.7–9.4) 11.8 (3.2) 12.2 (8.4–14.9) 5.3 (3.8) 4.4 (2.1–9.2)

Frequency by hospital categories

University hospitals (n= 7 ORs) 20 (11.5) 18.4 (14.2–23.4) 16.7 (9.9) 15.2 (12.9–21.2) 28.9 (11.4) 26.4 (19.9–40.1)

Private hospitals (n= 6 ORs) 20.3 (8.5) 19.9 (13.2–25.5) 17.4 (7.3) 14.7 (12.2–19.6) 22.6 (8.8) 23.4 (17.9–25.9)

Frequency by staff categories

Surgeons 2.5 (1.3) 2 (2–3) 2.2 (1.2) 2 (2–2) 3 (1.4) 3 (2–4)

OR nurses 7.2 (6.8) 4.5 (2–12) 4.2 (4) 2 (1–6) 11 (7.8) 10 (3–20)

Anesthesia team 9.4 (10.1) 7 (3–11) 3.6 (2.2) 3 (2–5) 16.6 (11.6) 12 (10–19)

Others 8 (6.3) 5.5 (4–11) 4.2 (2) 4 (2–5) 12.8 (6.5) 12 (7–15)

No. of persons and staff movements (n= 34 procedures)

No. of persons in the OR 10 (2.2) 10 (8–11) 9.4 (2.1) 9 (8–10) 10.9 (2.2) 10 (9–12)

Surgeons 2.1 (0.9) 2 (2–3) 2 (0.7) 2 (2–2) 2.3 (1) 2 (1–3)

OR nurses 2 (0.2) 2 (2–2) 1.9 (0.2) 2 (2–2) 2 (0) 2 (2–2)

Anesthesia team 2.4 (0.9) 2 (2–3) 1.9 (0.7) 2 (1–2) 3.1 (0.8) 3 (2–4)

Others 3.5 (1.5) 3 (2–4) 3.5 (1.8) 3 (2–4) 3.5 (1.1) 3 (3–4)

Cumulated time spent by person in OR, h 1.9 (0.9) 1.7 (1.1–2.4) 1.2 (0.4) 1.1 (0.8–1.5) 2.7 (0.6) 2.7 (2.2–3.1)

Surgeons 2.3 (1.3) 1.9 (1.2–3.4) 1.3 (0.4) 1.3 (0.9–1.7) 3.4 (0.9) 3.4 (2.5–4.3)

OR nurses 2.4 (1.3) 2 (1.3–3.4) 1.4 (0.4) 1.4 (0.9–1.8) 3.6 (0.8) 3.4 (3.1–4.4)

Anesthesia team 1.9 (1) 1.8 (1.1–2.5) 1.2 (0.5) 1.1 (0.9–1.4) 2.7 (0.7) 2.6 (2.1–3.2)

Others 1.4 (0.8) 1.3 (0.7–2) 0.9 (0.6) 0.7 (0.4–1.4) 2 (0.7) 2 (1.5–2.4)

Cumulated movements per person, m 562 (259) 526 (353–790) 373 (123) 373 (324–461) 801 (170.4) 832 (629–877)

Surgeons 503 (251) 467.1 (336–678) 356 (176) 412 (229–467) 679 (212) 712 (581–790)

OR nurses 1,065 (484) 977 (674–1407) 735 (290) 684 (512–893) 1,484 (328) 1,407 (1,317–1,595)

Anesthesia team 539.8 (332) 460 (282–819) 300 (122) 292 (219–406) 843 (252) 821 (610–1,005)

Others 322 (196) 298 (154–466) 199 (100) 186 (134–263) 479 (175) 473 (327–526)

Note. SD, standard deviation; IQR, interquartile range; OR, operating room; CABG, Coronary artery bypass grafting; TKR, total knee replacement; THR, total hip replacement.
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was 13.1 minutes (IQR, 10.7–21.3), corresponding to 7.3% of the
operating time (IQR, 5.3%–10.6%).

Themedian frequency of door openings observed after the removal
of the video-tracking system was 36.6 per hour (IQR, 33.3–42.6) from
patient entry to exit versus 34.5 per hour (IQR, 23.6–48.8) in the pres-
ence of cameras in the OR (P = .50) (Appendix Table A2 online).

Number of persons and staff movements

Among the 34 procedures (19 orthopedic and 15 cardiac) with the
recording of intraoperative staff movements, the median number
of persons present from incision to skin closure was 10 (IQR, 8–11)
(Table 1). The median cumulated time spent by individuals in the
OR during a single procedure was 1.7 h (IQR, 1.1–2.4). Figure 2C
displays the disparities of movements by specialty and OR. The
cumulatedmovements by the entire team from incision to skin clo-
sure for 1 surgical procedure represented 12.1 km (IQR, 11.5–14).
Each member of the team walked a median of 373 m (IQR, 324–
461) from incision to skin closure in orthopedic surgery and 832 m
(IQR, 629–877) in cardiac surgery.

Impact of behaviors on the surrogates of the exogenous
infectious risk

The multivariate linear model performed on door openings col-
lected during the 59 procedures revealed a significant positive link
between the log10 0.3 μm particle counts and the number of door
openings per period of 5 minutes (ß, 0.03; SD, 0.01; P = .01). In
other words, 1 door opening during the 5 minutes preceding the
particle sampling raised the log10 0.3 μm particles by 0.03.

The turbulent airflow was associated with an increased air
microbial count (ß, 8.57; SD, 3.74; P = .04), as was the number
of door openings per period (ß, 0.07; SD, 0.03; P = .03) (Table 2).

The frequency of door openings and the mean of air bacterial
counts from the incision to skin closure period were positively but
not significantly correlated with the wound contamination before
closure (r = 0.13; P = .32 and r = 0.15; P = .22, respectively).

The multivariate analysis performed on the 34 procedures with
data on staff movements showed a significant association between
the cumulated movements by the surgical team (ß, 0.003; SD,
0.0004; P < .01) and the log10 0.3 μm particle counts (Table 3,
model 1). A subanalysis was performed to assess the relationship
between the number of persons and their cumulated movements
on the log10 0.3 μm particle counts. The inverse correlation found
between both variables indicates the greater impact of staff move-
ments on the log10 0.3 μm particle counts compared to the number
of persons (Table 3, model 2).

The univariate analysis of log10 0.5 μm (ß, 0.003; SD, 0.0004;
P < .001) and log10 5 μm particle counts (ß, 0.003; SD, 0.0005; P
< .001) were significantly associated with the cumulatedmovements
by the surgical team during the 5-minute period but not with the
number of persons. The nonvalidation of statistical assumptions
(residuals not normally distributed) did not allow an interpretation
of the multivariate analysis.

Discussion

Door openings and staff movements were highly heterogeneous,
varying ∼4-fold according to ORs and procedures in each spe-
cialty. Both had a significant impact on the air contamination

Fig. 2. Boxplots describing the variability of (A) log10 0.3 μm particle counts (n = 59 procedures), (B) the frequency of door openings per hour (n = 59 procedures),
and (C) cumulatedmovements by the team per hour (n = 34 procedures), according to the surgical specialty, the operating rooms and the type of ventilation system.
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by particles and microorganisms during procedures. The cumu-
lated movements of the surgical team significantly affected the
log10 0.3 μm, log10 0.5 μm, and log105 μm particle counts. This
association was confirmed in the multivariate analysis for log10
0.3 μm particle counts. The results of the multivariate model for
log10 0.5 μm and log10 5 μm particle counts were not interpretable
due to the nonnormal distribution of the residuals.

The variability of behaviors observed, despite comparable pro-
cedures, may be explained either by the case mix, a lapse in the dis-
cipline of individuals or teams, or by the OR architecture and
organization. In the present study, doors were mainly opened by
nurses and visitors during orthopedic surgery. In cardiac surgery,
anesthetists and external participants performed the most door
openings. In the literature, most entries and exits occurring during
procedures are explained by the frequent need for supplies or social
activities. However, a substantial number of openings were unex-
plained, which suggests room for improvement.4

The results confirm the findings of previous studies suggesting
that door openings may affect the air sterility of the OR.15–20 Door
movements are known to alter the efficacy of ventilation systems
by a disruption of the positive pressures5 and the air flow.21 Our

data suggest that controlling the movements of staff members
inside the OR may be more efficient than restricting their number
to prevent air particle contamination (Table 3, model 2). The num-
ber of airborne particles produced per person has been estimated at
104 per minute at rest and up to 3×107 during exertion.22 Thus, a
high number of static persons in the OR will consistently generate
less airborne particles and bacteria than a restricted number of per-
sons with unregulated movements.

The quantity of microorganisms cultured from the wound
before closure was influenced by the cumulated movements by
the team but not by the number of door openings. These results
must be considered with caution. A large number of surgical
wounds (89% in cardiac surgery) are contaminated at closure.23,24

The combination of endogenous and exogenous organisms can
confound the relationship between the quantitative presence of
organisms in the air and those colonizing the wound during sur-
gery. In addition, the rather low number of wound samplings
might not suffice for attaining a statistical association.

A recent meta-analysis concluded that laminar airflow may not
be efficient in reducing the risk of SSIs in total hip and knee arthro-
plasties, or in abdominal surgery.25 After adjustment, our results

Table 2. Results of the Univariate and Multivariate Linear Mixed Models for the Particles Log10 0.3 μm (n= 1,747 Samples) and the Air Microbial Count (n= 177
Samples) During the 59 Included Interventions

Variable

Particle Sizes
Log10 0.3 μm

Particle Sizes
Log10 0.5 μm

Particle Sizes
Log10 5 μm Air Microbial Count

Univariate
Analysis

Multivariate
Analysis

Univariate
Analysisb

Univariate
Analysisb

Univariate
Analysis

Multivariate
Analysis

Estimates
(SD)a

P
Value

Estimates
(SD)a

P
Value

Estimates
(SD)a

P
Value

Estimates
(SD)a

P
Value

Estimates
(SD)a

P
Value

Estimates
(SD)a

P
Value

Surgical specialty

Cardiac surgery 0.45 (0.25) .11 : : : : : : 0.58 (0.23) .03 0.39 (0.29) .21 8.74 (3.75) .04 : : : : : :

Procedure type

Total knee
replacement

−0.02
(0.28)

.93 : : : : : : −0.20
(0.25)

.43 −0.5 (0.31) .13 −7.59
(3.99)

.07 : : : : : :

Total hip
replacement

−0.24
(0.29)

.41 : : : : : : −0.42
(0.26)

.43 −0.40 (0.31) .22 −9.23
(4.00)

.03 : : : : : :

CABG 0.50 (0.20) .01 : : : : : : 0.39 (0.17) .03 −0.16 (0.12) .20 2.51 (1.94) .20 : : : : : :

CABG þ valve
replacement

0.26 (0.26) .32 : : : : : : 0.25 (0.23) .27 −0.02 (0.21) <.001 −2.78
(2.56)

.28 : : : : : :

Valve replacement Ref. Ref. Ref. Ref.

Ventilation system and
OR architecture

Conventional airflow 0.52 (0.24) .05 : : : : : : 0.57 (0.23) .03 0.62 (0.26) .04 9.28 (3.78) .03 8.57 (3.74) .04

Volume of the
OR, m3

0.0005
(0.003)

.85 : : : : : : 0.0003
(0.002)

.89 −0.00009 (0.003) .98 −0.01
(0.05)

.79 : : : : : :

Behaviors per period

No. of door
openings

0.03 (0.01) .01 0.03 (0.01) .01 0.01
(0.009)

.10 0.007 (0.009) .47 0.07 (0.03) .02 0.07 (0.03) .03

Duration of door
openings

0.06 (0.03) .05 : : : : : : 0.04 (0.03) .18 0.01 (0.03) .55 0.11 (0.06) .06 : : : : : :

Time as a fixed effect : : : : : : −0.04 (0.005) <.001 : : : : : : 0.26 (0.65) .69

Note. OR, operating room; SD, standard deviation; CABG, coronary artery bypass grafting; Ref., reference.
aThe estimates represent the proportionality coefficient linking the explicative (eg, behaviors) and dependent variables (particle or air microbial count) during the prior time period considered
(eg, 1 door openings during the 5 minutes preceding the particle sampling will raise the log10 0.3 μm particles by 0.03).
bThese results were not confirmed in the multivariate analysis due to the nonvalidation of statistical assumptions.
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showed a significant and independent increase air microbial con-
tamination in ORs with a conventional airflow system in compari-
son to a laminar airflow system. Moreover, the airborne particle
concentration was consistently lower at incision in ORs with lam-
inar airflow versus conventional airflow and decreased faster dur-
ing the procedures (Appendix Fig. A2 online). These findings
support the current low-quality evidence on the advantage of lam-
inar airflow to prevent SSI in clean surgery.

Our study has several strengths. This is the first multicenter
study using motion-tracking systems to precisely and continuous
assessment of the intraoperative staff behaviors, including critical
movements inside ORs. The absence of a Hawthorne effect due to
the presence of video camera, compared to a period with door-
opening collection (hidden to staff) but without video cameras,
suggests the reliability of our results. The cutaneous incision of
a sterile site in cardiac and orthopedic surgeries increased the
potential impact of environmental contamination on subsequent
SSI. The high reproducibility of procedures and techniques
improves the generalizability of these results. Finally, the statistical
method allowed adjustment of the analysis with a random inter-
cept for each intervention and each operating room and a random
slope for time, preventing bias due to important confounding
factors.

We acknowledge several limitations of our study. First, the end
points were surrogates of the environmental infectious risk and not
SSI. The SSI rate would have been an ideal but unreachable end
point. Indeed, obtaining a benchmarked SSI rate in these surgical
units would have required a long duration of surveillance, and
many confounding factors should have been collected. Second,
air samples were not strictly performed at the sterile site. This bias

was minimized by positioning the counters near the patient’s head,
under the laminar air flowwhen present, and at a height above ster-
ile drapes separating the sterile site and the anesthesia area. The
impact of door openings on the positive pressure and airflow in
the OR is quasi-instantaneous.26 The 5-minute period chosen to
analyze the impact of behaviors on the air particle contamination
appeared to be the best compromise between a period enough large
to include events (eg, door openings) and their proximity to the
counts. The longer periods used for the air microbial contamina-
tion may relate more to the long-term effect of intraoperative
behaviors. Longitudinal modeling focused on the log10 0.3 μm par-
ticle and the air microbial counts. A previous study suggested that
the 3 ranges of particle size were strongly correlated with airborne
bacterial counts and likely represent a surrogate of overall air con-
tamination during the surgical procedure.27 The variability and
large values obtained for 0.3 μm particles offered the possibility
to satisfy the statistical assumptions and precisely model and to
assess the relationship between the traffic flow and environmental
contamination. Finally, 42% of surgical procedures were excluded
from the analysis of staff movement due to noncomprehensive col-
lection of staff positions by the motion-tracking system. Moreover,
due to the typical duration of cardiac procedures and the amount
of time required for study-specific setup, we only included the first
scheduled cardiac procedure, which is potentially not representa-
tive of full-day behaviors.

This study highlights the importance of the intraoperative dis-
cipline of staff, suggesting that a restriction of staff movements and
door openings may prevent airborne contamination and the asso-
ciated SSI risk. The awareness of surgical staff in this field may
improve behaviors and quality of care.

Table 3. Results of the Univariate and Multivariate Linear Mixed Models to Evaluate the Effect of the Number of Persons and Staff Movements on the
Particles Log10 0.3 μm During the 34 Interventions With Video Data and 1.072 Particle Counts

Variable

Particle Sizes Log10 0.3 μm

Univariate Analysis Multivariate Analysis 1a Multivariate Analysis 2b

Estimates (SD) P Value Estimates (SD) P Value Estimates (SD) P Value

Surgical specialty

Cardiac surgery 0.51 (0.33) .19 : : : : : :

Procedure type

Total knee replacement −0.25 (0.35) .49 : : : : : :

Total hip replacement −0.34 (0.238) .39 : : : : : :

CABG 0.36 (0.24) .14 : : : : : :

CABG þ valve replacement 0.06 (0.35) .86 : : : : : :

Valve replacement Ref.

Ventilation system and OR architecture

Conventional airflow 0.68 (0.26) .05 : : : : : :

Volume of the OR, m3 −0.01 (0.005) 0.12 : : : : : :

Behaviors per period

No. of persons −0.02 (0.02) .39 : : : : : : −0.08 (0.03) .003

Cumulated movements 0.003 (0.0004) <.001 0.003 (0.0004) <.001 0.004 (0.0005) <.0001

Time as a fixed effect : : : −0.05 (0.007) <.001 −0.05 (0.007) <.001

Note. SD, standard deviation; OR, operating room; CABG, coronary artery bypass grafting.
aMultivariate linear mixed models assessing variables associated with the particles log10 0.3 μm.
bSubanalysis performed to evaluate the combined effect of number of persons and staff movements on increase of log10 0.3 μmparticles. The number of persons present in the
OR appears negatively associated with particle counts after adjustment on cumulative movements. This model suggests that a high number of static persons in the OR will
consistently generate fewer airborne particles and bacteria than a restricted number of persons with unregulated movements.
cThese results were not confirmed in the multivariate analysis due to the nonvalidation of statistical assumptions.
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