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Abstract

Background: Currently, powered air-purifying respirators (PAPRs) are not recommended for 

usage in close proximity to sterile fields owing to concerns that exhaled, unfiltered air potentially 

may cause contamination; however, this has not been confirmed by experimental study.

Methods: After establishing background levels of airborne contamination, our team placed 

settling plates in a sterile field and collected contamination from participants who were performing 

particulate-generating actions. Participants performed the actions while wearing various forms 

of respiratory protection, including: (1) a full facepiece PAPR, (2) a full facepiece PAPR with 

a shoulder-length hood, (3) a surgical mask, and (4) no facial covering (as a positive control 

to determine contamination-reduction effectiveness). Specimens were collected at the end of a 

10-minute sampling time frame. After incubation at 36.58C for 72 hours, we tabulated colony 

forming units as a marker of contamination.

Results: Surgical masks and the 2 PAPR configurations all drastically reduced aerosolized 

droplet contamination. Surgical masks reduced contamination by 98.48%, and both PAPRs 

reduced contamination by 100% (compared with the usage of no facial covering). There was 

no statistical difference between their effectiveness (surgical mask vs both PAPRs, P value = .588 

and no hood PAPR vs hood PAPR, P value >.999).

Discussion/Conclusions: Based on these findings, the tested PAPR configurations are 

effective at reducing aerosolized droplet contamination into a sterile field, and further testing 

is warranted to assess other PAPR configurations as well as PAPR suitability in an operating room.
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Surgical masks are used in the medical field to protect patients from aerosolized droplets 

emanating from the mouth or from the nose of the user; however, they do not provide 
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significant respiratory or comprehensive splash protection. Medical and veterinary medical 

personnel who treat patients with infectious diseases require increased levels of respiratory 

and splash protection, in addition to the necessity of providing sterile procedures for patient 

protection. Powered air-purifying respirators (PAPRs) are a technological advancement that 

have improved the respiratory protection of workers in numerous fields and may be an 

option to fill this niche. PAPRs have several noted advantages over other configurations 

of respiratory and splash protection used within the medical and research fields. They 

have chemical vapor protection, if the appropriate cartridge is used, and the high-efficiency 

particulate air (HEPA) filters used with many models provide excellent particulate filtration 

for respiratory protection.1 The Occupational Safety and Health Administration respiratory 

assigned protection factors (APFs) for half-mask, full facepiece, and loose-fitting facepiece 

PAPR configurations are all higher than those for the APF for a conventional half-mask 

respirator air-purifying respirator.1,2 The constant airflow provided by the PAPR may 

reduce the environmental heat stress frequently encountered with extended use of personal 

protective equipment (PPE).3 Because of the need to protect against airborne particles, 

PAPR face shields are an integral part of the respirator and provide an uninterrupted barrier 

for splash protection to the face, whereas face shields that are not part of respirators often 

have open quadrants on the lower portions. These open areas allow splashed, coughed, or 

sprayed fluids/particles a potential angle of entry to the mucous membranes and orifices of 

the user.4 Not all forms of safety goggles/glasses can mitigate this splash risk because they 

are incompatible with filtering facepiece respirators, owing to physical impedance.4

Although studies indicate that PAPRs effectively protect the user from airborne particulates 

and splashes, they do not address the extent that PAPRs may inhibit user-generated 

contamination from affecting a sterile field or a surface in an operating room (OR). Current 

guidance from the National Personal Protective Technology Laboratory and the Association 

of periOperative Registered Nurses (AORN) does not recommend the usage of a PAPR 

in an OR owing to a lack of scientific evidence to support safe usage and the possible 

contamination of the wearer’s exhaled, unfiltered air onto the sterile field.5 This guidance 

is founded on a reasonable supposition; however, it may be unnecessarily limiting the PPE 

options available during medical procedures in which there is a risk of exposure to staff. 

The purpose of this study was to evaluate this guidance to determine if the presumed risk to 

the patient or sterile field is increased by PAPR usage. The hypothesis for this experiment 

is that PAPR usage in a surgical environment is as effective as the usage of a surgical mask 

in reducing aerosolized droplet contamination into a sterile field. Our research team elected 

to use surgical masks for comparison against PAPRs because surgical masks are accepted as 

the standard respiratory PPE for protection of the patient and sterile field.6

METHODS

Prior to each iteration of testing, a researcher placed an Anderson impactor (Tisch 

Environmental, Inc, Village of Cleves, OH) in a designated OR to establish the background 

airborne contamination level.7 The OR was part of a surgical suite regularly used to perform 

veterinary surgeries. The impactor had 6 stages, ranging from 0.65 μm up to 1.18 mm. The 

Anderson impactor used specialized glass petri dishes loaded with 27 mL of a nonselective 

agar (tryptic soy agar plus sheep blood agar). The Anderson impactor operated at a rate of 
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28.3 ± 0.1 L/min for 20 minutes each time (for a total of 566 ± 2 L for each iteration). The 

impactor was placed on the surgical table 1 m above the ground and at least 1 m from all 

walls and doors. The OR was supplied with HEPA filtrated air with net positive pressure 

(when compared with connecting corridors) that was refreshed at a rate of 11.6 total air 

exchanges per hour. We measured and recorded the temperature and relative humidity prior 

to the start of each iteration as well.

To test the effectiveness of various respirators and masks to inhibit contamination of a 

sterile field, masked participants performed a standard battery of movements and breathing 

patterns while in close proximity to a sterile field. Contamination was then quantified by 

counting colony-forming units (CFU) on settling plates placed into the sterile field. Settling 

plates were used instead of Anderson impactors to sample the sterile field since aerosolized 

droplets typically settle within 1 m of the point of generation (owing to their size) and 

smaller, airborne particles would be less likely to settle into the sterile field.8 The sterile 

field was established on the OR stainless steel surgical table. A standardized table height 

of 55 cm was established from the chin of each participant to the table top, based on 

average typical surgical distances preferred by the 4 participants. The participants also stood 

in a position that maintained their torsos 10 cm from the table edge. We established this 

distance of separation from the table to minimize variables between participants, such as 

either movement/shifting against the table, generating minute air currents or participants 

excessively leaning over the table. Four plastic agar plates, with a diameter of 10 cm and 

loaded with a nonselective agar of tryptic soy agar plus sheep’s blood, were placed as 

settling plates around the central portion of the sterile field. These settling plates were used 

as a representative surface area for the sterile field as a whole.7 The plates were placed with 

their centers 18 cm from each other in a square pattern, with the 2 closest to the participant 

placed 18 cm from the table edge, as measured from the center of the petri dish. These 

distances were chosen to maximize sampling surface area within the confines of the surgical 

table, to establish settling plates on both the left and right of each participant, and to sample 

the near and far sides of the sterile field. The total surface area of the 4 combined agar plates 

was 314.16 cm2.

The 4 participants selected to test the masks were familiar with aseptic techniques and used 

PPE in accordance with AORN guidelines for surgical attire, with the exception of varying 

facial coverings. This PPE included an impervious surgical gown, sterile gloves, disposable 

foot covers, disposable hair covers, and the variable respirators/masks.6

Each participant conducted the testing with 10 minutes of sampling for each variation of 

facial covering and in the following order: surgical mask, loose-fitting facepiece PAPR with 

a hood to the shoulders, loose-fitting facepiece PAPR with no hood, and no facial covering. 

All 4 agar plates were changed between each variation. The interval between sampling was 

untimed and was dependent on the time required to change agar plates and facial coverings 

(estimated as typically 3–4 minutes). Only 1 battery of testing (with 1 participant) was 

performed each day.

The surgical masks (S-10478; Uline, Pleasant Prairie, WI) were generic and in compliance 

with AORN guidance that the mask should fully cover both the mouth and the nose and 
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be secured in a manner that prevents venting.6 The masks also had a semiflexible strip for 

folding over the nose and elastic bands that wrapped over the ear pinnae to secure it in place.

The PAPRs (Versaflo 600, 3M, St Paul, MN) used HEPA filtration and were set to run 

at a flow rate of 185 L per minute. 9 The hooded facepiece (hood PAPR group) had a 

water-resistant drape that extended to the shoulders of the wearer (Versaflo Hood S-533; 

3M).10 The internal edges of the face piece and the hood were kept adjacent to the skin of 

the wearer with an elastic margin. When the sterile gowns were placed on the participant, 

the gown was placed with the drape of the hood under the neck margins of the gown. Air 

exhaust from the S-533 vented either underneath the drape and gown or through a permeable 

fabric filter located in front of and below the chin of the wearer.

The other PAPR mask (no hood PAPR group) consisted of a full face shield, dorsal head 

covering, and a water-resistant fabric that extended underneath the jaw of the wearer and 

caudal to a point just rostral of the ears (Versaflo Headcover S-133; 3M).11 The edge of the 

fabric was held against the skin of the wearer by an elastic margin, and this mask lacked any 

form of drape, beyond the fabric extending from the face shield to the face of the wearer and 

the portion over the top of the head. Like the S-533 hood, the S-133 also had a permeable 
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fabric filter located in front of and below the chin of the wearer to facilitate air exhaust. 

Neither the S-533 nor the S-133 had any form of exhalation valve that would allow direct, 

unfiltered venting onto the sterile field.

The use of no facial covering (no mask group) was to provide a common basis of 

contamination reduction and to serve as a positive control.

During each 10-minute testing interval, the participant assumed 3 predetermined head 

positions. At each position, participants did the following: recited the “Rainbow Passage,” 

coughed twice, performed 1 deep exhalation through the nose, and performed 1 deep 

exhalation through the mouth.12 One head position was angled at 45° to the left of the center 

and 1 head position was angled at 45° degrees to the right from the center, with 2 minutes 

at each position. The same tasks were performed with the head centered and focused on the 

sterile field during the remaining 6 minutes. The purpose of changing head positions was 

to simulate various head motions, which may lead to air leakage at the edges of the masks. 

The exhalations, talking, and coughs were used to simulate common circumstances that may 

cause environmental contamination of the sterile field. Prior to execution of the tasks, each 

participant was trained to simulate an approximate standardized forcefulness and volume for 

the speaking, coughing, and exhalations.

Agar plates were collected and stored in a controlled-temperature incubator for 72 hours 

at 36.58°C ± 1°C, with counts of colony-forming units (CFU) measured at the 24, 48, and 

72 hour time points. To eliminate potential bias, the same researcher performed the CFU 
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counts of all plates and was blinded to which plates were used with the various respirators. 

The CFU counting was performed in a class II biosafety cabinet to prevent posttesting 

contamination.

At the conclusion of CFU counting at 72 hours, representative colonies from the sterile field 

trial plates and the Anderson impactor plates were collected. The isolated colonies were 

then analyzed with mass spectrometry (version biotyper 2.0; Bruker Daltonics, Billerica, 

MA) to identify the organisms. The colonies were first inactivated using the formic 

acid extraction method described in the unit’s user manual.13 The software compared 

spectrometry signatures from isolated colonies to a database of established bacterial spectra. 

The software then compared the level of similarity and provided a list of organisms that are 

the closest fit with the analyzed organism, along with a level of confidence for both genus 

and species. This information was collected to form a generalization of the species that were 

typically background airborne contaminants versus those that predominantly came from 

aerosol contamination. The bacterial species data was only included if it had a logarithmic 

score of 1.700 or higher, meaning at least a probable genus identification. Additionally, 

if multiple species scored over the 1.700 level for a given sample, the species with the 

highest score value was listed owing to the higher level of confidence of genus and species 

identification.

Statistical analysis was performed and Figure 1 was created using Prism 8.0 software 

(GraphPad, San Diego, CA), whereas basic calculations were performed in a Microsoft 

Excel spreadsheet program (version 2016; Microsoft Corp, Redmond, WA). A Centers 

for Disease Control and Prevention Human Subjects Advisor determined that Institutional 

Review Board review of these experiments as unnecessary.

RESULTS

The background airborne contamination in the OR was measured 4 times (once each week 

just prior to the sterile field trials) with the Anderson impactor prior to each of the sterile 

field trials and returned total CFU counts of 2, 2, 2, and 4, averaging 2.500 ± 0.866 CFU/

run, or 4.42 × 10−3 ± 1.53 × 10−3 CFU/L of air. Based on the stages where the CFUs 

were found, the sizes of the initial particles were (in ranges of micrometers) 1.1–2.1 (3 

CFU), 2.1–3.3 (2 CFU), 3.3–4.7 (2 CFU), and >7.0 (3 CFUs). This level of background 

airborne contamination is extremely low, when compared with the Occupational Safety and 

Health Administration standards for indoor air contamination.14 The average temperature 

was 23.1°C ± 0.481°C, and the average humidity was 45.75% ± 1.479% for both the 

Anderson impactor and sterile field trials. The species recovered for background airborne 

contamination were: Micrococcus luteus (5 identifications), Staphylococcus epidermidis 
(1 identification), Staphylococcus hominis (1 identification), and a species that could not 

reliably be identified (3).

From the combined sterile field trials, the use of no masks resulted in 66 CFU, usage 

of surgical masks resulted in 1 CFU (Micrococcus luteus), and both PAPR configurations 

resulted in zero CFU. The average CFU per participant (with SDs) were 16.5 ± 10.5 CFU 
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for the no mask group, 0.25 ± 0.43 CFU for the surgical mask group, and 0 CFU for the 

PAPR groups.

The contamination density on the sterile field was 0.052/cm2 for the No Mask group, 7.96 × 

10−4CFU/cm2 for the Surgical Mask group, and 0 CFU/cm2 for both PAPR configurations.

Figure 1 shows the percent reduction in CFU compared with the no mask group was 98.5% 

for the surgical mask group and 100% for both PAPR groups.

The statistical significance of each result was compared using a 2-way ANOVA followed 

by the Kruskal-Wallis multiple comparison test. The surgical mask, hood PAPR, and no 

hood PAPR each had statistical significance in reduction of CFU when compared with 

the no mask group (the uncorrected Dunn’s test individual P values of .0115, .0021, and 

.0021, respectively). When the surgical mask, hood PAPR, and no hood PAPR groups 

were compared with each other using the uncorrected Dunn’s test, none of them showed a 

statistically significant difference in reduction of CFU (surgical mask vs both PAPRs had a P 

value = .588 and the hood PAPR vs no hood PAPR had a P value > .999).

The bacterial species found from the sterile field trials were (with the number 

of identifications in parentheses): Streptococcus oralis (4), Streptococcus infantis 
(1), Streptococcus pneumoniae (1), Rothia dentocariosa (1), Streptococcus sanguinis 
(1), Micrococcus luteus (1), Actinomyces oris (1), Staphylococcus epidermidis (1), 

Staphylococcus hominis (2), and a species that could not reliably be identified (3). The 

Streptococcus spp, Rothia dentocariosa, and Actinomyces oris are all affiliated with the oral 

and upper respiratory tract microbiomes, and their presence is suggestive that the source of 

contamination was predominantly from the participants.

DISCUSSION

Possible sources of error for the Anderson impactor include manually removing/replacing 

the protective cap on the impactor itself, as well as manually turning the pump on and 

off. These tasks required a human presence in the room during the initial and last stages 

of each iteration. The air currents created by the movement and the epidermal cells/dust 

shed by this human intrusion (despite the usage of gloves and laboratory coats) may 

have artificially increased the background airborne contamination levels, even though they 

remained remarkably low.

Sources of error for the sterile field trials include differences in the surgery-mimicking 

performances by the participants and naso-oral microbiome variations. There is a low 

possibility of true airborne contamination from particulates in the OR; however, both 

the very low measured concentration of airborne CFU and the difference in speciation 

(saprotrophic and epidermal species present for the OR background contamination level vs 

naso-oral species predominantly present for the sterile field trails) indicate that the primary 

source of contamination into the sterile field was from the effects of respiration, talking, and 

coughing of the participants. As much standardization as possible was used while training 

the participants to perform the various actions, including specific points of reference for 

the direction to face and practicing coughing to approach a similar forcefulness; however, 
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numerous variations still likely occurred. The possible variations include (but are not limited 

to) the facial shape and conformation affecting fit of the masks, the degree of openness of 

the mouth while coughing or talking, and the presence/absence of facial hair. The density of 

microbes shed in the aerosols from the participants also likely varied, depending on factors 

such as composition of previous meals and time elapsed since previous dental hygienics.

The results from this study support the use of surgical masks, hooded, and nonhooded PAPR 

configurations as effective PPE to reduce user-generated aerosol contamination into a sterile 

field. Future studies should also incorporate surgical N95 masks for testing and comparison.

There are numerous PAPR hood configurations, and this study cannot be applied to those 

that do not have an elastic edge maintaining contact with the skin, nor to those that have 

either holes in the fabric surrounding the face shield or unfiltered exhaust valves. These 

openings could allow aerosolized droplets to travel unhindered in a direct line-of-sight onto 

the sterile field. In this experiment, we did not incorporate survey data regarding the PAPR 

types used most commonly throughout the medical industry; however, future PAPR studies 

should incorporate other common PAPR configurations to ensure these experimental results 

can be applied to more of the health care field. These results also cannot be applied to 

airborne viruses emanating from the PAPR user either, since viral testing samples were not 

collected and airborne viruses are not limited to aerosol spread.

CONCLUSIONS

Based on these results, further studies of common medically used PAPR configurations 

are warranted to validate the results of this experiment, and to capture the full extent of 

PAPR usefulness and limitations. PAPRs are an effective splash protection for the user (with 

more coverage than face shields alone, which tend to have an open angle at the base), they 

provide fresh air flow to cool the user, they have a higher APF, and they do not suffer from 

eyewear incompatibility. In addition, the results of this study indicate that these specific 

PAPR configurations are as effective as surgical masks for protection of both the patient and 

the sterile field.
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Fig 1. 
Both PAPR groups achieved a 100% reduction in CFUs vs no mask, whereas the surgical 

mask group had 1 CFU present and a 98.5% reduction vs no mask. No statistical difference 

was found between the PAPR and surgical mask groups’ CFU reduction. CFU, colony-

forming unit; PAPR, powered air-purifying respirators.
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