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ABSTRACT 
 
 

Advancing the understanding of daily peracetic acid-based 
hospital surface disinfection and associated complaints of eye 
and respiratory irritation 
B.D. Kerger 1, A.E. Loccisano 2, and P.H. Dalton 3. 
 

Peracetic acid (PAA)-based disinfectants for daily wipe-on cleaning of high touch hospital surfaces were deployed 

in the US since 2013 applying principles of the 2020 Centers for Disease Control ‘Core Components of 

Environmental Cleaning and Disinfection’ to optimize patient-zone environmental hygiene.  Large scale efficacy 

studies of PAA-based cleaning protocols at 8 US hospitals led to an average 50% decline in Clostridium difficile 

infection rates. Concurrent monitoring of cleaning protocol implementation validated by covert visual monitoring 

showed nearly doubled cleaning effectiveness. Concerns were raised about hospital worker eye and respiratory 

irritation complaints with these new PAA daily cleaning protocols. A rigorous human volunteer study was 

implemented to assess objective and subjective indicators of eye and respiratory inflammation in persons following 

PAA cleaning protocols in a controlled environmental chamber. Field studies identified upper bound cleaning 

parameters and mass transfer elements that were integrated into the environmental chamber study design. Among 

44 volunteers (40 female) studied, the measured breathing zone concentrations of PAA, acetic acid (AA), and 

hydrogen peroxide (HP) and effect metrics (subjective eye, nose, throat, and odor ratings plus 15 objective metrics 

of eye and respiratory inflammation) were assessed in a within subject, double-blinded, crossover design involving 

eight 20-minute cleaning sessions per day: PAA mixture (3 trails), AA only (3 trials), HP only (1 trial) and water 

control (1 trial). Inhalation exposures for the PAA trials showed 95th percentile concentrations of 101 ppb for PAA, 

500 ppb for AA, and 667 ppb for HP. Subjective ratings were significantly greater for nose irritation and odor 

intensity versus eye or throat irritation, with the highest ratings for PAA > AA only >> HP only > water control. 

No significant increases were found for objective markers of tissue injury, inflammation, or allergic sensitization, 

and no frank signs of eye or respiratory inflammation were observed. Cluster analysis showed that persons giving 

the highest irritation ratings had significantly lower inhalation exposures during PAA mixture and AA only trials, 

suggesting use of avoidance behaviors to reduce perceived nasal irritation.  These studies advanced our 

understanding of exposures and potential adverse health effects of highly effective PAA disinfection protocols. 
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Introduction 

Peracetic acid-based hospital cleaning mixtures consist of acetic acid (AA), hydrogen peroxide (HP), and peroxyacetic 

acid (PAA), the latter of which is produced from the acid-catalyzed reaction between AA and HP.1  Peracetic acid is 

primarily used as a disinfectant and sanitizer currently registered by the US Environmental Protection Agency (USEPA) 

and Europe for a number of commercial uses.1-4 When the concentrate is diluted with tap water to the typical ready-to-

use concentration for disinfection of nonporous high-touch surfaces in hospital settings (0.1-0.2 % PAA), both PAA and HP 

slowly decompose spontaneously by interacting with hydrogen ion and free electrons in acidic to neutral pH solutions to 

ultimately form water under high oxidation-reduction (redox) potential reactions.3 The PAA breaks down the outer 

membrane of spores, bacteria, or viruses, and the HP denatures the inner components, such as DNA and proteins.   

Peracetic acid-hydrogen peroxide-acetic acid disinfectant mixtures exhibit a distinct vinegar-like odor and can produce 

irritant responses of skin and mucous membranes with overexposure,1,2,5 but have the advantage of not producing more 

irritating byproducts such as chloramines or halomethanes, which are generated from use of chlorine bleach solutions on 

surfaces.3 Peracetic acid (PAA)-based disinfectants for daily wipe-on cleaning of high touch hospital surfaces were 

deployed in the US since 2013 applying principles of the 2020 Centers for Disease Control ‘Core Components of 

Environmental Cleaning and Disinfection’ to optimize patient-zone environmental hygiene (Figure 1).   Widespread use 

of PAA makes it important to understand its potential health impacts, including respiratory and ocular irritation.  

 

 

Figure 1. US Centers for Disease Control Core Components of Environmental Cleaning and Disinfection in 

Hospitals.  Figure adapted from CDC 2020 (https://www.cdc.gov/healthcare-associated-

infections/hcp/infection-

control/?CDC_AAref_Val=https://www.cdc.gov/hai/prevent/environment/surfaces.html) 

 

Peracetic Acid-based disinfectant use on patient zone surfaces dramatically reduces bacterial loads of highly infectious 

agents such as Clostridioides difficile, a leading concern in reducing hospital-acquired patient infections.6-12 Peracetic 

acid-based disinfectant is recognized to be effective against numerous other microorganisms involved in hospital-acquired 

infections: yeasts (Candida albicans, Candida auris), bacteria (Acinetobacter baumannii, Bordetella pertussis, Klebsiella 

pneumoniae, Escherichia coli, Staphylococcus aureus, Staphylococcus epidermidis, Proteus mirabilis, Pseudomonas 

aeruginosa, Salmonella enterica, Streptococcus pneumoniae, Streptococcus Pyogenes, Enterococcus faecalis) and viruses 

(COVID-19, Human immunodeficiency virus type 1, Hepatitis C virus, Hepatitis B virus, Herpes simplex virus types 1 and 

2, Human coronavirus, Influenza A virus, Respiratory syncytial virus, vaccinia virus, Norovirus, Rhinovirus, Rotavirus). 

https://doi.org/10.18103/mra.v14i7.7609
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Clostridioides difficile spores are capable of surviving for several months on surfaces and can be transmitted from infected 

individuals who in some cases remain asymptomatic.12,13 The serious nature of hospital-acquired Clostridioides difficile 

infection prevention is underscored by the US Centers for Disease Control acknowledgement that 1 in 11 hospital patients 

over age 65 who contract this infection will die within 30 days.14  Accordingly, hospital-acquired Clostridioides difficile 

infections are a major concern for the health of vulnerable hospital patients, healthcare professionals, other hospital staff, 

and visitors.  In the 2019 Antibiotic Resistance Threats Report, the CDC listed Clostridioides difficile as an “urgent threat” 

and reported that “nearly 223,900 people in the United States required hospital care for C. difficile and at least 12,800 

died in 2017”.15   

 

There is strong evidence that PAA-based disinfectant use in conjunction with cleaner training, education, and monitoring 

for effective disinfection practices can significantly reduce the incidence of hospital-acquired infections with C. difficile 

and other hospital-acquired infections.7-11  For example, Carling et al.9 reported that PAA-based disinfectant was 1.9-

times more effective at removing bacterial burden on hospital surfaces than a commonly used quaternary ammonium 

compound cleaners. Similarly, Allen et al.7 reported that hospital-onset C. difficile infections fell by 64% with 

implementation of surface disinfection protocols using PAA-based disinfectant.  Carling et al.11 evaluated PAA-based 

disinfectant use in 8 hospitals over 3 years including comparison of C. difficile infection rates before and after 

implementation of the hygiene protocol; the authors evaluated the impact of implementing the hygiene protocol on 

thoroughness of disinfectant cleaning and on the Standardized Infection Ratio or SIRi for C. difficile infections (Table 1). 

Carling et al.11 measured changes in SIR after implementing the PAA-based disinfectant hygiene protocol to the baseline 

SIR before its use and compared SIRs in hospitals with PAA-based disinfectant hygiene to hospitals using other cleaners.  

The studied hospitals implementing the PAA-based disinfectant hygiene protocols were closely supervised and monitored 

to assure proper education and disinfection practices were accomplished with implementation of hospital-wide surface 

disinfection protocols. Peracetic acid-based disinfectant hygiene protocols improved thoroughness of disinfectant cleaning 

from a baseline average of 47.6% to 93.6%, concomitant with an average 50% decline in SIR for C. difficile infection 

rates from baseline.11 This rigorous study provides strong evidence that implementing PAA-based disinfectant hygiene 

protocols significantly reduces hospital-acquired C. difficile infection rates and hence significantly reduces associated 

severe illness and deaths. 

 

Many disinfectant cleansers, particularly those used in hospital settings, have strong pungent odors that can cause worker 

complaints and discomfort.16  Peracetic acid-based disinfectant mixtures emit a distinct vinegar-like odor and can produce 

irritant responses of skin and mucous membranes above the generally well tolerated occupational exposure limit of 160 

ppb PAA.2  Peracetic acid causes both sensory irritation and cytotoxicity to the eyes and mucous membranes at sufficiently 

high exposure levels, leading to recommended restrictions on aerosol application and use of more concentrated solutions 

outside of fully enclosed and ventilated systems.1,2,5  For daily disinfection of patient zone hospital surfaces, freshly diluted 

solutions are applied via wetted wash cloths by trained cleaners. The diluted PAA mixture and associated wetted cloths 

are kept in closed containers until use in order to reduce odors in areas with lower ventilation rates. 
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Table 1. Results for thoroughness of disinfectant cleaning (TDC) and C. difficile standardized infection rate (SIR) at 8 US 

hospitals with and without PAA disinfection protocols1 

                    Mean Delta2 

Bed Number in Study 

Hospital (N = 8) 

532 451 357 204 192 176 98 44 
 

257 
 

Baseline 
           

Baseline TDC 54 72 27 58 68 70 62 61 
 

59 
 

HO-CDI SIR3 1.35 0.9 1 1.13 1.17 1.42 0.49 0.75 
 

1.03 
 

            
PAA Protocol 

           

TDC Quarter 1 94 88 92 93 81 88 88 65 
 

86 +46% 

TDC by Quarter 6 94 95 91 92 96 92 94 95 
 

93.6 +59% 

HO-CDI SIR3 Quarter 1 0.6 0.5 0.7 0 0.9 0.7 0.6 0.6 
 

0.6 -42% 

HO-CDI SIR3 Quarter 4-6 0.38 0.44 0.39 0.07 0.27 0.1 0.41 0.35 
 

0.30 -69% 
            
Bed Number in Control 

Hospital (N = 9) 

552 441 317 304 235 234 191 73 44 266 
 

Controls 
           

HO-CDI SIR3 2017 0.8 1 0.5 0.9 0.7 0.4 0.7 1.3 0.5 0.76 
 

HO-CDI SIR3 2018 0.8 0.9 0.6 1.4 0.7 0.4 0.4 0.6 0.6 0.71   

1 Table adapted from Carling et al.11 

2 Proportional difference between baseline and PAA protocol intervention mean values 

3 Healthcare-onset C. difficile standardized infection rate 

 

Two US hospital surveys by investigators from the National Institute for Occupational Safety and Health (NIOSH) assessed 

airborne PAA, AA, and HP generated from hospital use of PAA-based surface disinfectant.17-20  Hawley et al.17 reported 

that PAA concentrations in various areas or with certain activities averaged as low as 2 to 5 ppb and as high as 32 ppb, 

with 95th percentile values up to 48 ppb, well below the generally well tolerated value of 160 ppb.  However, NIOSH 

researchers reported that subjective hospital worker responses for “difficulty breathing” in the 2018 study were most 

strongly associated with reports of “sensitizer and irritant use” or “total stress.”  Subjects in the 2019 study frequently 

attributed their respiratory symptoms as work-related regardless of their frequency or magnitude of PAA-based 

disinfectant exposure.  The final evaluations in these NIOSH reports did not find a robust statistical relationship between 

the self-reported health effects and work shift concentrations of PAA and HP. However, Hawley et al.17 concluded based 

on the NIOSHii findings that PAA and HP “contributed to eye and respiratory symptoms reported by hospital cleaning 

staff at low levels of measured exposure.”17 The same NIOSH investigators concluded based on the NIOSH19 findings 

that “exposure to vapors from the sporicidal product containing HP, PAA, and AA contributed to acute work-related eye, 

upper airway, and lower airway symptoms as well as work-related eye, upper airway, and lower airway symptoms in 

the previous 4 weeks in hospital staff.”19 However, Blackley et al.20 acknowledged important study limitations including: 

1) cross-sectional study design limited to self-reported symptoms; 2) no diagnostic tests to characterize respiratory 

function among exposed workers; 3) no short-term sampling to assess acute higher exposures during active cleaning; 4) 

limited analytical sensitivity and method validation; and 5) potential misclassification of measured PAA and HP quantities. 

This manuscript provides an overview of key investigations designed to characterize inhalation exposures to PAA-based 

https://doi.org/10.18103/mra.v14i7.7609
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disinfectant (PAA-HP-AA) during simulated upper bound hospital use conditions in a controlled environmental chamber 

containing the range of typical high touch surfaces for disinfection found in hospital patient rooms and bathrooms. Study 

protocols were developed to assess eye and respiratory irritation responses during use of PAA-based disinfectant in a 

controlled environmental chamber at the Monell Chemical Senses Center (Philadelphia, PA, USA). The protocols for 

characterizing exposure and both objective and subjective irritation responses were implemented in these environmental 

chamber studies of human volunteers performing simulated hospital patient room and bathroom cleaning on a single day 

(n = 36) or for 5 consecutive days (n = 8). The exposure and response data collected in the Monell Environmental 

Chamber Studies reported by Dalton et al.,25 and Kerger et al.21 provided more complete details of the underlying 

methods and statistical analyses of the eye and respiratory irritation findings.    

 

Methods 

A series of investigations were designed and implemented to characterize upper bound inhalation exposures and both 

subjective and objective respiratory and eye irritation responses to PAA-based disinfectant among human volunteers 

during simulated upper bound hospital use conditions in a controlled environmental chamber containing a range of typical 

high touch surfaces found in a hospital patient room and bathroom. A series of field observation studies described below 

were conducted to characterize timing and activity patterns of trained hospital cleaners carrying out PAA-based 

disinfectant protocols for daily hospital surface cleaning simulating terminal cleaning of patient rooms.  Analytical method 

development in support of the environmental chamber study exposure measurements for PAA, HP, and AA is reported 

separately (Kerger et al.21). The refined analytical methods were validated in mass transfer studies in the controlled 

environmental chamber at Monell Chemical Senses Center as described below. These mass transfer studies allowed for 

quantitative correlations between key exposure parameters such as the disinfectant volume used, the total surface area 

disinfected, and associated breathing zone exposures during disinfection protocols. Finally, we describe in detail the 

Monell human volunteer study protocol for evaluating a series of subjective and objective endpoints for eye and 

respiratory irritant responses assessed concurrently with breathing zone exposures. 

 

PRELIMINARY STUDIES ON UPPER BOUND PAA-BASED DISINFECTANT USE CONDITIONS 

Peracetic acid-based disinfectant is exclusively manufactured and sold in the United States by Ecolab, Inc. for medical 

institution use in daily cleaning and disinfection of non-porous surfaces. This product is not legally sold by other distributors 

or via internet sales and is subject to an institutional licensing agreement.  As part of its institutional licensing agreement 

for PAA-based disinfectant, the manufacturer provides access to written and video training materials in addition to field 

personnel for on-site training and ongoing technical support via telephone and email. Each institution is assigned a field 

representative from the manufacturer who is responsible for monitoring the function and calibration of dispensers, 

providing access to product supplies and accessories, and addressing any questions or problems with their use.  

 

The manufacturer training materials for PAA-based disinfectant use in hospital surface disinfection were reviewed and 

interviews were conducted to clarify their procedures in field training of hospital cleaner staff.  Key considerations in the 

training include: 

1. Assuring that the dispensed solution bottles contain usual amounts of visible bubbles indicating the presence of active 

ingredients PAA and HP needed for antimicrobial efficacy. 

https://doi.org/10.18103/mra.v14i7.7609
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2. Assuring that proper volume of dispensed solution is used to wet the cloths to a point of saturation but not dripping 

(the site-specific number of wetted cloths per bottle is listed on the wall chart with use instructions), and that the 

solution or cloths are used within an 8-hour shift to assure antimicrobial efficacy. 

3. Assuring that the wetted cloths are used only for keeping target surfaces continually wetted for 5 minutes, and 

typically using 1 to 2 wetted cloths each for the patient room and bathroom spaces. The wall chart states that bottles 

of liquid product and buckets of wetted cloths should be kept covered, and the saturated cloths should not be wrung 

out, compressed causing drippage, or used for scrubbing, as these activities can remove PAA and HP from solution 

and reduce antimicrobial efficacy of the use solution. 

4. A patient room cleaning flow chart indicates nine general steps for clearing, restocking, disinfection, replacing linens, 

etc. The disinfection steps involved using one wetted cloth at a time and following a regular sequential pattern of 

high touch surface wetting to complete the patient room.  Then a separate sequential pattern of high touch surface 

wetting was followed to complete the bathroom space. 

5. Aside from the wetted microfiber cloth application by hand for typical surface disinfection uses, the manufacturer 

also sold microfiber cloths with elastic edges to act as mophead covers for floor and/or nonporous wall surfaces 

(e.g., tiled walls). These wetted mophead covers were designated for surface disinfectant use in unique spaces like 

operating rooms that may require wall sanitation and typically have much higher air exchange rates compared to 

patient rooms or bathrooms.  Based on manufacturer field studies conducted by Nordling et al.4 in 2013 showing 

higher airborne PAA concentrations with floor mopping use in patient rooms and bathrooms, the manufacturer training 

materials recommended to discontinue floor mopping use of PAA-based disinfectant in patient rooms, bathrooms, 

and other spaces with low ventilation.  

 

Interviews of manufacturer training supervisors and field staff were conducted to identify a reasonable upper bound use 

pattern for patient room/bathroom discharge cleaning.  Based on estimates from training supervisors, an upper bound 

value for continuous handling of the wetted cloths was approximated at 20 minutes per room with 4 cloths utilized.  Two 

sets of field studies were conducted in order to objectively verify use patterns of the PAA-based disinfectant as 

summarized in Table 2. 

 

A pilot study was conducted to obtain quantitative data on time-activity patterns for trained hospital cleaners performing 

patient room/bathroom discharge cleaning.  The study included observations of 9 cleaners who worked at one of four 

participating hospitals.  Manufacturer field representatives were provided with a protocol for recording the timing of 

activities during room cleaning with particular focus on characterizing the duration and items cleaned when handling PAA-

based disinfectant wetted cloths.  Each of the shadowed cleaners was requested to perform their normal cleaning activities 

and the wetted cloth handling observations were recorded on a log that was submitted to the authors for analysis. 

 

To further evaluate the patterns of PAA-based disinfectant use for patient room discharge cleaning, a protocol for a 

field observer to record time-activity patterns was implemented for trained cleaners in hospitals focusing on time spent 

handling wetted cloths (Phases 1 and 2; see Table 2).  Observers were asked to record the overall time spent for each 

cleaner from start to finish of a single patient room and bathroom according to their normal work practices, filling out a 

log describing in detail the start and stop time for handling of each PAA-based disinfectant wetted cloth. Observers were 

also asked to document where the PAA-based disinfectant bucket was kept; the time spent cleaning any larger items like 

the mattress and bed frame/rails that were anticipated to take more than 1 minute; and where the spent cloth was 

https://doi.org/10.18103/mra.v14i7.7609


  

Medical Research Archives | https://doi.org/10.18103/mra.v14i7.7609 8 

THE EUROPEAN SOCIETY OF MEDICINE 
 

placed after use.  Relatively uniform time-activity patterns for PAA-based disinfectant use were observed, as might be 

expected due to single institution training. In each case the cleaners used 2 to 3 wetted cloths in the patient room space 

and 1 to 2 wetted cloths in the bathroom. 

 

Comparable observations on time-activity patterns were observed for Phase 1 cleaners in the patient room space (Table 

2).  The larger data set for Phase 2 (n = 40 workers) included observations on cleaning patterns of three different room 

types that were analyzed separately: standard patient rooms (n = 30 workers); isolation rooms with a bathroom (n = 5 

workers); and specialty examination rooms with no bathroom (n = 5 workers). Median values and interquartile ranges 

for the number of disinfectant wetted cloths used for standard patient room cleaning were not significantly different in 

Phase 1 and Phase 2 (including standard room, isolation room, and specialty exam room subsets), with the median across 

all observations being 6 cloths per cleaning event (Table 2).  Isolation room data also showed the highest time spent 

handling wetted cloths in the patient room space compared to other room types, and the lowest time spent handling 

wetted cloths in the bathroom space compared to other room types.  Since no consistent significant differences were found 

for median values for most metrics in Table 2 by Phase and/or room type, the data were combined to identify the most 

robust central tendency values.  The combined data showed the median handling time for wetted cloths was 12.5 minutes, 

comprising 42.1% of the median 35.2 min total time spent performing all tasks for room cleaning.  The combined data 

showed that time spent in the patient room handling wetted cloths (median 11.3 min; 33.9% of total room time) was 

substantially greater than that spent handling wetted cloths in the bathroom space (median 2.3 min; 9.1% of total room 

time).  

 

In sum, this two-phase study of 49 trained cleaners employed at 15 different hospitals evaluated time-activity patterns 

for disinfectant wetted cloth use, providing useful data for upper bound occupational exposure characterization. Among 

the 39 cleaners studied during standard patient room cleaning, 29 cleaners (74%) used 1-3 wetted cloths each for the 

patient room and bathroom spaces, i.e., 2 to 6 wetted cloths per standard patient room with bathroom. This wetted cloth 

usage rate is slightly greater than the training guidelines that indicate typical usage of 1 to 2 wetted cloths in each space 

and thus recommending 2 to 4 wetted cloths be used for cleaning a standard patient room with bathroom.  Field 

observations suggested that item-specific disinfection times can vary substantially due to the cleaner’s perception as to 

the soil level on that particular item (i.e., evidence for presence of blood, vomit, urine or feces leads to longer time spent, 

more cloths used, and shorter time spent per cloth), the number and size of high-touch items to be cleaned in the patient 

room space, and each cleaner’s usual efficiency for surface disinfection steps when no unusual soil levels were identified. 

The study design of using shadowing of trained cleaners also may have modified participant behavior due to the 

Hawthorne effect,22 i.e., increasing cleaning thoroughness during observation despite instructions to perform their standard 

room cleaning procedures. 
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Table 2. Summary of Field Studies of PAA-based Disinfectant Use Patterns Among Trained Hospital Cleaners* 

Study Phase, Room 

Type & Sample Size 

Total 

Cloths 

Used 

Time Using 

Cloths in 

Patient 

Room (min) 

Time Using 

Cloths in 

Bathroom 

(min) 

Total Time 

Using Cloths 

(min) 

Average 

Time per 

Cloth (min) 

Total 

Cleaning 

Time (min) 

Phase 1: Median for 

Standard Room Clean 

(n = 9) 

5 12 4.1 16 4.1 35.4 

IQR (25th - 75th 

percentile) 

3-7 11.4-12.3 3.2-5.1 13.9-18.0 3.0-4.3 35.2-41.3 

Phase 2: Median 

Standard Room Clean 

(n = 30) 

6 9.2 2 10.9 2.9 30.8 

IQR (25th - 75th 

percentile) 

3-7 7.3-14.1 1.2-5.7 8.8-19.7 1.5-3.8 18.7-42.1 

Phase 2: Median for 

Isolation Room Clean 

(n = 5) 

4 16.6 1.3 17.5 2.1 45.7 

IQR (25th - 75th 

percentile) 

3-6 7.1-16.8 1.0-2.1 8.4-22.9 1.8-7.6 26.1-94.3 

Phase 2: Median for 

Specialty Room Clean 

(n = 5) 

7 7.2 
 

7.8 1.8 24.9 

IQR (25th - 75th 

percentile) 

4-7 4.1-13.0 
 

4.1-14.0 1.0-2.0 8.5-45.2 

Combined Data (n = 

49 or 45) 

6 11.3 2.3 12.5 2.8 35.2 

IQR (25th - 75th 

percentile) 

3-7 7.3-14.2 1.2-5.4 8.8-18.0 1.7-4.1 25.4-45.7 

*Table adapted from Kerger et al.21  

IQR (interquartile range). 

Using Wilcoxon rank sum tests to compare Phase I and 2 for the Standard Room Clean found no significant 

differences in the medians between phases across each of the outcomes provided in the table (p>0.05). Differences 

were marginally significant at the 10% significance level for Time Using Cloths in Bathroom (p=0.0923), Time Using 

Clothes in Patient Room (p=0.0596), and Total Time Using Cloths (p=0.0553).   

Furthermore, comparing each Phase and Room Clean type (Phase 1 Standard, Phase 2 Standard, Phase 2 Isolation, 

Phase 2 Specialty) found no significant differences in the medians between groups across each outcome reported 

(p>0.05) except for the bathroom.  There was no significant difference in medians between Phase I Standard Room 

Clean, Phase 2 Standard Room Clean, and Phase 2 Isolation Room Clean for Time Using Cloths in Bathroom or 

Percent of Cleaning Time Using Cloths in Bathroom (p>0.05).   

In a second analytical approach, a multivariate regression analysis was performed with Phase/Room Clean type as 

a factor.  No significant difference in average outcome was found except for Total Cleaning Time where Phase 2 

Isolation Room Clean was significantly higher than Phase 2 Standard Room Clean (p<0.05).     

 

MONELL ENVIRONMENTAL CHAMBER PAA MASS TRANSFER STUDIES 

Peracetic acid mass transfer was assessed in conjunction with Breathing Zone exposures to PAA-based disinfectant based 

on measuring the mass loss from wetted cloths after performing the standard wiping procedure in the Monell 

environmental chamber studies.  An elevated use solution dilution of 4 ounces of concentrate per gallon was selected; this 

dilution rate is 33.3% higher than the target dilution rate for antimicrobial efficacy designated on the USEPA-approved 

product label (3 ounces per gallon) that was used in the environmental chamber studies at Monell.  

https://doi.org/10.18103/mra.v14i7.7609
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Varied conditions for wetted cloth use frequency were examined in sets of 4 trials of 20-minutes each using the same 

application protocol in the Monell environmental chamber: 1) use of one wetted cloth for 20 minutes of continual cleaning; 

2) use of two wetted cloths (10 minutes each) for 20 minutes of continual cleaning; and 3) use of 4 wetted cloths (5 minutes 

each for 20 minutes of continual cleaning which mimicked the main study upper bound use pattern).  

 

Each wetted cloth was weighed before and after use in the chamber in order to determine the amount of PAA-based 

disinfectant solution transferred into the chamber.  The wiping activity continued in a sequential cycle (and for repeated 

cycles with longer single cloth wiping durations) and the operator recorded the start and stop locations and number of 

complete cycles wiped for each cloth.  The surface area was estimated for each of the high touch hospital surfaces in the 

chamber that were wiped, and the start/stop point information was utilized to determine the total surface area wiped 

per cloth (upper bound film thickness in g/m2) and cleaning rate (m2 wiped per minute). The mass difference for each 

wiping duration allowed for analysis of disinfectant mass applied per minute with cloths of differing saturation. Concurrent 

breathing zone PAA measurements were compared to the estimated chamber air PAA concentrations with complete 

vaporization to evaluate the fraction of PAA occurring in the participants breathing zone. 

 

As summarized in Table 3, correlation analysis between the measured and calculated parameters shows that cleaner 

breathing zone PAA concentrations were not significantly increased when comparing the use of one cloth per 20-min to 

use of 2 cloths per 20-min (2.2% increase, p > 0.05) or 4 cloths per 20-min (13.3% increase, p > 0.05).  However, other 

key parameters reflecting mass deposited in the chamber showed strong linear correlations that were not appreciably 

changed when natural log or exponential fits were examined. Specifically, a strong linear trend was observed between 

number of cloths used and solution mass loss (R2 = 0.9598), solution mass loss per time (R2 = 0.9555), solution mass per 

area wiped (R2 = 0.861) and breathing zone PAA concentration (R2 = 0.9673).  Solution mass loss showed strong linear 

correlations with solution mass loss per time (R2 = 0.9999), solution mass per area wiped (R2 = 0.9678) and breathing 

zone PAA concentration (R2 = 0.8599).  More moderate linear correlations were observed for solution mass per area 

wiped versus breathing zone PAA concentration (R2 = 0.7143) and for solution mass loss per time versus breathing zone 

PAA concentration (R2 = 0.8524). 

 

Field observations on the length of time that a wiped surface stayed wet are important because a wetting time of at 

least 5 minutes is recommended on the PAA-based disinfectant label and training materials for obtaining optimal 

sporicidal activity.  The full cycle of items wiped included an estimated total surface area of 8.54 m2 and the number of 

full cycles wiped was significantly increased with 1 cloth versus 2 cloths and 4 cloths (Table 2) in part due to the 

significantly greater mass deposited per area wiped, i.e., leaving behind a heavier film of PAA-based disinfectant 

solution with the 2 cloth and 4 cloth trials.  However, both the 2 cloth trials (fresh cloth every 10 min) and the 4 cloth trials 

(fresh cloth every 5 min) showed visibly wetted surfaces after each completed cycle (maximum of 2 full cycles in 10 min) 

consistent with the significantly greater mass per surface area of PAA-based disinfectant film being transferred from the 

more saturated cloths.  Accordingly, the 4 cloth trials covered the most surface area in the shortest time because the more 

saturated cloths flowed liquid more readily onto the surfaces and remained wet for the 5 min sporicidal activity target 

time such that a cycle was completed in an average of 4 min (5.1 cycles in 20 min). These findings underscore the degree 

to which the Monell environmental chamber study protocol using 4 cloths per 20-min resulted in upper bound product use 

conditions that likely exceed the average or typical surface area cleaned and the time period of continuous cleaning for 

trained cleaners while applying PAA-based disinfectant in patient rooms and bathrooms.    
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Table 3. Summary of Mass Transfer Characteristics for PAA-based Disinfectant Use in the Monell Environmental Chamber* 

# of Cloths Statistic Soln. 

mass 

loss 

from 

cloth(s) 

(g) 

Soln. 

mass 

loss per 

time 

(g/min) 

Total 

area 

wiped 

(m2) 

Soln. 

mass 

loss 

per 

area 

wiped 

(g/m2) 

Cleaning 

rate 

(m2/min) 

Breathing 

Zone PAA 

(mg/m3 ) 

Estimated 

Airborne 

PAA with 

Complete 

Evaporation 

(mg/m3 )1 

Breathing 

Zone PAA 

Fraction 

(%) 

1 Mean 82.4 4.1 32.2 2.56 1.6 277 1876 14.90% 
 

S.D. 4 0.2 1.8 0.1 0.09 86 90 5.00% 

2 Mean 141 7.1 36.2 3.89 1.8 283 3200 8.90% 
 

S.D. 18 1.1 4.1 0.22 0.2 31 399 0.40% 

4 Mean 196 9.8 43.6 4.55 2.2 314 4470 7.00% 
 

S.D. 14 1 4.5 0.76 0.35 38 323 0.40% 

All Data  Mean 140 8.2 37.3 3.7 2 291 3182 10.20% 

  S.D. 50 2.3 5.9 1 0.37 55 1139 4.40% 

*PAA-based disinfectant use solution mixed at 4 oz/gal for 20-min wiping period. Estimated Breathing Zone PAA with Complete 

Vaporization was estimated as Cave = (G/Q) * [1 + (1/(ACM*T) * (EXP(-ACM*T)-1)] with G = grams of PAA lost per min; Q = 

air flow at 2.06 m3/min; ACM = air changes per minute at 0.09; and T = exposure time of 20 min.  Breathing Zone PAA Fraction 

= Breathing Zone PAA in mg/m3 divided by Estimated Airborne PAA with Complete Vaporization in mg/m3 

Table adapted from Kerger et al.21 

There is a significant difference in average Solution Mass Loss, Solution Mass Loss per Time, Total Area Wiped, Full Cycles Wiped, 

and Cleaning Rate between the three groups using either 1, 2, or 4 cloths per trial (p<0.01).   

There is no significant difference in average Breathing Zone PAA between the three groups using either 1, 2, or 4 cloths per trial 

(p=0.641).   

There is a significant difference in average Solution Mass in Chamber between the three groups using either 1, 2, or 4 cloths per 

trial (p<0.001).   

There is a significant difference in average Estimated Breathing Zone PAA with Complete Vaporization between the three groups 

using either 1, 2, or 4 cloths per trial (p=<0.001).   

There is a significant difference in average Breathing Zone PAA Fraction between the three groups using either 1, 2, or 4 cloths 

per trial (p=0.010).   

1 This was calculated using standard methods (American Industrial Hygiene Association (AIHA). Mathematical Models for Estimating 

Occupational Exposure to Chemicals, 2nd Edition.  Eds.: Keil, C. B., Simmons, C. E., Anthony, T.R.  AIHA, 2009.) 

 

MONELL ENVIRONMENTAL CHAMBER STUDY METHODOLOGY 

The Monell environmental chamber studies of eye and respiratory tract irritation were designed to simulate upper bound 

use of PAA-based disinfectant in multiple ways.  Each exposure trial in the Monell simulation study included 20 minutes 

of continuous wiping with wetted cloths (fresh cloth every 5 min) for cleaning a condensed set of patient room and 

bathroom high touch surfaces (total surface area cleaned: 8.54 m2), and the selected 20 min wiping period exceeded 

the interquartile range (IQR) of 8.8 to 18 min taken by cleaners in the field. Second, the number of wetted cloths selected 

for the Monell simulation study (4 cloths over 20 min) was at the low end of cloths used per room (IQR: 3 to 7 cloths) and 

at 5 min/cloth was longer than the typical handling time per cloth in the field (IQR: 1.7 to 4.1 min). Third, and perhaps 

most importantly, the Monell simulation study included a low-end ventilation rate of 5.4 to 5.5 air changes per hour which 
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was below the minimum recommended 6 air changes per hour for patient rooms,23 and a condensed set of high touch 

surfaces in a small floor space (11.5 m2) compared to an expected floor space (patient room + bathroom) in hospitals 

between 24 m2 and 30 m2.24 Fourth, volunteers in the Monell simulation study were observed to complete at least 3 to 4 

full cycles of cleaning in 20 min, corresponding to a total high touch surface area cleaned at 25.6 to 34.2 m2; this surface 

area approximates the total floor space of typical patient room and bathroom spaces and thus likely exceeds that 

expected for patient room high touch surface cleaning in the field.  In sum, the selected conditions for disinfectant use in 

the Monell simulation studies25 reasonably represent upper bound PAA-based disinfectant use conditions during discharge 

cleaning with respect to factors impacting inhalation exposures to cleaners in hospitals.  

 

The Monell Environmental Chamber Study was an experimental, within-subject, double-blinded cross-over design applied 

to evaluating eye and respiratory irritation responses in healthy human volunteers.   Participants were exposed under 

each of four conditions during a single day: 1) PAA-based disinfectant ready-to-use (positive odor/irritant), 2) AA only 

at the equivalent airborne concentrations as the ready-to-use mixture (positive odor/irritant), 3) HP only at the equivalent 

airborne concentrations as the ready-to-use mixture (negative odor/irritant), and 4) de-ionized distilled water only 

(negative odor, negative irritant control) (Figure 2).  Exposure to HP only and water control each occurred in one 20-min 

session on each study day. Exposure to AA only and PAA-based disinfectant each occurred in three 20-minute sessions 

on each study day. Exposures were ordered in one of four counterbalanced sequences, which were randomized by 

participant (Figure 2). Two subgroups of volunteers were tested: 1) single-day volunteers (32 females and 4 males) to 

assess the range of individual exposures and irritant responses, and 2) multi-day volunteers (8 females) whose exposures 

and irritant responses were assessed over 5 consecutive use days.   Figure 2 summarizes the timing of the exposure trials 

and the endpoints evaluated during each test day. 

 

 

Figure 2. Monell Environmental Chamber Study Design Elements.  A, B, C, and D denote the four solutions tested: A = acetic 

acid (AA); B = PAA-based disinfectant (PAA); C = hydrogen peroxide (HP); D = deionized water (DI).  Exposures were 

counterbalanced and varied by volunteer with four conditions.  In counterbalance condition 1, exposures were ordered as:  HP, 

AA, DI, PAA.  In counterbalance condition 2, exposures were ordered as: HP, PAA, DI, AA.  In counterbalance condition 3, exposures 

were ordered as DI, AA, HP, PAA.  In counterbalance condition 4, exposures were ordered as DI, PAA, HP, AA.  PAA and AA are 

positive for odor/irritancy, HP is negative for odor but positive for irritancy, and DI water is negative for both odor and irritancy. 

Figure adapted from Kerger et al.21 
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This human volunteer study was approved by the Advarra Institutional Review Board (IRB) and informed consent was 

obtained from each of the healthy volunteers, including 40 adult females and 4 adult males between the ages of 21 and 

55 and of mixed racial makeup. Subjects were recruited by Monell Chemical Senses Center and were compensated for 

their participation. The original protocol included 40 female subjects based on scientific evidence indicating that adult 

female subjects are significantly more prone to report odor-related irritation compared to males.26-29 In addition, females 

have been shown to exhibit irritant receptor-triggered cough at lower average airborne irritant concentrations compared 

to males, i.e., with capsaicin exposures.30-31  Based on the IRB recommendation that males should be included for gender 

equality considerations, the protocol was modified to include 4 male subjects for a total of 44 healthy adult volunteers 

in these studies. 

 

The environmental chamber has dimensions of 2.9 m wide x 3.6 m long x 2.2 m height, is equipped to allow for control 

and monitoring of supply air, exhaust air (set at 5.4 air changes/hr ~10% lower than the 6 air changes/hr minimum 

recommended for hospital patient rooms), and temperature (21°C) using an air-control system (Siemens, Berlin, Germany).  

Room temperature and airflow were controlled and recorded via software linked to the chamber management system 

that logged these data at 1-minute intervals.  Common patient room surfaces placed inside the chamber included an 

over-bed table, a bathroom sink, faucet, and toilet, a bedside table, a vinyl reclining chair, a hospital bed headboard 

and footboard, and a vinyl-covered mattress, as well a smaller surfaces wall including two light switch covers, two 24-

inch stainless-steel grab bars, two door handles, a soap dispenser, a paper towel dispenser, and a telephone. The 

estimated total surface area targeted for wiping was approximately 92 square feet (8.54 m2) for all items combined. 

 

The PAA-based disinfectant use solution diluted at 3 oz/gal contained 0.13% PAA, 0.16% AA, and 0.64% HP. The AA 

only solution (0.38%) and the HP only solution (0.63%) were utilized to generate similar airborne exposures for these 

components alone as observed with the disinfectant mixture. Solutions were made fresh daily and evenly distributed over 

a designated number of microfiber cloths (dimensions 38 cm x 40 cm) at a saturation level of 125 mL/cloth that could be 

used for surface cleaning without dripping in accordance with the disinfectant manufacturer’s training materials for use. 

Concentrates of each test solution were provided to Monell by the PAA-based disinfectant manufacturer and labeled as 

A, B, C, and D; mixing instructions were provided to Monell staff for each mixture to accomplish the target dilution rate. 

The manufacturer’s sieve and bucket system for PAA-based disinfectant was utilized; dry microfiber cloths were folded 

and stacked vertically inside the plastic bucket, the sieve top was placed over the bucket, and the use solution was poured 

into the sieve designed to evenly wet the cloths.  Although the vinegar odor of PAA and AA was distinguishable with this 

generic labeling system, the experimenters and volunteers were blinded to whether AA only or PAA-based disinfectant 

(or HP versus water for odorless solutions) was used as the cleaning solution in any particular trial.  

 

Exposures to PAA, AA, and HP were measured in the volunteer’s breathing zone during each trial while pre-wetted 

microfiber cloths were used to wipe for 20 minutes continuously to disinfect a selected set of high-touch nonporous surfaces 

found in patient room/bathroom spaces.  Volunteers were instructed to use the wetted cloths to wipe on a heavy film and 

continue repeating the cleaning cycle of high touch surfaces in accordance with the disinfectant manufacturer’s training 

materials for use until the 20-minute trial was completed.  Study participants donned a sampling vest and wore nitrile 

gloves; one of four wetted cloths was provided via a pass-through compartment at 0, 5, 10, and 15 minute intervals; 

spent cloths were exchanged and removed. Breathing zone samples for PAA, AA, and HP during each trial were collected 

at 4 liters/min and shipped under chain-of-custody records to an EPA-certified laboratory for extraction and quantitative 

analysis based on OSHA Method PV2321 for PAA, NIOSH Method 1603 for AA, and OSHA Method 1019 for HP.  
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The objective measures of eye and respiratory tract inflammation/irritation included: eye imaging for measurement of 

eye blink frequency and hyperemia (eye redness, vascularity); nasal assessment of right and left sinus volume by nasal 

rhinometry; nasal nitric oxide; nasal mucus collection for measuring selected cytokines of respiratory tract inflammatory 

response (Interleukin-8, calcitonin gene-related peptide, substance P, and tumor necrosis factor-alpha); and respiratory 

assessment of exhaled breath nitric oxide and spirometry (FEV1, FVC, and FEV/FVC). Multi-day volunteers were also 

assessed for allergic sensitization by analysis of blood immunoglobulin E before the first exposure trial and after the last 

trial on day 5. Each trial was videotaped and subjects were observed for any frank signs of eye or respiratory irritation 

(i.e., lacrimation, sneezing, coughing, or nasal congestion or dripping).  

 

Subjective ratings of eye and respiratory irritation were obtained during each trial (odor, eye, nose, and throat) using 

the general Labeled Magnitude Scale,32,33 a log scale for sensation intensity. This enabled each volunteer to assign ratings 

anchored by corresponding magnitude descriptors.  

 

The single-day volunteer subset was completed between October 4, 2021 and June 27, 2022 and included 32 female 

volunteers and 4 male volunteers who completed the single-day testing protocol. The first day of testing for the 8 multi-

day volunteers was also included in the single-day statistical analysis, for a total of 44 volunteers (40 females + 4 males) 

representing 44 days of exposure to the test solutions with 8 trials per day.  

 

The multi-day volunteer subset included 8 female volunteers who underwent repeated exposures in accordance with the 

daily testing protocol. Seven volunteers completed all five consecutive testing days (Monday through Friday); one 

volunteer missed the Thursday testing but completed the other 4 test days and was accepted as a minor deviation. The 

multi-day data subset thus represents 39 days of exposure to the test solutions over 8 trials per day. This subset was 

completed at Monell between July 19, 2021, and October 1, 2021.  

 

For the statistical analysis, summary statistics were calculated by solution for each exposure and irritation metric.  For the 

exposure characterization, analysis of variance models (ANOVA) were implemented using Tukey’s multiple comparison 

test to identify significantly different group means.  All analyses were performed in SAS version 9.4.  For the subjective 

irritation scores, ANOVAs were used with CONDITION (A, B, C, D) and TIME (Pre-/Post- [as needed], Hour [as needed]) 

as factors to unpack effects disinfectant exposure. Any interactions revealed by analysis were explored using a Tukey 

HSD post hoc analysis, with Bonferroni corrections as appropriate. All analyses were done in STATISTICA (TIBCO 

Software, Palo Alto, CA, USA). 

 

Results 

Comparison of the single-day and multi-day volunteer breathing zone exposure concentrations in each trial set were 

comparable and hence the data were combined for all volunteers as summarized in Table 4.  Separate statistics by 

gender showed that mean breathing zone concentrations were significantly lower among the 4 males compared to the 

40 females only for PAA in the PAA-based disinfectant trials (males: 146 + 35.9 µg/m3 vs. females: 209 + 76.4 µg/m3, 

p = 0.0065).  No significant differences were observed between the gender groups for any other breathing zone 

chemical concentration across the other three test solutions. All data were within the laboratory quality control limits as 

identified in a Quality Assurance Project Plan prepared in advance of the Monell environmental chamber study 

implementation; all three irritants were above the reporting limits (1.4 µg/m3 (0.45 ppb) for PAA, 65 g/m3 (26.5 ppb) 
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for AA, and 4.7 µg/m3 (3.8 ppb) for HP) in all of the PAA-based disinfectant trials, and most of the AA-only and HP-

only trials; few samples were lost, e.g., 3.4% (4 of 118 samples collected) for PAA.  Airborne chemical concentrations 

that were below reporting limits (particularly in the deionized water trials) were estimated and included in the statistics 

at the estimated value.   

 

Table 4. Summary of Monell Environmental Chamber Study Breathing Zone Exposure Data* 

  Peracetic Acid in µg/m3 (ppb)a Hydrogen Peroxide in µg/m3 

(ppb)b 

Acetic Acid in µg/m3 (ppb)c 

Chamber Test 

Solution 

n Mean S.D. S.E.M. n Mean S.D. S.E.M. n Mean S.D. S.E.M. 

Deionized Water 

Only 

75 13.3 12.7 1.5 75 25.1 21.2 2.5 75 170 127.9 14.8 

4.3 4.1 0.5 18 15.3 1.8 69 52 6 

Hydrogen 

Peroxide Only 

71 14.8 14.7 1.7 71 348.6 154.6 18.1 71 190.8 159.8 18.7 

4.8 4.71 0.6 250.7 111.1 13 78 65 8 

Acetic Acid Only 193 13.1 10 0.7 187 121.1 80.2 5.8 179 967.9 471.1 34.4 

4.2 3.22 0.2 87.1 57.7 4.2 394 192 14 

PAA-based 

disinfectant 

219 205.9 71.9 4.8 219 398.6 168.1 11.3 219 950.1 362.8 24.4 

66.2 23.1 1.6 286.6 120.9 8.1 387 148 10 

95th percentile 

for PAA-based 

disinfectant use 

in µg/m3 (ppb) 

315 695 1640 

101 500 667 

* Summary of data for the 36 single-day volunteers combined with all data from the 8 multi-day volunteers; thus, a total of 75 

days of testing is reflected in the data presented here for the PAA-based disinfectant, hydrogen peroxide only, and deionized 

water only trials. The first two weeks was designated as the pilot study wherein it was determined that the acetic acid only trials 

exhibited lower than expected acetic acid airborne concentrations (mean 158 ppb; SD 59 ppb); the acetic acid cleaning 

solution was increased by 2.4-fold  to achieve equivalent concentrations to those observed in the PAA-based disinfectant trials 

(mean 353 ppb; SD 121 ppb); thus, a total of 65 days of testing is reflected in the data for the acetic acid only trials.  

Table adapted from Kerger et al.21  

a The average peracetic acid concentration was significantly different between PAA-based disinfectant and the other chamber 

test solutions (p<0.001).  The other pairwise comparisons were not statistically significant.  

b All pairwise comparisons between solutions were statistically significantly different (p<0.001) with the exception of PAA-

based disinfectant and hydrogen peroxide only (p=0.1954).  

c The average concentration for the PAA-based disinfectant and acetic acid only groups was significantly higher than both 

hydrogen peroxide and deionized water (p<0.001).  No significant difference was found between hydrogen peroxide only 

and deionized water only (p = 0.9837) or PAA-based disinfectant and acetic acid only (p = 0.1997). 

 

None of the volunteers exhibited increases in objective measures of eye and respiratory tract inflammation.  No increase 

in ocular redness or vascularity was found following any exposure condition, no significant elevations were found for 

nasal or lung nitric oxide, and no significant decreases were observed for any of the spirometry endpoints (FEV1, FVC, 

FEV1/FVC).  None of the 8 multi-day volunteers exhibited significantly increased serum IgE after exposure day 5 

compared to their pre-study value. 
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Subjective irritation sensation ratings for the disinfectant trials (PAA/AA/HP) and for the AA-only trials were similarly 

elevated for odor and nose, with lower average ratings for eye and throat (Table 5). Subjective irritation ratings were 

significantly higher for participants in the PAA-based disinfectant trials for all 4 sensation responses.  Odor intensity and 

nose irritation ratings were higher for the AA-only, HP-only, and Water trials but did not achieved statistical significance 

(p > 0.05).  

 

Table 5. Summary of Subjective Irritation Scores from the Monell Environmental Chamber Study 

  Condition 

  AA PAA/AA/HP HP DI water 
 

Mean SE Mean SE Mean SE Mean SE 

Odor Intensity 12.06 2.16 22.99* 2.9 8.1 1.53 7.26 1.85 

Nose Irritation 8.6 1.64 23.78* 2.45 6.6 1.52 5 1.05 

Throat Irritation 4.36 1.07 12.65* 2.05 3.15 0.72 2.65 0.99 

Eye Irritation 4.8 1.2 13.62* 2.1 2.71 0.68 3.01 0.78 

*p < 0.001 -significantly different response compared to deionized water control score. 

Table adapted from Kerger et al.21  

 

Regression analysis of subjective intensity ratings was used to assess trends for each sensation response metric (i.e., ratings 

for odor intensity, nose irritation, throat irritation, or eye irritation) within the four exposure types studied (PAA-based 

disinfectant, AA-only, HP-only, or Water). The subjective irritation ratings were classified into two groups: nothing to 

weakly sensed (numerical ratings 0 to 6) versus moderately intense and higher (numerical ratings of 6 to 100). A logistic 

regression model was used to identify which factors were related to high probabilities of moderately intense or higher 

ratings with the main factors in the model including exposure type, sensation response metric, and gender; all factors 

were found to be significant (p < 0.05). Eye and throat irritation sensation ratings were significantly less likely to have 

moderate or higher irritation ratings compared to the nose irritation ratings.  The odor intensity ratings were not 

significantly different from nose irritation ratings, and eye irritation ratings were not significantly different from throat 

irritation ratings (Table 5). Also, odor intensity ratings were significantly more likely to be assigned moderate or higher 

sensation intensity ratings compared to throat or eye irritation ratings.  Accordingly, odor intensity and nose irritation 

ratings were the most sensitive sensation endpoints across the four subjective sensation response metrics studied.  

 

Hierarchical clustering was used to group subjects with similar subjective irritation scores based on 6 goodness of fit 

statistics: semi-partial R-square; R-square; approximate expected R-square; cubic clustering criterion; pseudo F; and 

pseudo T-squared. When considering all of these fit statistics, the combined best fit corresponded to the presence of 4 

distinct clusters with similar ratings of nose irritation and odor intensity metrics.  The characteristics of these 4 clusters from 

lowest to highest sensation rating tendency included: Group 1 (average score 3.3, weak sensation, n = 16), Group 2 

(average rating 10.8, moderate sensation, n = 18), Group 3 (average rating 22.0, strong sensation, n = 6), and Group 

4 (average rating 30.4, strong sensation, n = 4). The four male volunteers were clustered in the lowest irritation rating 

subset, Group 1.   

 

Dose-response analysis of subjective sensation ratings were evaluated based on the ratings for nasal irritation and odor 

intensity obtained at the end of each trial.  The breathing zone exposure data for each participant’s trials on day 1 was 
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utilized as the dose metric for multi-day volunteers. Figure 3 shows the findings for combined exposure to PAA + AA 

(odor-associated irritant components) which indicated statistical differences similar to those observed for AA alone, i.e., 

the highest sensation rating cluster (Group 4) showed significantly lower PAA + AA exposure in the PAA-based 

disinfectant trials compared to Groups 1-3.  Parallel lower average exposures were observed for Group 4 in the AA-

only trials but the difference was not significantly different from Groups 1-3 (p > 0.05).   

 

 

Figure 3. PAA + AA exposure analysis by cluster and exposure type.  Clusters were determined through hierarchical 

clustering methods to group subjects with similar irritation scores. This plot shows the findings for combined exposure to 

PAA + AA (odor-associated irritant components) which indicated statistical differences similar to those observed for 

AA alone, i.e., the highest sensation rating cluster (Group 4) showed significantly lower PAA + AA exposure in the PAA-

based disinfectant trials compared to Groups 1–3. Parallel lower average exposures were observed for Group 4 in 

the AA-only trials but the difference was not significantly different from Groups 1–3 (p > 0.05). The breakdown by 

sex for each Group is as follows: Group 1 (N=192, Females=160, Males=32); Group 2 (N=210, Females=210, 

Males=0); Group 3 (N=104, Females=104, Males=0); and Group 4 (N=64, Females=64, Males=0).  Figure adapted 

from Kerger et al.21  

 

In sum, the overall findings indicate that the highest sensation rating cluster (Group 4) showed significantly lower exposures 

for all metrics that included AA.  This suggests that Group 4 individuals took intentional steps to reduce their breathing 

zone exposures most prominently in the trials with PAA-based disinfectant and with AA-only. These findings suggest that 

Group 4 subjective ratings of sensation intensity of AA odor were the likely driver of avoidance behaviors that 

accomplished their lower breathing zone exposures. 

 

Discussion 

This study of upper bound personal exposures during simulated hospital use of PAA-based disinfectant demonstrated 

that, based on mean subjective irritation scores for the disinfectant solution trials (PAA/AA/HP) and the AA-only trials, 
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the volunteers considered their personal exposures to be significantly more irritating on average compared to HP-only 

or deionized water trials. It is noteworthy that eye irritation, which is typically a more sensitive locus for airborne irritants, 

particularly among women,29,34 was reported as significantly lower than nasal irritation in these studies of PAA, HP, and 

AA.  The similarity between the ratings of odor intensity and the nasal irritation ratings to PAA-based disinfectant solution 

and AA-only trials suggests that the combined sensations of a strong and unusual PAA (vinegar) odor with tingling 

sensations in the nose served to elevate the reporting of nasal irritation and odor intensity.  Importantly, none of the 

volunteers had significant increases in objective markers of inflammation or allergic sensitization, and none were found 

to exhibit any ocular or respiratory tract inflammation indicators. In addition, no frank signs of eye or respiratory tract 

irritation were observed for any participant (i.e., lacrimation, sneezing, coughing, or nasal congestion or dripping).  These 

findings demonstrate that no significant increases in objective markers of tissue injury or inflammation of the eye or 

respiratory tract were observed for healthy volunteers exposed during upper bound use of the PAA-based disinfectant 

or its components (HP only and AA only) despite the broad range of subjective irritation scores describing the intensity of 

unpleasant sensation for the 44 volunteers studied over 75 days of testing.  The chamber study findings are consistent 

with the European guideline that 160 ppb PAA is a generally well-tolerated occupational standard.2 

 

Only one prior study of PAA-based disinfectant use included assessment of short-term airborne PAA concentrations in 

hospital cleaners.  The product manufacturer’s research scientists4  reported airborne PAA data pertaining to PAA-based 

disinfectant use on a task-specific basis at five different hospitals. They performed 15-minute sampling in spaces where 

two cleaners were cleaning simultaneously and reported airborne PAA at 203 + 120 ppb (mean + S.D.) during patient 

room cleaning at an air exchange rate of 6 hr-1; 180 + 120 ppb for bathroom cleaning with an unspecified air exchange 

rate; and 58 + 47 ppb in product dispensing areas with an unspecified air exchange rate. Their data for room cleaning 

(n = 27), bathroom cleaning (n = 17) and dispensing areas (n = 7) showed relative standard deviation for PAA (59%, 

67%, 81%) that were reasonably comparable to the current study PAA-based disinfectant trial statistics in Table 4 for 

PAA.  The higher PAA findings of Nordling et al.4 when compared to the current study may be explained by their sampling 

procedure in some samples involving two environmental staff using PAA-based disinfectant simultaneously and their 

inclusion of floor mopping with PAA-based disinfectant in the room cleaning and bathroom cleaning tasks. Notably, 

manufacturer training since 2014 prohibited floor mopping applications of PAA-based disinfectant in patient rooms and 

similar spaces with low end air exchange for hospitals.  The air exchange rates in the current study averaged 5.4 hr-1 to 

5.5 hr-1, slightly less than the 6 hr-1 reported by Nordling et al.4 for patient rooms they studied. Nordling et al.4 reported 

their PAA detection limit at 13 ppb, while the current study detection limit was 0.26 ppb. 

 

Our study design included predominantly female subjects because compared to males they are significantly more prone 

to report odor-related irritation26-29 and show a lower threshold for irritant receptor-triggered cough reflex.29,34   This 

element was part of the upper bound response analysis that was incorporated into the study design.  Consistent with the 

published findings showing greater sensitivity to odors and inhaled irritants, females in the current study were significantly 

more likely (2.5-fold) than males to rate subjective odor and nasal irritation as “moderately sensed” or greater.  The 

small subset of males (n = 4) showed a statistically significant 30% lower mean breathing zone PAA compared to the 40 

females and had lower means for all other exposure metrics though not significantly different at p < 0.05. These lower 

breathing zone measurements may be attributable to greater male volunteer height (i.e., source to breathing zone 

distance), lower nasal irritation sensitivity, differences in wiping technique, and/or chance.  
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The current study was designed to simulate upper bound cleaner use of PAA-based disinfectant for terminal cleaning of 

hospital patient room and bathroom spaces.  Each trial included 20 min of continuous wiping high touch surfaces with 

wetted cloths per the product manufacturer’s training guidelines for cleaning.  Auxiliary studies (Table 2) evaluated 49 

trained cleaners across 15 hospitals and demonstrated that the selected 20 min wiping period for PAA-based disinfectant 

exceeded the interquartile range (IQR) of 8.8 to 18 min in the field. An IQR of 3 to 7 cloths used per patient 

room/bathroom and an IQR of 1.7 to 4.1 min for cloth handling time were observed versus the current study protocol 

utilizing 4 cloths handled for 5 min each.  Separate studies (Table 3) evaluating the mass transfer characteristics of PAA-

based disinfectant at a higher concentration (4 oz/gal versus current study at 3.0 oz/gal) showed 24 ppb higher average 

breathing zone PAA concentrations. Compared to longer periods of individual wetted cloth use (i.e., 10 min/cloth or 20 

min/cloth), using cloths for < 5 min led to the significantly higher disinfectant film density (average 4.6 g/m2) and 

application time (average  9.8 g/min versus 4.1 g/min with 1 cloth per 20 min), significantly increased cleaning efficiency 

(average 2.2 m2/min versus 1.6 m2/min with 1 cloth per 20 min)), and longer dwell time (> 5 min) as illustrated in Table 

3.  

 

The current study chamber had a fresh air exchange rate of 5.4 to 5.5 hr-1 which was below the minimum recommended 

6 hr-1 for patient rooms.23  The condensed set of high touch surfaces within the small chamber floor space (11.5 m2) 

compared to typical patient room + bathroom) in hospitals (24 m2 to 30 m2, AHE, 2021) allowed volunteers to complete 

3 to 5 full cycles (25 to 34 m2 cleaned) of simulated cleaning in 20-min.  Considered collectively, these study design 

elements reasonably represent upper bounds for use conditions and breathing zone exposures to PAA, HP, and AA for 

cleaners during patient room terminal cleaning.  

 

The irritation effects of PAA are known to be concentration-dependent rather than concentration-times-duration-

dependent.5  With continued exposure, sensory adaptation is a common feature of human chemosensory systems—odor 

and irritation-, and has been demonstrated for numerous substances,35,36 including acetic acid.37  Confirmation of this shift 

in response is shown by the dramatic reduction in health complaints made to the manufacturer or its independent agent 

of the disinfectant from 2013-2020.25  The data presented here demonstrate the range of subjective irritation responses 

of naïve individuals to a PAA-based disinfectant and AA-only under conditions of simulated hospital cleaner use, but no 

significant increases in objective irritation measures of eye and respiratory irritation, inflammation, or sensitization.  

 

Detailed statistical analysis of the subjective sensation ratings showed that participants who gave the highest subjective 

irritation ratings exhibited significantly lower measured irritant exposures for all metrics including AA, particularly for the 

PAA-disinfectant and AA-only trials. These findings suggest that study participants who found the PAA-based disinfectant 

and AA-only trials extremely irritating (nose and odor intensity ratings) took steps to significantly reduce their exposures 

that were guided by sensation of AA odor. In contrast, other participants (Groups 1-3) experienced significantly higher 

AA and PAA exposures but assigned lower sensation intensity ratings (nose/odor) for exposures to PAA-based 

disinfectant and AA-only trials.  Thus, the vinegar-like odor of AA, in combination with the nose tingling sensation of PAA, 

likely guided Group 4 participants to implement avoidance behaviors that resulted in lower exposures to PAA and AA 

while still assigning the highest sensation intensity ratings in the absence of any objective clinical indicators of eye or 

respiratory tract inflammation responses. 
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Conclusions 

These studies provide answers to key questions regarding PAA-based disinfectant use patterns, upper bound airborne 

exposures, and objective and subjective eye and respiratory irritation responses during hospital room cleaning.  The 

studies address concerns that subjective complaints of respiratory irritation reported by some users of this product may 

outweigh the significant reduction in morbidity/mortality associated with its antimicrobial efficacy against hospital-

acquired infections that can be deadly. These findings also provide important dose-response evidence for eye and 

respiratory irritation responses in healthy human volunteers exposed during upper-bound use conditions of PAA-based 

disinfectants.  The range of breathing zone concentrations measured from these studies demonstrated no objective effects 

on eye or respiratory tract tissue injury/inflammation.   
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i The Standardized Infection Ratio (or “SIR”) is calculated by dividing the number of observed infections by the number 

of predicted infections.  The number of predicted infections is based on a nationally aggregated baseline.  Thus, any 

rate over the SIR of 1.0 means that the infection rates exceeded what was expected.  Anything falling below 1.0 means 

that infections fell below its expected rates.14 (The NHSN Standardized Infection Ratio (SIR) A Guide to the SIR. Updated 

April 2022).  

ii The NIOSH18 report replaced an online report dated January 2017. See NIOSH18for details. 
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