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Highlights

e Accurate PM concentration measurements can be obtained using low-cost
monitors

e Aerosol anti-perspirant deodorants have a long-lasting adverse effect on indoor
air quality

e Poor ventilation maintains very high PM concentrations for > 2 hours after spray

e High PM concentrations are detected in rooms away from the point of aerosol
use

e Anti-perspirant exposure should be considered in managing health conditions
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Abstract

Particulate matter (PM) in ambient air is associated with many adverse health
outcomes. Although many anthropogenic activities are associated with PM release in
indoor settings, dispersion and persistence of PM is poorly understood. In this study,
concentration, persistence and dispersion of PMz2sand PMio released
following aerosol antiperspirant use were measured in a bathroom environment under

several door and window ventilation conditions, and in a nearby bedroom.

Daily mean concentrations were elevated in all experimental conditions compared
to the control, but varied depending on the ventilation condition. The daily mean
concentrations exceeded the WHO daily mean guideline values when there was little
or insufficient ventilation in the bathroom, whereas ventilation through opening doors
or windows prevents exceedances. After spraying, mean peak PM concentrations

were lowest in the bathroom when the door and window were left open.

Introducing ventilation through opening the bathroom door and/or window reduced PM
concentrations by > 93% 10 minutes after spray release, compared to reductions of
60% and 77% for PM2.5 and PM10, respectively, with no ventilation. Opening the
bathroom window significantly increased peak PM concentration in the bedroom
relative to leaving the window closed, suggesting increased dispersion of PM from

bathroom to bedroom.

Keywords

Particulate matter, deodorant anti-perspirant, aerosol, exposure, respiratory health
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1. Introduction

Particulate matter (PM) is a term that describes microscopic, inhalable particles, which
are important components of outdoor and indoor pollution. PM can be classified by
diameter: PMio, PM2.5, PM1 and ultrafines, which describe particles <10 pm, <2.5 pym,
<l pum and <100 nm in aerodynamic diameter, respectively (World Health
Organization, 2016).

Epidemiological and toxicological research has informed World Health Organization
(WHO) guideline concentrations for maximum annual average (PMio = 20 ug/m3;
PM2s = 10 pug/m?3) and daily average (PM1o = 50 pg/m3; PM2.s = 25 ug/m?) exposure
to ambient particulates. However, evidence has indicated that for PM there is no
maximum safe level or threshold for particle exposure, to avoid adverse health effects
(WHO, 2013), and the WHO is currently re-evaluating the guidelines for both PM2s
and PM1o (WHO, 2016).

The German Commission for the Investigation of Health Hazards of Chemical
Compounds in the Work Area (Maximale Arbeitsplatz-Konsentration (MAK)
Comission, 2012) indicates that healthy individuals can clear particles >7 um in
diameter from the tracheobronchial compartment within 24 h and that particles >15
pum are deposited almost exclusively in the nose, pharynx or larynx (MAK Comission,
2012). Inhaled PM1o can penetrate into the lung and is deposited in the upper airways
and nasal cavities (Fiordelisi et al., 2017), and is thought to induce upregulation of the
pro-inflammatory cytokine interleukin (IL)-8, cytotoxic cell responses and
deoxyribonucleic acid (DNA) damage through reactive oxygen species (ROS)
generation (Van Den Heuvel et al.,, 2016). PM25s and smaller particles penetrate
deeper into the lung and can be deposited in the alveolar regions (Fiordelisi et al.,
2017; James et al., 1991), where they trigger inflammatory responses, causing genetic
mutations and epigenetic modifications that can result in lung carcinoma (Li et al.,

2017; Miller et al., 2017). These fine and ultrafine particles have the potential to cross

Abbreviations DNA: Deoxyribonucleic acid; IL: interleukin; MAK: Maximale
Arbeitsplatz-Konsentration; PM: Particulate Matter; PPM: parts per million; ROS:
reactive Oxygen Species; WHO: World Health Organizsation;
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from lung alveoli to the blood stream, from where they can cause and exacerbate
chronic cardiovascular disease and cause carcinomas that are distal to the lung
(Arden Pope et al., 2011; Fiordelisi et al., 2017; Jalaludin and Cowie, 2014).

Inhalation exposure of PM is detrimental to health and contributes to early death (Lim
et al., 2012; Royal College of Paediatrics and Child Health, 2016; WHO, 2018). In
mice, sub-chronic low-level exposure to PM can induce an inflammatory response
causing an adverse effect on lung health (Chan et al., 2019). Inhaled PM can cause
acute respiratory irritation in humans (Wolkoff and Nielsen, 2017), and narrowing of
airways, leading to the exacerbation of chronic respiratory diseases such as chronic
obstructive pulmonary disorder (COPD) (Doneva et al., 2019; Morantes-Caballero et
al., 2019) and asthma (Baldacci et al., 2015; Guarnieri and Balmes, 2014; Keet et al.,
2018). Exposure to PM has also been associated with increased risk and mortality in
cardiovascular disease (Arden Pope et al.,, 2011; Franklin et al., 2015; Kunzli and
Tager, 2005; Miller et al., 2017), increased risk for lung cancer (Arden Pope et al.,
2011; Hamra et al., 2014; Kinzli and Tager, 2005), decreased survival in Stage |
breast cancer (DuPre et al., 2019), increased risk of type Il diabetes incidence (Liu et
al., 2019), increased risk of dementia (Peters et al., 2019) and an increased likelihood
of low birth weight (Smith et al., 2017).

In the UK, air quality standards for outdoor air are enshrined in the Air Quality
Standards regulations and Local Air Quality Management regime (Barnes et al., 2018),
which are based largely on the WHO guideline levels. PM:s is a notable exception as
the WHO guideline for this pollutant is an annual average of 10 pg/m?, whereas the
UK (with the exception of Scotland) has adopted an annual average of 25 p/gms2. The
WHO has indicated that as there is no convincing evidence for the difference in the
level of risk associated with indoor as compared to outdoor sources of PMioand PMzs,
the outdoor air standards are equally applicable to indoor air (WHO, 2006). However,
despite this, statutory pollutant concentration thresholds for the protection of health in
indoor environments are not included in UK law, with the UK and Welsh Governments
going no further than highlighting the risks and recommending precaution in their
recently published Clean Air Plans (Department for Environment Food & Rural Affairs,
2019; Welsh Government, 2019).
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Indoor air pollution is ranked 4™ as a contributing factor towards global disease burden
(Lim et al., 2012). Anthropogenic activities are known to have a significant impact on
indoor air quality: smoking (Fiala et al., 2012; Glytsos et al., 2010; Rosen et al., 2015;
Semple et al., 2015, 2013), cleaning (Abt et al., 2000; He et al., 2004; Kamens et al.,
1991; Nazaroff and Weschler, 2004; Wolkoff et al., 1998), cooking (Abt et al., 2000;
Geéhin et al., 2008; He et al., 2004; Hussein et al., 2005), solid-fuel burning (Hussein
et al., 2005; Salthammer et al., 2014), choice of furnishing (Jones, 1999), and use of
personal care products, including deodorants (Lefebvre et al., 2012) have all been
shown to contribute indoor PM concentrations. Aerosol anti-perspirant and deodorant
use in developed countries is widespread and is increasing in proportion to non-
aerosol alternatives (“Cosmetics Business,” 2016). A self-reporting-based study found
that > 91% of respondents reported regularly using deodorants, and of these,
approximately 79% regularly use aerosol/spray forms of deodorant (Biesterbos et al.,
2013). Aerosol deodorants are usually composed of the active ingredient(s), and a
solvent & propellant mix, which, when released from the container, cause the contents
to disperse into small particles (Rothe et al., 2011). This method of anti-perspirant
delivery is highly inefficient, with only 11.4% of the product reaching the skin, and
89.6% entering the air where it can then be inhaled (Steiling et al., 2012).

Previous research into the size characteristics and persistence of particles released
during the activation of aerosol-type sprays is limited. Particle size distribution studies
of product released from household aerosol sprays showed an increase in particle size
over time after spraying, possibly due to particle nucleation and coagulation (Afshari
et al., 2005; Cuizas et al., 2015). Another common household aerosol, hair spray, has
been shown to increase ambient PM2.5 concentration by up to 11.6-fold (Glytsos et al.,
2010). Therefore, it is reasonable to hypothesise that use of aerosol anti-perspirant
could have a similar affect on indoor air quality. To the authors’ knowledge, the impact
and persistence of released anti-perspirant-associated PM in the indoor environment

has yet to be determined.

The Dylos DC1100 Pro (“Dylos,” 2019) is an optical particle monitor that records
particle count number (PCN). Dylos instruments may be co-located with a calibrated
instument capable of measuring PM concentrations for calculation of a conversion
factor from PCN to PM concetration with R? values ranging from 0.58 to 0.99 (Dacunto
et al., 2015; Holstius et al., 2014; Jones et al., 2016; Klepeis et al., 2013; Northcross

5
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et al., 2013; Robert J. Vercellino et al., 2018; Semple et al., 2015, 2013; Sousan et al.,
2016; Steinle et al., 2015),The relationship between PM count and PCN is dependent
on the PM source and experimental conditions. Lower correlations were observed in
field studies of environmental & occupational pollutants (Steinle et al., 2015, Jones et
al., 2016, Holstius et al., 2014), compared to studies of PM release under laboratory
conditions (Semple et al., 2013, Kleipis et al. 2013, Sousan et al., 2016, Vercellino et
al., 2018) or in the home environment (Semple et al., 2015). The available evidence
shows that Dylos optical particle counters are suitable for determining PM

concentrations released from aerosol in an indoor home environment.

This study aimed to use a Dylos optical particle counter to determine concentrations
of PM1o and PMz2s associated with the use of an aerosol anti-perspirant in a standard
home environment by comparing peak PM concentrations to WHO daily mean
guideline thresholds for PM1o and PMz.5, and the time taken for the PM concentrations

to return to room background levels in multiple ventilation conditions.
2. Materials and Methods
2.1. Deodorant product

The product used in this study was Sure Men Williams Racing Anti-perspirant
Deodorant aerosol (250ml) manufactured by Unilever, Wirral CH63 3JW UK. Anti-
perspirant ingredients as listed by the manufacturer were: butane, isobutane,
propane, aluminium chlorohydrate, cyclopentasiloxane, @ PPG-14  butyl ether,
parfum, disteardimonium hectorite, BHT, propylene carbonate, caprylic/capric
triglyceride, gelatin crosspolymer, cellulose gum, benzyl salicylate, sodium benzoate,
hydrated silica, aqua, sodium starch octenylsuccinate, maltodextrin, hydrolysed corn
starch, silica, alpha-isomethyl ionone, benzyl alcohol, butylphenyl methylpropional,

citronellol, geraniol, limonene, linalool.
2.2. Experimental location

Particle counts were recorded continuously over a period of 18 days in an upstairs
(first floor) bathroom of a modern, detached four-bedroom house. The bathroom was
constructed four years previously and contains a single inward opening standard panel
door and a window with a single fixed casement pane and a single outward opening

casement pane (Figure 1). The bathroom has a 102 mm extractor fan (Primeline model
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PEF4020) permanently fitted into the ceiling that vents air outside via an external wall.
The fan has a run-on timer and has an extraction rate of 23 Ih** (85 m3ht). The
dimensions of the rooms are described in Table 1. Particle counts were also recorded
on separate days in a bedroom located opposite to the bathroom having a single

inward opening standard panel door directly opposite to the bathroom door.
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Room

Dimensions

Additional Information

Bathroom
Standard-Panel Door

Open-Panel Window

Extractor Fan

Bedroom
Standard-Panel Door

2300 * 1900 * 2300 mm
706 * 1907 mm
500 * 804 mm

100 * 100 mm

3300 * 3100 * 2300 mm
706 * 1907 mm

Total vol.: 10.1 m3
Total area: 1.4 m?
Total area: 0.4 m?
1000mm from floor

Extraction rate: 85 m3ht

Total vol.: 23.5 m?
Total area: 1.4 m?

Table 1: Dimensions of experimental rooms
2.3. Experimental conditions

Particle counts for PM1o and PM2s were measured in parts per million (PPM) using a
Dylos DC1100 optical particle monitor with PC interface (“‘Dylos,” 2019). PM
concentrations were measured by a Trotec PC220 device with PC interface, which
conforms to 1ISO 201501-4, and measures PM1o and PM2.5 concentration (ugm-3) with
a 100% counting efficiency for particles greater than 0.45um in size and a 5%
coincidence loss (percentage error when counting large particle concentrations). An
extensive literature search and review of information made available by manufacturers
did not give absolute values of uncertainty measurements for either device. In order
to factor in measurement uncertainty into our analysis, we estimated the uncertainty
in the Trotec PC220 measurements as 5% as per the coincidence loss rate reported
by the manufacturer, and uncertainty in the Dylos DC1100 measurements was
approximated at £10%, taken as a central value of the coefficients of variation in Dylos
monitor measurements as reported by Sousan et al. (2016). To account for this

measurement uncertainty, replicates of each experimental condition were taken.

The Dylos monitor was connected to a Windows 10 tablet computer via serial port;
timestamped data were recorded using CoolTerm software (Meier, 2019). Relative
humidity and temperature (°C) were recorded using a DHT11 type sensor connected
to an Arduino Uno microcontroller, and timestamped data were stored at minute
intervals to a text file on the tablet computer. Manufacture accuracy estimates for

humidity and temperature are +5% relative humidity and +2%°C respectively. All
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particulate, temperature and humidity data were combined, using corresponding
timestamps, in Microsoft Excel. Using correlation analysis, associations between
minute changes in temperature and humidity and PM concentration were assessed

for magnitude and significance.

Seven experimental conditions were tested to demonstrate the impact of ventilation
on PM aerosol persistence following spraying of the deodorant. To mimic user
experience, the spray was activated twice in the approximate centre of the room for a
period of 3 seconds (6 seconds in total), as per the product instructions, at a height of
approximately 1.5 m (to mimic axillary use). The Dylos monitor was placed at a height
of 1.5m to mimic exposure at breathing height, at position ‘M’ in the bathroom (Figure

1). Five ventilation conditions in the bathroom were evaluated in triplicate:

1. No ventilation: window closed, bathroom door closed, extractor fan off

2. Ventilation: bathroom door fully open, window closed, extractor fan off

3. Ventilation: bathroom door fully open, window open 300mm from casement,
extractor fan off

4. Ventilation: bathroom door closed, window open 300mm from casement,
extractor fan off

5. Ventilation: bathroom door closed, window closed, extractor fan on

Baseline PM2s and PMio concentrations for all experimental conditions were
established by measuring PM levels for 1 minute prior to aerosol spray. Following the
spray, for all experimental condition replicates, 1-minute average particle counts were
then recorded continuously for a time period of 180 minutes. To minimise air flow
disturbance, following each aerosol spray, the experimenter immediately retreated
downstairs ensuring that all doors on the ground floor were closed and thus became
completely isolated from the experiment. Doors to all other rooms and windows
located on the first floor remained closed during the experiment unless stated
otherwise. Additional experimental conditions were tested to determine PM exposure
in a nearby bedroom. The Dylos monitor was placed in the bedroom at 5m from the
point of spray in the bathroom, in a direct line of sight, at a height of 1.5m, again to
mimic breathing height (Figure 1). The conditions evaluated in triplicate were:

6. Bathroom and bedroom doors fully open, bathroom window closed, bathroom

fan off

10
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7. Bathroom and bedroom doors fully open, bathroom window open 300mm from
casement, bathroom fan off.

The window in the bedroom remained closed throughout the experiment. All surfaces
(including the floor) in the bathroom were cleaned with a damp cloth prior to every
experimental replicate. Key parameters recorded in each condition were (i) peak PM
concentration, (ii) time to peak PM concentration (minutes), (iii) initial rate of decline
of suspended PM concentration, and (iv) time to return to threshold concentrations
(minutes). The WHO guidelines for annual (10 pgm= PM2.5: 20 pgm-= PM1o) and daily
average (25 pgm= PM2:s: 50 ugm= PM1o) were used as the threshold concentrations.
The annual average was chosen over the daily average due to the high likelihood that
a product such as aerosol deodorant would be used daily, so any exposure to released

PM is likely to be recurrent.
2.4. Calculation of PM1o and PMzsconcentration from particle count

As the Dylos monitor only provides particle count data, a co-location study was
performed with the Dylos and the Trotec PC220 device. The devices were placed
adjacent to each other at the same height of 1.5m in the same bathroom under the
same 5 experimental conditions (two replicates) and data collected at minute intervals
for a duration of one hour which was the maximum recording time permitted by the
Trotec. Due to the limited recording time of the Trotec, and the need to reset the device
every hour, it would not have been practical to use this device over the required time
frames, and human activity required for the device resetting process would have
disturbed air flow. Timestamped Trotec PC220 data were retrieved and aligned with
corresponding Dylos data. Using the aligned data, a standard equation was derived

for conversion of PM2.s and PMio particle count data concentration in ugm-
2.5. Statistical Analysis

Statistical significance of differences between the means measures of peak PM
concentration (ugm3), time to peak PM concentration (minutes), time to return to
threshold PM concentrations (minutes), and PM concentrations 10 minutes after peak
PM concentration (ugm) for each experimental condition and the no ventilation
condition were assessed by t-test. Correlation was assessed using Pearson’s

coefficient.

11
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3. Results
3.1. Temperature and Humidity Monitoring

Monitoring of temperature and humidity showed that a significant (p < 0.05) negative
relationship exists between temperature and humidity across all experimental
conditions. Whilst temperature and humidity remained relatively stable, with mean
measurements of 21.80°C (SE £0.03) and 67.05% (SE £0.10) across all measurement
periods, respectively, small changes were observed during the course of each
measurement period. Humidity was significantly (p < 0.05) lower in the ‘Fan only’
experimental condition compared to all other ventilation conditions; all other conditions
did not show significant differences in temperature or humidity from any other

condition.

To ensure that uncertainty in humidity or temperature measurements would not lead
to particulate matter measurement error, the rate of change in recorded temperature
and humidity was evaluated across all experimental conditions, before investigating
associations between temperature, humidity and PM concentration measurements. It
was found that the mean rate-of-change in temperature and humidity measurements
from minute-to-minute were very small, at 0.003°C (SE + 0.008) and -0.024% (SE *
0.032), respectively, markedly lower than the published uncertainty values for the
DHT11 sensor of = 2°C and + 5%. Large fluctuations in temperature and humidity
measurements from minute to minute could indicate unreliable measurements.
Therefore, due to the lack of extreme fluctuations in minute-by-minute measurements,
it was assumed that the sensor was providing reliable data on the temperature and
humidity trends. Across all experimental conditions changes in temperature and

humidity measurements were gradual.

Next, the impact of changes to the environmental conditions on PM concentration
measurements was investigated. No statistically significant relationships were found
when correlating the minutely rate-of-change values for temperature and humidity to
the minutely rate-of-change PM concentration measurements in the control condition:
only the control condition was examined to discount the effect of aerosol spray release

on PM concentration.

3.2. Calculation of PM10 and PMzsconcentrations from particle count data

12
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The PMzs and PMio particle count and concentration (ugm=) data recorded by the
Dylos and Trotec devices showed a strong linear relationship (Figure 2). This linear
relationship was found to be statistically significant (p < 0.05) for both PM2.s and PM1o
with R? values of 0.93 and 0.87, respectively.

The following linear equations were derived to convert particle count data to pgm-3:
[PM10] pgm-3 = 0.0021 x particle count — 43.92 (i)

[PM2.5] ugm-3 = 0.00009 x particle count — 114.24 (i)

13
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3.3. Background room PM concentrations

Mean background levels of PM2s at 4ugm= (SE £ 0.12) and PM1o at 9 ugm=3 (SE +
0.36) in the bathroom were shown to be consistently below the WHO daily mean
threshold values of 25 and 50 ugm-respectively (Figure 3). Mean background levels
in the adjacent bedroom were at similar levels to the bathroom for PM25 at 4 pgm-
(SE + 0.26) but, whilst still well below the WHO threshold level, approximately doubled
for PM1o at 15 pugm-3 (SE + 0.97).
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Figure 3: Distribution of background levels of PM2s and PMao in the bathroom and
bedroom shown by box and whisker plots. Interquartile ranges for each particulate are
shown by the whiskers, with outliers indicated by the circles; larger ranges were
observed in PMio measurements compared to PMzs measurements. The mean
distribution of PM concentrations appears to be higher in the bedroom compared to
the bathroom, especially with regards to PMio, but these differences were not found
to be significant at the 95% level (p > 0.05).

3.4. Peak deodorant PM concentrations

Releasing aerosol deodorant in a household bathroom rapidly increased the
concentration of PM2s and PMio above the background levels in all ventilation
conditions tested, which gradually decreased over time (Figure 4). The largest mean
increases from background concentrations, to 16430 ugm= PMzio (SE * 4140) and
2372 ugm= PM2s (SE + 236), were observed in the ‘No Ventilation’ condition (Table

15
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2). Ventilation through having a door and/or window open reduced the mean peak
concentration for both PM25 and PMio in the bathroom, although this reduction was
significant (p < 0.05) only in the ‘Door and Window Open’ condition, with mean peaks
of 3856 uygm=3 PMwo (SE * 522) and 921 pgm= PM2s (SE + 96). Mean PM
concentrations were also found to be increased in a nearby bedroom. Monitoring in
the bedroom with the bathroom window closed demonstrated average peak
concentrations of 64 ugm= PMzs (SE * 20) and 313 ygm= PMuo (SE + 95) (Table 2).
After approximately 2 minutes these were significantly lower than those in the ‘No
Ventilation’ condition (p < 0.05) but are still markedly higher than the WHO threshold
values of 10 and 40 ygm3. Opening the bathroom window was found to significantly
increase peak PM concentration (226 ygm-= PMz.s (SE £ 137) and 926 ugm=PMuo (SE
+ 633)) in the bedroom approximately 3-fold relative to leaving the window closed (64
pugm=3 PM2s and 313 pgm PMuo), suggesting increased dispersion of aerosol from
bathroom to bedroom (p < 0.05) (Table 2).

3.5. Temporal patterns of deodorant PM concentration

For all conditions tested the time (in minutes) from spray to peak PM concentration
was rapid. All conditions in the bathroom, with the exception of the ‘Fan Only’
condition, peaked within 1 minute; switching the extractor fan on appeared to delay
the peak by 1 minute (Table 2). Peak PM concentration was achieved in the nearby
bedroom on average 5 minutes (SE * 2) after spray, which was accelerated, as stated

above, to a mean time of 2 minutes (SE + 1) by opening the bedroom window.

Both PM2s and PM1o concentrations, 10 minutes after peak concentration, were found
to be significantly reduced for all ventilation conditions with exception for the ‘Fan Only’
condition (p < 0.05). For PMio, none of the ventilation conditions reached a
concentration below the WHO daily mean threshold within 10 minutes. For PMzs, only
the ‘Bathroom Door and Window Open’ condition reached a concentration below the
WHO daily mean threshold within 10 minutes (Table 2) with different conditions still
contributing to extremely high levels of PM at this timepoint despite showing apparent
high percentage reductions. ‘No Ventilation’ led to a 59.74% and 76.88% decrease in
PM2z.5 and PMao after 10 minutes yet mean levels for PM2.s and PMio were still almost
100 times the WHO threshold values. The largest percentage reduction from peak PM
concentration at 10 minutes was achieved in the ‘Bathroom Door and Window Open’

16
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condition, with a reduction of 97.50% PMz2s5 and 98.31% PMaio and as stated above,
achieved the PM concentrations closest to the WHO threshold values within 10
minutes. The percentage decreases in the bedroom were similar to those observed in
the bathroom; with no ventilation (‘Bedroom Window Closed’) the percentage
decreases within 10 minutes were 53.13% and 63.90% for PM2s and PMao,
respectively, although the raw values of PM in the air were significantly lower than the
‘No Ventilation’ condition (p < 0.05). Likewise, ‘Bedroom: bathroom Window Open’
showed an 86.73% decrease for PM2.5 and 89.09% decrease for PMio, similar to the

percentage decreases shown in the bathroom ventilation conditions.

PM concentrations were elevated in both rooms for a sustained period of time after
spray release. The shortest mean time taken to return to below daily mean threshold,
that is the time taken to return to concentrations of PM2.s below 25 ugm= and PM1o
below 50 ugm for a period of 3 or more minutes without a return to above these
threshold values, was seen in the ‘Bedroom: bathroom Window Open’ condition, with
13 (SE £ 5) and 21 (SE £ 2) minutes for PM2.s and PM1o (Table 2). The shortest time
to return daily mean threshold levels in the bathroom was achieved in the ‘Bathroom
Door Open’ condition, with significantly reduced mean times of 37 and 50 minutes for

PMz.s and PMaio, respectively (p < 0.05).

The ‘Door and Window Open’ condition saw a mean time of 44 (SE * 35) and 104 (SE
+ 44) minutes for PM2s and PMaio, respectively, to return to below threshold levels
which was due to a large degree of random fluctuation of both PMs. The mean
concentration of PMzs fell rapidly from a peak of 921 ugm= to 22 ygm-= within 10
minutes. Monitoring over the following 180 minutes showed that PM2.5 concentrations
fluctuated around an average of 15 ugm= (SE * 0.18), but did not exceed 22 ygm3,
before reducing to below 10 ygm an average of 140 minutes (SE + 53) after spray.
Mean PMio concentrations showed a similar pattern, rapidly reducing from the mean
peak concentration to 65 pgm- within 10 minutes, but fluctuated around an average
of 43 ygm= (SE + 0.81), with maximum and minimum values of 84 and 21 ugm-3,
before consistently returning to below the threshold values an average of 104 minutes
(SE % 44) after spray.

Use of the extractor fan in the ‘Fan Only’ condition did not significantly improve PM
concentration reduction (p > 0.05); the temporal pattern of the mean PM
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399

concentrations shows a slow and gradual decrease of PM, very similar to the ‘No

Ventilation’ temporal pattern (Figure 4).
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Figure 4: Mean (black) and + 1 standard error (grey dashed) estimated concentration
(ugm3) of PM1o and PMz;s for each ventilation condition. For all conditions, PM2.s and
PMi1o sharply increased immediately after spray, followed by a decline in PM
concentration over time. Ventilation markedly reduced the time from peak PM
concentration to baseline conditions. PM concentration increased in the adjacent
bedroom, but there was a delay in reaching peak PM concentration.

The mean daily PM concentrations for each experimental condition, whereby data
were averaged over the 24-hour period on the day that the experiment was performed,
are also shown in Table 2. Whereas we report the mean in each case we only do this
to provide a measurement of longer-term exposure as a comparator to WHO daily
mean particulate thresholds using the same way that such a metric is calculated.
Given the high concentrations of particulates post-spray in each condition and
decrease back to baseline within a few hours, the data over 24 hours displayed an
extreme right skew in each case caused by a high frequency of low concentration
measurements once particulates had dispersed. Thus, we only show the
measurements as statistical significance of mean daily differences between
concentrations for each experimental condition with either control or the ‘No
Ventilation’ condition over 24-hour periods was not determined. Mean daily PM2.s and
PMz1o concentrations were increased for all experimental conditions relative to the
corresponding bathroom or bedroom control conditions, Furthermore, mean daily

levels for the ‘No Ventilation’ and ‘Fan Only’.

With no ventilation in the bathroom following spray the daily mean concentrations for
PM2s was 31 uygm (SE + 35) and for PMio was 100 uygm3 (SE * 18). All ventilated
conditions had a daily average mean PM level below the WHO daily mean threshold
except ‘Bathroom Fan Only’ having daily mean concentrations of PM2s was 25 ugm-3
(SE * 3) and 94 ugm3 (SE * 15) for PM2.s and PMuo respectively (Table 2).
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Mean Peak Mean Time PM Conc. 10 Decrease 10 Time to Mean Daily

PM Conc. to Peak minutes after  Minutes after WHO Daily PM Conc.
(Mgm®) (mins) peak PM Peak PM Mean (Mgm®)
Conc. (ugm) Conc. (%) Threshold
(mins)

PM2s PMyp  PMos PMyp PMos  PMiyp | PM2s  PMyg  PMos | PMig PMas = PMgo
No 2372 16430 1 1 955 3799 5974 76.88 116 116 31 110
ventilation ~ (236) (4140) (0) = (0) = (181)  (480) ' ' (10)  (17) (4 = (18)
gitg‘rroom 1476 = 7917 1 1 99*  332* .. gsgq 37 50 7 23
Open (559) (3986) (0) (0) (22) (59) (18)  (19) 1) (6)
Bathroom
Door and 921* | 3856* 1 1 23* 65* 9750 9831 44 104 6 18
Window (96) (522) (0) (0) ) (22) ' ’ (35) (44) D) 3)
Open
\E;V"’i‘:ggv‘\),m 1853 6469 1 1 85 278" oo, gssg 377 59 8 24
Open (533)  (569) 0) (0) (17) (39) (20)  (24) 1) (5)
Bathroom 2291 9698 2 2 830 3807 63.77 60.74 93 98 25 94
FanOnly  (49) (621) (0)  (0) (101) (584) ' ' (10) (7.8) (3) (15)
Bedroom:
Bathroom 64* 313* 5* 5% 30* 113* 5313  63.90 13* 21* 5 17
Window (20) (95) (2 2) %) (12) ' ' ) 2) 1) (1)
Closed
Bedroom:
Bathroom 226* 926* 3* 3 30* 101* 86.73 8909 15* 19* 5 19
Window (137)  (633) (0) Q) (12) (42) ' ’ (5) (4) D QD
Open

431 Table 2: Mean measures, and standard error of mean (brackets), of peak PM
432  concentration (ugm), time to peak PM concentration, time to return to WHO daily
433  mean threshold PM concentrations, and PM concentrations 10 minutes after peak PM
434  concentration for each experimental condition. Significance levels denote comparison
435  between each experimental condition with the ‘No Ventilation’ condition: *p < 0.05

436

437 4. Discussion

438  We have shown that background PM levels of upstairs rooms in a modern brick house
439  were consistently below the WHO daily mean threshold values for PM2s and PMaio
440  (Figure 3), but were rapidly and persistently increased when a common anti-perspirant
441 deodorant spray was released in accordance with the manufacturer’s
442  recommendations (Figure 4). Levels of PM released after spray in the ‘No ventilation’
443  condition was found to be above the WHO recommended daily mean threshold values
444  for PM2s and PMio for a mean of 116 minutes, in each case (Table 2). Additionally,
445  daily mean particulate concentrations in the “No ventilation” (PM2s 31 ygm= & PMuo
446 110 ygm3) and “Fan only” (PM2:5 25 uygm= and PM1o 94 ugm-3) bathroom conditions
447  were not just increased compared to the bathroom control condition (PMz.s 4ugm== &
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PM1o 9 ugm-3) where no daily aerosol release was occurring but also greater than the
WHO daily mean guideline thresholds.

Use of a standard bathroom extractor fan did not significantly improve the removal of
PM from the air in the bathroom, highlighted by the observation that in all ventilation
conditions, with the exception of ‘Fan only’, a significant (p < 0.05) decrease in mean
PM concentration 10 minutes after peak concentration was achieved, compared to the
‘No Ventilation’ condition, suggesting that extractor fans of this type are not suitable
for controlling PM concentrations after aerosol anti-perspirant usage. This might be
unsurprising given the function of an extractor fan is to reduce moisture, but there may
be a public assumption that these installed devices can impact on particulate
reduction. The peak PM concentrations were delayed by one minute when the
extractor fan was on compared to all other bathroom conditions, and although the peak
concentration was decreased compared to no ventilation, the difference was not
significant. Additionally, the mean time taken to return to WHO daily mean threshold
PM concentrations, 93 (SE £ 10) and 98 (SE £ 8) minutes, was reduced for both PMz.s
and PM1o, compared to 116 minutes (SE + 10; SE £ 17) for PM2.s and PMzo in the no
ventilation condition, respectively, but these differences were not found to be
statistically significant. The mean PM concentrations observed 10 minutes after peak
PM concentration were very similar in the ‘Fan Only’ and ‘No Ventilation’ condition,
despite the higher initial peak observed with ‘No Ventilation’. This suggests that
exceptionally high concentrations (> 10,000 ugm-) of PM may rapidly settle out of the
air or disperse even when no additional ventilation is provided, possibly due an
equilibrium effect, or due to the large amount of initial energy each particle will have

shortly after spray release, but settling or dispersion slows as this energy is lost.

Additional factors thought to contribute to the significant decreases in PM
concentration 10 minutes after the peak concentration for all other experimental
conditions are increased air exchange with other rooms in the house, or outside,
leading to faster removal of PM from the bathroom, and increased air volume available
to the aerosol to expand into when sprayed, limiting the initial peak concentration of
PM. For example, in the ‘Door Open, Window Closed’ condition, the immediate volume
of air the aerosol could expand into was markedly increased, compared to when the

door was shut. This could have directly led to a reduction in peak PM concentration
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achievable, due to rapid dispersion of particles, possibly into other rooms including the
bedroom.

It was expected that increased ventilation would reduce PM exposure through
increased removal and dispersion leading to rapidly reduced PM concentrations.
However, some of the ventilation conditions did not conform to this assumption. We
hypothesise this to be primarily due to variation in indoor air flow and turbulence, which
could be influenced by opening the door and/or window. One example highlighting this
possibility was the finding that the ‘Door and Window Open’ condition did not show a
statistically significantly reduction in the time to return to baseline PM concentrations
compared to the control condition, with a mean return time of 44 and 104 minutes for
PM2zs and PMio, respectively, whilst the mean PM concentrations 10 minutes after
peak PM concentrations were significantly reduced. In fact, the PM concentrations 10
minutes after peak concentration were lowest in this condition. This suggests a rapid
removal of very high concentrations of PM, through dispersion and air exchange, but
a long return to baseline time could suggest that PM is not settling out of the air in
more turbulent conditions. A possible mechanism is the action of opening both a
window and door could have created a through-draft, and increased the turbulence in
the air, which could have prevented the PM from settling out of the air and could also

have caused previously settled PM to resuspend.

Opening the bathroom window led to an increased mean peak PM concentration in
the bedroom, of 226 ugm= PM2:s and 926 ugm= PM1o, compared to 64 ugm= PMzs
and 313 ygm-2 PM1owhen the window was closed. This could also be due to the open
window increasing airflow through the bathroom, into the bedroom, increasing the
concentration of suspended PM particles in the bedroom. Despite this higher peak
concentration, PM concentrations were similar in both conditions 10 minutes after
peak concentration, and both PMzs and PM1o concentrations had returned to baseline

within 25 minutes in both conditions.

The PM concentration measurements reported in this study, obtained through
conversion from particle count measurements are subject to an undefined level of
uncertainty, which to the best of the study team’s knowledge has not been widely
reported. Estimated values for the uncertainty of each device, of + 5% for the Trotec
PC220 and £ 10% for the Dylos DC1100 were accounted for through repetition of each
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experimental condition and removal of statistical outliers. Through reporting mean PM
concentrations with standard errors, we show the variability present in our dataset,
which could be interpreted as the range of possible PM concentrations present after
aerosol deodorant usage. Even the lowest bounds of PM concentration ranges were
shown to be higher than the WHO daily threshold values for PM exposure, which
therefore could still represent a risk to exposed persons through long-term usage. The
persistence of suspended PM above WHO threshold concentrations after spray
release was also subject to this uncertainty. In low ventilation conditions (i.e. Fan only,
or No Ventilation) the time to return to WHO threshold conditions was in excess of 90
minutes, with low inter-replicate variability reported (low standard errors), whereas in
conditions with more ventilation (i.e. Window Open, Door Open) the standard errors
were relatively higher. We hypothesise this was due to environmental conditions
already discussed, rather than variability in the measurement procedures. Therefore,
we suggest that measuring PM concentration with a low-cost Dylos monitor is a robust

procedure.

Individuals with chronic disease and care management teams should consider the
impact of common household activities, such as long-term daily aerosol spraying, on
disease and put in place measures to reduce that impact. We have shown that daily
mean particulate concentrations can be increased above the daily and annual WHO
threshold values for particulate exposure. Long-term exposure at these increased
concentrations through sustained use of aerosol product could contribute towards
worsening of respiratory and cardiovascular disease symptoms, and short-term
exposure of high PM levels may also contribute towards exacerbations of these
conditions. Amongst health care professionals, there is an increasing awareness of
the role of indoor pollutants in respiratory health and management of long-term chronic
respiratory conditions. This is reflected, for example, in the development of information
for COPD patients in optimising their home environment to avoid exposure to indoor
pollution (National Institute for Health and Care Excellence, 2020). Currently, there is
little advice given regarding aerosol anti-perspirants and how the patients could
mitigate the potential risk they pose. This study shows that improving ventilation during
activities that release high levels of PM, such as spraying anti-perspirants, is a
significant action that could be undertaken to reduce personal exposure and return

PM concentrations below WHO threshold concentrations significantly faster. We also
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show that ventilation in nearby rooms, which are not isolated from the spray, can
increase the exposure of that room to aerosolised PM, and should therefore be
avoided to minimise exposure. Therefore, when using sprays which can release high
levels of aerosolised PM, such as anti-perspirant, the room should be isolated from
other rooms in the house through closing the door and ventilation through opening the
window for at least 1 hour should be performed to minimise PM exposure and

maximise PM removal.

Persistent exposure to high household PM concentrations released from aerosols
such as through daily aerosol deodorant usage may increase a person’s likelihood
that their personal daily exposure exceeds the WHO guideline threshold values for
average daily PM exposure. Our findings are especially important in the context of
increasing rates of aerosol-type deodorant usage in the UK. Such exposure could
contribute towards an increased risk for, or more rapid progression of, respiratory and
cardiovascular diseases. Indeed, indoor sources of air pollution may, in fact, be more
important in a health context than outdoor sources, due to the increased duration of
exposure. Several studies have shown that people tend to spend the majority of their
time indoors (Klepeis et al., 2001; Wallace et al., 2006). Kleipeis et al. (2001) estimated
that Americans spend upwards of 90% of their time indoors and 70% of their time at
home. Indeed, given the current pandemic has led to a large increase in home-
working, it is likely that the proportion of time spent indoors has increased. In addition,
for inhalation pathways, many studies have also shown that the proportion of indoor
emissions inhaled is much higher than the proportion of outdoor emissions inhaled,
due to the lower rates of ventilation and air exchange that occur indoors as opposed
to outdoors (Nazaroff and Weschler, 2004; Thatcher and Layton, 1995; Wallace et al.,
2006).

Limitations & Future Directions

The authors consider this study to show good evidence for PM persistence following
aerosol antiperspirant usage, but note that the findings have certain limitations: 1) only
one type of antiperspirant product was tested; 2) only one type of room was used for
spray release; 3) the experimental conditions did not truly replicate those of the ‘living’
home environment with inhabitants opening & closing doors/windows, which could

potentially disturb settled PM; and 4) the Dylos monitor provides an average PCN for
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the previous minute of monitoring, higher resolution monitoring may be necessary to
more accurately measure the peak PM concentrations following spray release, as the
PM concentrations are likely to rapidly change immediately after spray. This is not
anticipated to have serious implications for this work, as the peak concentrations
observed in all experimental conditions are orders of magnitude greater than the WHO
threshold values, and a major goal of this work was to demonstrate the persistence of

PM following aerosol antiperspirant release.

Although we tested only one anti-perspirant product, a review of similar products on
the market from various manufacturers shows highly similar compositions
(supplementary Table 1), so it is reasonable to generalise these findings to other
commercially available anti-perspirant aerosol products. Limonene, for example is
used in many anti-perspirant deodorants to mask odours but is known to react indoors
with ozone that has entered from outside and form sub-micron secondary particles via
the ozone-limonene reaction (Wainman et al., 2000). Thus, in addition to the delaying
impacts that opening a bathroom window has on PM reduction observed in this study
it is important to consider potential secondary particle formation when doing so.
Further studies should focus on qualifying and quantifying temporal presence and

concentrations of particles formed from commonly used anti-perspirant ingredients.

It is possible that rooms of different sizes, with additional windows or doors may cause
different PM dispersion behaviours, for example a room with two windows on opposite
walls may have a strong through-draft which rapidly clears released PM. Therefore, a
further study could examine PM concentration and persistence following aerosol

release in a multitude of rooms

In future, there should be close examination of the relationships between aerosol
exposure and chronic disease exacerbation risk, by quantifying daily and mean PM

exposures associated with aerosol usage and subsequent disease adverse events.
Conclusions

This work provides novel evidence for the short-term PM concentration peaks and
long-term persistence of PM released following aerosol antiperspirant use, and
highlights the risk posed to individuals with chronic disease from such exposure. It
adds to the body of work identifying the risks associated with release of PM in indoor

settings and provides evidence for governments to develop and implement new policy.
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Personal care products, such as aerosol deodorants, can have a marked impact on
indoor air quality, with levels of PM2.s and PMio remaining elevated above the WHO
thresholds for up to 3 hours after product use if inadequate ventilation is achieved, and
no or poor ventilation can lead to daily average particulate concentrations in excess of
the WHO daily mean exposure threshold limits for both PM1o and PM2s. We have
shown that spraying aerosol deodorant can also cause a sustained increase in PM in
other rooms within the house when internal doors are left open. Daily use of aerosol
anti-perspirants, coupled with long periods of time spent indoors, could be a major
contributing factor to an individual’s annual exposure to PM. However, exposure can
be limited through appropriate measures such as opening a window and isolating the
room in which the spray was released. Furthermore, removing PM from the air through
only the use of extractor fans is not sufficient to significantly reduce exposure. This is
an important area for further research and development of advice for patients of

chronic respiratory disease to help them reduce exposure to harmful PM.
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