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Background: Aerosol spread of severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) is a major problem in hospitals, leading to an increase in supplementary high-
efficiency particulate air filtration aimed at reducing nosocomial transmission. This arti-
cle reports a natural experiment that occurred when an air cleaning unit (ACU) on a
medicine for older people ward was switched off accidentally while being commissioned.
Aim: To assess aerosol transport within the ward and determine whether the ACU reduced
airborne particulate matter (PM) levels.
Methods: An ACU was placed in a ward comprising two six-bedded bays plus three single-bed
isolation rooms which had previously experienced several outbreaks of coronavirus disease
2019. During commissioning, real-time measurements of key indoor air quality parameters
(PM1—10, CO,, temperature and humidity) were collected from multiple sensors over 2 days.
During this period, the ACU was switched off accidentally for approximately 7 h, allowing the
impact of the intervention on PM to be assessed.
Findings: The ACU reduced the PM counts considerably (e.g. PM1 65.5—78.2%) throughout the
ward (P<0.001 all sizes), with positive correlation found for all PM fractions and CO, (r=0.343
—0.817; all P<0.001). PM counts rose/fell simultaneously when the ACU was off, with correlation
of PMsignals from multiple locations (e.g. r=0.343—0.868; all P<0.001) for particulates <1 pm).
Conclusion: Aerosols migrated rapidly between the various ward subcompartments, sug-
gesting that social distancing alone cannot prevent nosocomial transmission of SARS-CoV-2
as this fails to mitigate longer-range (>2 m) transmission. The ACU reduced PM levels
considerably throughout the ward space, indicating its potential as an effective inter-
vention to reduce the risk posed by infectious airborne particles.
© 2023 The Author(s). Published by Elsevier Ltd
on behalf of The Healthcare Infection Society. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic has
rapidly advanced understanding of how infections can spread
within buildings. It is now known that small aerosol particles
are dominant in the transmission of severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) [1—6] and, likely, many
other respiratory viruses [7,8]. Aerosols are formed when
exhaled respiratory particles <100 um in diameter evaporate
rapidly to approximately 20—34% of their original size [9—11].
These remain suspended in the air for many minutes [12] and
can be readily inhaled, with those in the range 2.5—-20 pm
accounting for 90% of viral transmission at the nasopharynx
[11]. As such, transmission of SARS-CoV-2 is thought to occur
primarily when infectious aerosol particles of this size come
into contact with angiotensin-converting enzyme 2 (ACE2)
receptors in the nasopharynx [13]. In addition, ACE2 receptors
further down the respiratory tree, including on the alveolar
epithelial cells, are a likely portal of entry. Inhalation of
smaller particles <5 um down to the alveoli may therefore also
contribute to acquisition of infection, and possibly heighten
the severity of disease [14,15].

Infectious respiratory aerosols can be liberated in large
quantities when talking, singing or simply breathing [16—18],
and may build up to high concentrations in room air if the space
is not ventilated adequately [12]. Consequently, poorly venti-
lated spaces containing infectious individuals, such as hospital
wards, pose a considerable threat to patients and healthcare
workers (HCWs) alike, with numerous nosocomial COVID-19
outbreaks reported [19—27]. The problem can be particularly
acute on wards containing older and/or immunocompromised
patients who are vulnerable to severe disease following viral
infection [28]. Furthermore, in open-plan wards with multi-
bedded bays, pressure gradients may exist due to room
mechanical ventilation or wind pressure, causing respiratory
aerosol particles to migrate considerable distances. As such,
vulnerable patients some distance (>2 m) from an infector may
become exposed [29]. Realization of this issue has promoted
interest in non-pharmaceutical interventions, such as supple-
mentary room air filtration [30], air disinfection [31,32], and
the use of carbon dioxide (CO,) monitoring to optimize ven-
tilation [33,34].

This article reports the results of a natural experiment that
occurred on a medicine for older people ward at an NHS uni-
versity hospital in the UK, when a room air cleaning unit (ACU)
containing high-efficiency particulate air (HEPA) filters and
ultraviolet-C (UV—C) air disinfection lamps was being com-
missioned. It was possible to test the hypothesis that partic-
ulate matter (PM) levels in the air throughout the space were
higher when the ACU was not in operation compared with a
matched period on the following day when the ACU was
switched on. The authors were also able to gain insights into
the transport of aerosols around the ward by correlating the
various PM signals from the respective sensors.

Methods
Ward layout and ventilation

The study involved half a ward on the sixth floor of the
hospital, which comprised three side rooms, each with a door,

and two six-bedded bays open to a central corridor (Figure 1).
The ward was ventilated by a central ducted mechanical ven-
tilation system and openable aluminium sash windows, with
the bed bays and side rooms positively pressurized with respect
to the central corridor. As this study was retrospective, taking
advantage of a natural experiment, the ‘open/closed’ status of
the various windows and doors on the ward was not recorded.
Anecdotally, both doors and windows were frequently opened
and closed depending on the clinical, operational and comfort
requirements of the patients and HCWs. Historical measure-
ments taken by the hospital estates department in 2020 indi-
cated that the ward ventilation rates ranged from 1.7 to 5.8
(median 4.0) air changes per hour. The ACU was sited in an
open communal space, which was the most densely populated
part of the ward, with HCWs tending to congregate there prior
to individual patient care activities.

Air cleaning unit

A single ACU (AeroTitan3000; AirPurity UK Ltd, Cambridge,
UK) was sited opposite the two six-bedded patient bays
(Figure 1, Figure S1 and Table S1, see online supplementary
material). The ACU was a hybrid system that combined HEPA
filters and UV-C lamps (at 254 nm), and had a clean air delivery
rate (CADR) of 2550—3000 m3/h (Table S1, see online supple-
mentary material). The unit produced a laminar flow that
manipulated the air currents in the ward space at multiple
heights at a distance >10 m, promoting greater mixing and
enhancing the dilution effect.

The natural experiment occurred on 3™ and 4" August 2021.
The ACU was switched off accidentally early in the morning of
the first day; a mistake rectified by the afternoon of the same
day.

Sensors

Seven sensors (AeroSentinel.v1; AirPurity UK Ltd) recorded
indoor air quality data with the following accuracies: PM
fraction <1 um diameter (PM1) and PM fraction between 1 and
2.5 um diameter (PM2.5) (+10 pg/m?3); PM fraction between 2.5
and 4 um diameter (PM4) and PM fraction between 4 and 10 pm
diameter (PM10) (£25 ug/m3); CO; (£30 ppm); temperature
(£0.4 °C); and relative humidity (£3%) (Table S2, see online
supplementary material). Sensor A was situated close to the
ACU at a height of 2 m, with the remaining sensors placed at
heights ranging from 1.5 to 1.7 m depending on available
electrical outlets (Figure 1).

Data

Data from the various sensors was sampled every 1 min,
giving a total of 2782 data points per sensor over the 2-day
period. In total, 7.6% of the data were missing, and this was
imputed as the mean value of the adjacent data points.

Change point analysis and validation

As contemporaneous records were not kept regarding the
precise points in time when the ACU was switched off and on,
to avoid the use of any a-priori assumptions, change point (CP)
analysis [35,36] was employed using pruned exact linear time
methodology [37]. Sensor A was selected for this analysis as it
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Figure 1. Layout of the medicine for older people ward showing the positions of the air cleaning unit (ACU) and sensors (green diamonds).

was best placed to monitor both occupancy levels and the ACU.
CPs were identified by visual inspection, and tested statisti-
cally using the Chow test, with P<0.05 deemed to indicate
significance.

Primary statistical analysis

The hypothesis tested was that the respective PM levels were
higher when the ACU was not in operation on the first day com-
pared with a matched period on the second day when the ACU was
in operation. This was tested using an unpaired Mann—Whitney
test in R (R Core Team, 2021; https://www.R-project.org/).
The observed effect size was evaluated using Cliff’s delta sta-
tistic, with the magnitude assessed using the thresholds provided
by Romano et al. [38] (i.e. |0|<0.147 negligible; 0.147<|3|<0.33
small; 0.33<|9|<0.474 medium; 0.474< || large).

To assess the relationships between the signals from the
individual sensors, Pearson correlation r values were

computed, together with their statistical significance. This was
done for each individual sensor using data for the entire study
period. In addition, the extent to which airborne PM may be
migrating around the ward was assessed by analysing the
between-sensor correlations for each air quality metric, using
only the data collected when the ACU was off. For all tests,
P<0.05 was deemed to indicate significance.

Results
Change point analysis results

Five CPs were identified, as shown in Figure 2. Of these,
Table | shows that CP1 and CP2 (representing when the ACU was
accidentally switched off and turned back on again) closely
coincided with the approximate time-stamps that were
recovered from the ACU memory card in December 2021. CP4
occurred when the power/speed of the ACU was increased. The
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reasons for the changes observed at CP3 and CP5 are unclear.
CP3 might reflect the downturn in activity that generally
occurred on the ward after the evening meal.

Descriptive time series results

Figure 3 shows the collated PM1 time series data over 2 days
from each sensor (A—G). Similar patterns for all other PM
fractions were also observed (Figures 52—4, see online sup-
plementary material). All sensors demonstrated large increa-
ses in particulates of all sizes throughout the ward when the
ACU was off. Noticeably, all sensors around the ward detected
similar signals with respect to PM and CO, levels at similar
times (Figures 3 and 4, and Figures S2—4, see online supple-
mentary material).

Statistical analysis results

The visual observations were confirmed by the means and
standard deviations of the sensor signals for the periods before,
between and after the identified CPs. These are shown in
Table S3 (see online supplementary material) and, for all the
sensors, the observed signal readings were much higher
between CP1 and CP2 when the ACU was off compared with all
other periods. In particular, Table Il shows the respective signal
levels were higher when the ACU was not in operation on the
first day compared with a matched period on the second day
when the ACU was in operation (P<0.001 for all sensors). With
respect to this, a large effect size was observed for PM1, PM2.5,
CO, and vapour pressure levels. In comparison, the effect size
for the PM4 and PM10 signals was much smaller, although still
significant.

Within- and between-sensor correlations

Within all sensors, strong positive correlations were
observed between most of the signals (Figure S5 and Table 5S4,
see online supplementary material). PM signals were strongly
correlated with each other (r=0.718—0.996), and CO, and

vapour pressure were positively correlated with the PM signals
and each other, although not as strongly (r=0.387—0.732).

When the ACU was switched off, aerosol particle counts
tended to rise and fall simultaneously throughout the ward
space. Strong correlations were observed for all metrics
between all the sensors (r=0.723—0.868), except for Sensor F
(r=0.343—-0.552) (Table S5, see online supplementary mate-
rial). Sensor F was distal to the ACU and located in a narrow
corridor space with a less predictable air flow.

Discussion

This natural experiment is the first of its kind to evaluate the
sequential transport of airborne PM around a medical ward,
and to assess the impact of an ACU on this. This study showed
that particles up to 10 um (beyond the 5 um aerosol/droplet
cut-off used previously) travelled considerable distances
around the ward (beyond 2 m), and that the ACU reduced PM
levels of all sizes throughout the space, not just in close
proximity to the device. While the authors did not distinguish
between bioaerosols and inert aerosols, it is likely that the
monitored PM behaviour was indicative of any bioaerosols
present in the ward air because viral particles tend to occur
mainly in smaller respiratory aerosols <5 pm [39—41]. As such,
these findings shed new light on the transport of aerosols
around hospital wards, and increase understanding of airborne
transmission of viruses such as SARS-CoV-2 in real-life clinical
settings.

The considerable movement of particles of all sizes around
the ward was evidenced by the simultaneous rise and fall in the
PM counts measured by the multiple sensors when the ACU was
switched off accidentally. This illustrates the potential for
inhalational exposure to infectious agents at some distance
from an infected individual. Although the authors did not
measure bioaerosols or the presence of infectious agents
directly, previous studies have shown that respiratory viruses
are most likely to be recovered from particles <5 pm [39—42],
suggesting that they are contained in exhaled bioaerosols that
have undergone rapid evaporation [9]. When speaking, 80—94%
of the respiratory particles produced are <100 um [43], and
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Figure 2. Particulate matter (PM) fraction <1 um diameter (PM1) signal from Sensor A (black) with the interrupted mean signal (blue) for
the sections between the major change points (CP). Major CPs were identified at epochs 497, 935, 1092, 1982 and 2389. Epochs are in min.
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Table |

Occurrence of major change points (CP) in particulate matter fraction <1 um diameter (PM1) signal for Sensor A, together with time-stamp

data recovered from the air cleaning unit (ACU)

CcpP CP epoch CP time and date Significance Time-stamp Reason for change
(P-value) recovered from ACU

CP1 497 08:17 (3" Aug) <0.001 08:16 (3™ Aug) ACU switched off

CP2 935 15:35 (3™ Aug) <0.001 15:34 (3" Aug) ACU switched on

CP3 1092 18:12 (3 Aug) <0.001 N.A. Not known

CP4 1982 09:02 (4" Aug) <0.001 09:05 (4" Aug) ACU speed setting adjusted

CP5 2389 15:49 (4 Aug) <0.001 N.A. Not known

these quickly reduce to 30% of their original diameter through
evaporation under normal room conditions [44]. This means
that the vast majority of exhaled particles become aero-
solized, with only particles >100 um behaving ballistically
[45,46]. Given that median (range) aerosol particle emission
rates of 135 particles/s (range 85—691) for breathing, 270
particles/s (range 120—1380) for normal talking and 570 par-
ticles/s (range 180—1760) for loud talking have been recorded
[18], this suggests that, on a typical medical ward, many
thousands of respiratory aerosols are likely to be liberated in
the size range represented by the PM signals [43]. These are
then likely to remain airborne and potentially migrate around
the ward, as observed in this study. Thus, these findings may
help explain why nosocomial outbreaks of COVID-19, including
superspreading events involving multiple subcompartments,
have occurred despite the application of social distancing
measures between patients [21].

It is likely that the observed PM migration around the ward
was assisted by the turbulent wakes formed as HCWs move,
which can transport airborne particulates considerable

distances [12,47]. The extent of this particle transport was
somewhat unexpected because the ward ventilation system
was designed to promote flow in one direction towards the
corridor, which should have inhibited the movement of PM
between the various bays. At present, the movement of indi-
viduals and equipment remains a significant blind spot in tra-
ditional computational fluid dynamics modelling, which usually
models static scenarios. Thus, a strength of the current study is
that particle movement was tracked in a real-world setting
whilst ward business continued as usual. Collectively, this
suggests that respiratory aerosols, many of which are <5 pm
diameter, can be widely disseminated around wards, and that
social distancing measures alone are unlikely to prevent the
transmission of infection [29].

Interestingly, when the ACU was off, PM levels of all sizes
were positively correlated with indoor CO;, levels. This suggests
that human activity such as movement, bed making, washing,
etc. is key to generating particulates [48,49]. This is of par-
ticular interest given that CO, monitoring has been used to
infer airborne infection risk in enclosed/shared spaces [50].
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Figure 3. Collated smoothed particulate matter (PM) fraction <1 um diameter (PM1) signals from all the sensors for 3™ and 4*" August
2021. The black dashed lines denote where the change points (CPs) occurred, and the dashed red lines denote when breakfast (B), lunch
(L) and dinner (D) were served to the patients on the ward. Noise from the PM signals was removed using a cubic smoothing spline in R
(https://www.R-project.org/), with the smoothing parameter set to 0.1. Epochs are in min.
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Figure 4. Collated CO, signals from all the sensors for 3™ and 4" August 2021. The black dashed lines denote where the change points
(CPs) occurred, and the dashed red lines denote when breakfast (B), lunch (L) and dinner (D) were served to the patients on the ward.

Epochs are in min.

Indoor CO, levels mainly reflect occupancy patterns [51—54],
with exhaled CO, being positively correlated with respiratory
aerosol emissions [55]. However, levels do fluctuate rapidly,
likely due to the large volume space and changing shift pat-
terns. The study data would not, therefore, support using CO,
alone as a marker of safe ventilation.

When the ACU was in operation, PM levels reduced sig-
nificantly across all sensors, including those distant to the unit,
with the effect less pronounced for the PM4 and PM10 signals,
reflecting the lower particle counts in this size range and the
fact that larger particles tend to settle out of the air at a faster
rate. This confirmed that the ACU cleaned the air as antici-
pated, but the extent of its impact, as a single machine, was
unexpected. The installed ACU had a high velocity laminar
discharge, which promoted good air mixing, and this, combined
with a high CADR, extended its ‘reach’ and greatly assisted in
PM removal throughout the ward. It is hypothesized that this
likely extended the air cleaning impact of the unit beyond its
immediate environment. Therefore, when installing units, it is
important to ensure a similar extended cleaning effect, at least
to the mid-point of any adjacent ACUs. Furthermore, it is
important to validate the performance of any ACUs that are
installed by nebulizing an inert saline solution into the air, and
observing the impact of the ACU on the decay process [some-
thing undertaken on the study ward prior to the natural
experiment, but not reported here (results available on
request)]. Validation not only demonstrates the efficacy of
ACUs, but also helps to inform their placement so that per-
formance can be optimized.

In addition to filtering out PM, it was observed that the ACU
reduced CO, levels unexpectedly when switched on. Given that
neither HEPA nor UV-C affect CO, levels, it is postulated that
better air mixing on the ward prevented the gaseous CO, from
stratifying, thus reducing concentrations at the level of the
sensors. Alternatively, the ACU may have increased air velocities

within the ward space to such an extent that additional ‘fresh air’
may have been entrained in from outside. While both explan-
ations appear plausible, it is difficult to explain the magnitude to
the reduction in CO, levels observed in Figure 4 simply by better
mixing alone, especially as the sensors were mounted >1.5 m
above floor level. This requires further investigation.

Limitations

This study involved a single ward built before regulations
required higher air change rates and the installation of doors to
separate bays, something that likely influenced PM movement
between the various ward subcompartments. Therefore, the
authors cannot be certain that the results are generalizable to
other settings, although wards of this age and design are not
uncommon in the UK and other countries.

The authors were not able to determine the proportion of
measured PM that comprised respiratory aerosols, and while
historical ward ventilation data existed, the actual air change
rates that occurred during the study were not known because it
was a natural experiment. The various sensors on the ward
were also not placed at the same height due to operational
constraints, which may have influenced the PM counts
observed. Furthermore, staff occupancy and movements, and
window and door opening were not recorded. Therefore, con-
clusions concerning the mechanisms by which PM and CO, were
generated and removed from the ward space remain hypoth-
esis generating rather than confirmed.

Door and window opening can alter the airflow character-
istics of ward spaces and the performance of the ACU. For
example, closing doors to ward side rooms may isolate these
spaces from the ACU, allowing the PM concentration to
increase. Additionally, external wind pressure can contribute
to the migration of aerosol particles indoors. The authors were
not able to evaluate these factors, so further work is required
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Table Il

Results of statistical test of the hypothesis that the signal levels were higher when the air cleaning unit (ACU) was not in operation on 3™
August 2021 compared with a matched period on 4" August 2021 when it was in operation

Signal Sensor ID ACU off ACU on Significance Effect size Effect
mean (SD) mean (SD) P-value Cliff’s delta magnitude
PM1 G 3.73 (1.30) 1.03 (0.41) <0.001 0.99 Large
F 5.05 (2.35) 1.10 (0.71) <0.001 0.96 Large
E 2.83 (0.70) 0.89 (0.40) <0.001 0.98 Large
A 2.96 (0.87) 0.35 (0.24) <0.001 1.00 Large
B 2.61 (0.57) 0.90 (0.43) <0.001 0.96 Large
C 2.60 (0.57) 0.82 (0.38) <0.001 0.98 Large
D 2.64 (0.61) 0.82 (0.39) <0.001 0.98 Large
PM2.5 G 0.39 (0.31) 0.06 (0.03) <0.001 0.97 Large
F 0.75 (0.65) 0.09 (0.16) <0.001 0.92 Large
E 0.22 (0.13) 0.06 (0.07) <0.001 0.93 Large
A 0.20 (0.14) 0.02 (0.01) <0.001 1.00 Large
B 0.20 (0.11) 0.06 (0.07) <0.001 0.90 Large
C 0.15 (0.08) 0.05 (0.04) <0.001 0.93 Large
D 0.17 (0.09) 0.05 (0.04) <0.001 0.93 Large
PM4 G 0.15 (0.19) <0.01 (0.01) <0.001 0.59 Large
F 0.37 (0.43) 0.022 (0.10) <0.001 0.63 Large
E 0.04 (0.07) <0.01 (0.04) <0.001 0.33 Small
A 0.04 (0.09) <0.01 (<0.01) <0.001 0.27 Small
B 0.04 (0.07) 0.010 (0.04) <0.001 0.32 Small
C 0.02 (0.05) <0.01 (0.02) <0.001 0.22 Small
D 0.03 (0.06) <0.01 (0.02) <0.001 0.34 Medium
PM10 G 0.03 (0.04) <0.01 (<0.01) <0.001 0.55 Large
F 0.07 (0.09) <0.01 (0.02) <0.001 0.60 Large
E 0.01 (0.02) <0.01 (<0.01) <0.001 0.26 Small
A 0.02 (0.04) <0.01 (<0.01) <0.001 0.26 Small
B 0.01 (0.01) <0.01 (<0.01) <0.001 0.24 Small
C 0.01 (0.03) <0.01 (0.01) <0.001 0.20 Small
D 0.02 (0.03) <0.01 (0.01) <0.001 0.33 Small
CO, G 815.18 (139.89) 513.28 (109.67) <0.001 0.90 Large
F 734.24 (80.02) 479.59 (111.88) <0.001 0.88 Large
E 691.24 (72.78) 501.26 (72.28) <0.001 0.92 Large
A 713.82 (80.28) 499.45 (78.06) <0.001 0.91 Large
B 818.86 (115.04) 520.79 (105.35) <0.001 0.93 Large
C 833.17 (121.85) 494.87 (85.35) <0.001 0.95 Large
D 748.61 (113.94) 447.10 (102.95) <0.001 0.93 Large
VP All sensors 1.37 (0.05) 1.18 (0.06) <0.001 0.98 Large

PM, particulate matter; PM1, PM fraction <1 pm diameter; PM2.5, PM fraction between 1 and 2.5 um diameter; PM4, PM fraction between 2.5 and

4 um diameter; PM10, PM fraction between 4 and 10 um diameter; CO,, carbon dioxide; VP, vapour pressure; SD, standard deviation.

All results were strongly significant after Bonferroni’s correction.

to investigate their impact on ACU performance. Notwith-
standing this, given that the study utilized data collected on
two consecutive days on the same ward, it is unlikely that door
and window opening or staff behaviour were systematically
different between the two time periods. Furthermore, local
weather conditions throughout the study period were fairly
constant, with a light breeze from the south-east occurring on
both days. Therefore, although no data on window/door
opening exist, this represents a relatively minor limitation
which does not change the overall conclusions of the study. In
particular, given the nature of microbial bioaerosols in hospi-
tals [11,39—41], it is highly likely that a reduction in these by
any mechanism will improve indoor air quality. As such, this
work offers important insights into the effect of ACUs on an
inpatient ward.

In conclusion, this study builds on previous work showing that
ACUs reduce microbial contamination in ward air [39], demon-
strating that the application of a combined HEPA/UV-C ACU on an
older adult inpatient ward reduced airborne PM levels sub-
stantially, most notably in the size range associated with respira-
tory viruses, such as SARS-CoV-2. Therefore, such devices may be
applicable not only to pathogens traditionally considered airborne,
such as measles and tuberculosis, but also where aerial dissem-
ination contributes to the transmission of fungal and bacterial
infections, such as with Clostridioides difficile spores [56].

This study found that airborne particulates associated with
human activity migrated considerable distances around the
ward, indicating that social distancing measures alone are
unlikely to prevent the transmission of respiratory viral infec-
tions and possibly other infections that are aerially
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disseminated. Collectively, this suggests that appropriately
sized ACUs have the potential to reduce nosocomial infections,
especially in inadequately ventilated hospital wards. Further
work is needed to investigate this, and inform the placement
and commissioning of ACUs to ensure optimum performance.

Author contributions

Conceptualization: MJB, VLK, CBB.

Data curation: DS, CBB.

Software: CBB.

Formal analysis: CBB.

Funding acquisition and project administration: VLK, MJB.
Investigation and validation: DS, MJB.

Methodology and supervision: MJB, VLK, CP, ACM, CBB.
Resources: TG, RT, DS.

Writing — original draft preparation: CBB.

Writing — reviewing and editing: all authors.

Conflict of interest statement

Darren Sloof is the founder, director and shareholder of Air
Purity Ltd. Air Purity designed and supplied the air cleaning
units and air sensors used in this study. Air Purity Ltd had no
role in the study design or analysis of the data. Darren Sloof
did collect the data and liaise with other authors over its
interpretation. Dr Andrew Conway Morris is a member of the
scientific advisory board of Cambridge Infection Diagnostics.
Dr Theodore Gouliouris has received materials from Shionogi
for conducting a laboratory evaluation. The other authors
report no conflicts of interest.

Funding source

This work led to a larger project which is ongoing, the
Addenbrooke’s Air Disinfection Study (AAirDS). AAirDS is
funded by the UK Health Security Agency and was approved
by the NHS Health Research Authority and Health and Care
Research Wales (IRAS ID 299336) and the Central Bristol
Research Ethics Committee (REC reference: 22/SW/0010).
This research was supported by NIHR Cambridge Biomedical
Research Centre (BRC-1215-20014). The views expressed
are those of the authors and not necessarily those of NIHR or
the Department of Health and Social Care. VLK was funded
by a MRC/NIHR Clinical Academic Research Partnership
Grant (MR/T023902/1). Dr Andrew Conway Morris is sup-
ported by a Clinician Scientist Fellowship from the Medical
Research Council (MR/V006118/1).

Ethical approval

The work presented in this manuscript did not constitute
research under the UK Policy Framework for Health and
Social Care Research and was not subject to formal ethical
review.

Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.jhin.2023.02.006.

References

[1] Stadnytskyi V, Bax CE, Bax A, Anfinrud P. The airborne lifetime of

small speech droplets and their potential importance in SARS-
CoV-2 transmission. Proc Natl Acad Sci 2020;117:11875—7.

[2] Miller SL, Nazaroff WW, Jimenez JL, Boerstra A, Buonanno G,

131

Dancer SJ, et al. Transmission of SARS-CoV-2 by inhalation of
respiratory aerosol in the Skagit Valley Chorale superspreading
event. Indoor Air 2021;31:314-23.

Zhang R, Li Y, Zhang AL, Wang Y, Molina MJ. Identifying airborne
transmission as the dominant route for the spread of COVID-19.
Proc Natl Acad Sci 2020;117:14857—63.

[4] Tang JW, Marr LC, Li Y, Dancer SJ. COVID-19 has redefined air-

borne transmission. BMJ 2021;373:n913.

[5] Wang CC, Prather KA, Sznitman J, Jimenez JL, Lakdawala SS,

6]

Tufekci Z, et al. Airborne transmission of respiratory viruses.

Science 2021;373:eabd9149.

Greenhalgh T, Jimenez JL, Prather KA, Tufekci Z, Fisman D,
Schooley R. Ten scientific reasons in support of airborne trans-
mission of SARS-CoV-2. Lancet 2021;397:1603—5.

[7] Wong S-C, Chan VW-M, AuYeung CH-Y, Chen JH-K, Yip CC-Y,

(8]

So SY-C, et al. Air dispersal of respiratory viruses other than
severe acute respiratory coronavirus virus 2 (SARS-CoV-2) and the
implication on hospital infection control. Infect Control Hosp
Epidemiol 2022. https://doi.org/10.1017/ice.2022.186.

Dick EC, Jennings LC, Mink KA, Wartgow CD, Inborn SL. Aerosol
transmission of rhinovirus colds. J Infect Dis 1987;156:442—8.

[9] Xie X, Li Y, Chwang AT, Ho PL, Seto WH. How far droplets can

[10]
(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

move in indoor environments — revisiting the Wells evaporation-
falling curve. Indoor Air 2007;17:211-25.

Liu L, Wei J, Li Y, Ooi A. Evaporation and dispersion of respiratory
droplets from coughing. Indoor Air 2017;27:179—90.

Basu S. Computational characterization of inhaled droplet
transport to the nasopharynx. Sci Rep 2021;11:1—13.

Burridge HC, Bhagat RK, Stettler MEJ, Kumar P, De Mel |, Demis P,
et al. The ventilation of buildings and other mitigating measures
for COVID-19: a focus on wintertime. Proc R Soc A
2021;477:20200855.

Mishra B, Mohapatra SC. Nasal ACE 2 receptors’ the gateway to
COVID 19?7 J Community Health Manag 2020;7:68—9.

Hamming |, Timens W, Bulthuis MLC, Lely AT, Gjv Navis, van
Goor H. Tissue distribution of ACE2 protein, the functional
receptor for SARS coronavirus. A first step in understanding SARS
pathogenesis. J Pathol 2004;203:631—7.

Hamed |, Shaban N, Nassar M, Cayir D, Love S, Curran MD, et al.
Paired nasopharyngeal and deep lung testing for severe acute
respiratory syndrome coronavirus-2 reveals a viral gradient in
critically ill patients: a multicenter study. Chest
2021;159:1387—-90.

Asadi S, Wexler AS, Cappa CD, Barreda S, Bouvier NM,
Ristenpart WD. Aerosol emission and superemission during human
speech increase with voice loudness. Sci Rep 2019;9:1—10.
Gregson FKA, Watson NA, Orton CM, Haddrell AE, McCarthy LP,
Finnie TJR, et al. Comparing the respirable aerosol concen-
trations and particle size distributions generated by singing,
speaking and breathing. Aerosol Sci Technol 2021;55:681—91.
Alsved M, Matamis A, Bohlin R, Richter M, Bengtsson PE,
Fraenkel CJ, et al. Exhaled respiratory particles during singing
and talking. Aerosol Sci Technol 2020;54:1245—8.

Borges V, Isidro J, Macedo F, Neves J, Silva L, Paiva Mr, et al.
Nosocomial outbreak of SARS-CoV-2 in a "non-COVID-19" hospital
ward: virus genome sequencing as a key tool to understand
cryptic transmission. Viruses 2021;13:604.

Abbas M, Robalo Nunes T, Martischang R, Zingg W, lIten A,
Pittet D, et al. Nosocomial transmission and outbreaks of coro-
navirus disease 2019: the need to protect both patients and
healthcare workers. Antimicrob Resist Infect Control 2021;10:7.
Illingworth C, Hamilton W, Warne B, Routledge M, Popay A,
Fieldman T, et al. Superspreaders drive the largest outbreaks of
hospital onset COVID-19 infection. OSF Preprints 2021. https://
doi.org/10.31219/0sf.io/wmkn3.

Meredith LW, Hamilton WL, Warne B, Houldcroft CJ, Hosmillo M,
Jahun AS, et al. Rapid implementation of SARS-CoV-2 sequencing to


https://doi.org/10.1016/j.jhin.2023.02.006
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref1
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref1
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref1
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref1
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref2
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref2
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref2
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref2
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref2
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref3
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref3
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref3
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref3
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref4
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref4
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref5
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref5
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref5
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref6
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref6
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref6
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref6
https://doi.org/10.1017/ice.2022.186
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref8
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref8
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref8
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref9
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref9
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref9
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref9
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref9
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref10
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref10
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref10
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref11
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref11
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref11
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref12
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref12
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref12
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref12
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref13
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref13
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref13
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref14
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref14
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref14
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref14
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref14
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref15
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref15
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref15
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref15
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref15
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref15
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref16
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref16
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref16
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref16
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref17
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref17
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref17
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref17
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref17
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref18
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref18
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref18
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref18
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref19
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref19
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref19
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref19
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref20
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref20
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref20
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref20
https://doi.org/10.31219/osf.io/wmkn3
https://doi.org/10.31219/osf.io/wmkn3
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref22
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref22

M.J. Butler et al. / Journal of Hospital Infection 135 (2023) 81—89 89

investigate cases of health-care associated COVID-19: a prospective
genomic surveillance study. Lancet Infect Dis 2020;20:1263—71.

[23] Schwierzeck V, Konig JC, Kuhn J, Mellmann A, Correa-
Martinez CL, Omran H, et al. First reported nosocomial outbreak
of severe acute respiratory syndrome coronavirus 2 in a pediatric
dialysis unit. Clin Infect Dis 2021;72:265—70.

[24] Piapan L, De Michieli P, Ronchese F, Rui F, Peresson M, Segat L,
et al. COVID-19 outbreaks in hospital workers during the first
COVID-19 wave. Occup Med 2022;72:110—7.

[25] Abbas M, Nunes TR, Cori A, Cordey S, Laubscher F, Baggio S, et al.
Explosive nosocomial outbreak of SARS-CoV-2 in a rehabilitation
clinic: the limits of genomics for outbreak reconstruction. J Hosp
Infect 2021;117:124—-34.

[26] Hetemaki |, Kaaridginen S, Alho P, Mikkola J, Savolainen-Kopra C,
Ikonen N, et al. An outbreak caused by the SARS-CoV-2 Delta
variant (B. 1.617. 2) in a secondary care hospital in Finland.
Eurosurveillance May 2021;26:2100636.

[27] Wang X, Zhou Q, He Y, Liu L, Ma X, Wei X, et al. Nosocomial
outbreak of COVID-19 pneumonia in Wuhan, China. Eur Respir J
2020;55:2000544.

[28] Osuafor CN, Davidson C, Mackett AJ, Goujon M, Van Der Poel L,
Taylor V, et al. Clinical features, inpatient trajectories and frailty
in older inpatients with COVID-19: a retrospective observational
study. Geriatrics 2021;6:11.

[29] Lednicky JA, Lauzardo M, Fan ZH, Jutla A, Tilly TB, Gangwar M,
et al. Viable SARS-CoV-2 in the air of a hospital room with COVID-
19 patients. Int J Infect Dis 2020;100:476—82.

[30] Curtius J, Granzin M, Schrod J. Testing mobile air purifiers in a
school classroom: reducing the airborne transmission risk for
SARS-CoV-2. Aerosol Sci Technol 2021;55:586—99.

[31] Beggs CB, Avital EJ. Upper-room ultraviolet air disinfection might
help to reduce COVID-19 transmission in buildings: a feasibility
study. PeerJ 2020;8:10196.

[32] Barnewall RE, Bischoff WE. Removal of SARS-CoV-2 bioaerosols
using ultraviolet air filtration. Infect Control Hosp Epidemiol
2021;42:1014-5.

[33] Di Gilio A, Palmisani J, Pulimeno M, Cerino F, Cacace M, Miani A,
et al. CO, concentration monitoring inside educational buildings
as a strategic tool to reduce the risk of Sars-CoV-2 airborne
transmission. Environ Res 2021;202:111560.

[34] Peng Z, Jimenez JL. Exhaled CO, as a COVID-19 infection risk
proxy for different indoor environments and activities. Environ
Sci Technol Lett 2021;8:392—7.

[35] Shao X, Zhang X. Testing for change points in time series. J Am
Stat Assoc 2010;105:1228—40.

[36] Picard D. Testing and estimating change-points in time series.
Adv Appl Probabil 1985;17:841—67.

[37] Killick R, Eckley I. Changepoint: an R package for changepoint
analysis. J Stat Software 2014;58:1—19.

[38] Romano J, Kromrey JD, Coraggio J, Skowronek J, Devine L.
Exploring methods for evaluating group differences on the NSSE
and other surveys: are the t-test and Cohen’s d indices the most
appropriate choices? Annual meeting of the Southern Association
for Institutional Research; 2006. p. 1-51.

[39] Conway Morris A, Sharrocks K, Bousfield R, Kermack L, Maes M,
Higginson E, et al. The removal of airborne severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) and other
microbial bioaerosols by air filtration on coronavirus disease 2019
(COVID-19) surge units. Clin Infect Dis 2022;75:e97—101.

[40] Coleman KK, Sigler WV. Airborne influenza A virus exposure in an
elementary school. Sci Rep 2020;10:1—7.

[41] Santarpia JL, Herrera VL, Rivera DN, Ratnesar-Shumate S,
Reid SP, Ackerman DN, et al. The size and culturability of patient-
generated SARS-CoV-2 aerosol. J Expo Sci Environ Epidemiol
2022;32:706—11.

[42] Fears AC, Klimstra WB, Duprex P, Hartman A, Weaver SC,
Plante KS, et al. Persistence of severe acute respiratory syn-
drome coronavirus 2 in aerosol suspensions. Emerg Infect Dis
2020;26:2168.

[43] Beggs CB. Is there an airborne component to the transmission of
COVID-19? A quantitative analysis study. medRxiv 2020. https://
doi.org/10.1101/2020.05.22.20109991.

[44] Vejerano EP, Marr LC. Physico-chemical characteristics of evap-
orating respiratory fluid droplets. J R Soc Interface
2018;15:20170939.

[45] Mittal R, Ni R, Seo J. The flow physics of COVID-19. J Fluid Mech
2020;894:1—14.

[46] Seminara G, Carli B, Forni G, Fuzzi S, Mazzino A, Rinaldo A.
Biological fluid dynamics of airborne COVID-19 infection. Rend
Lincei Sci Fis Nat 2020;31:505—37.

[47] Mingotti N, Grogono D, Dello loio G, Curran M, Barbour K,
Taveira M, et al. The impact of hospital-ward ventilation on
airborne-pathogen exposure. Am J Respir Crit Care Med
2021;203:766—9.

[48] Hathway EA, Noakes CJ, Fletcher LA, Sleigh PA, Clifton I,
Elliott MW. The role of nursing activities on the bioaerosol pro-
duction in hospital wards. Indoor Built Environ 2013;22:410—-21.

[49] Roberts K, Hathway A, Fletcher LA, Beggs CB, Elliott MW,
Sleigh PA. Bioaerosol production on a respiratory ward. Indoor
Built Environ 2006;15:35—40.

[50] Rudnick SN, Milton DK. Risk of indoor airborne infection trans-
mission estimated from carbon dioxide concentration. Indoor Air
2003;13:237—45.

[51] Wolf S, Cali D, Krogstie J, Madsen H. Carbon dioxide-based
occupancy estimation using stochastic differential equations.
Appl Energy 2019;236:32—41.

[52] Ke Y-P, Mumma SA. Using carbon dioxide measurements to
determine occupancy for ventilation controls. ASHRAE Trans
1997;103:365.

[53] Hou D, Katal A, Wang LL. Bayesian calibration of using CO, sen-
sors to assess ventilation conditions and associated COVID-19
airborne aerosol transmission risk in schools. medRxiv 2021.
https://doi.org/10.1101/2021.01.29.21250791.

[54] Jiang C, Masood MK, Soh YC, Li H. Indoor occupancy estimation
from carbon dioxide concentration. Energy Build 2016;131:132—41.

[55] Good N, Fedak KM, Goble D, Keisling A, L’Orange C, Morton E,
et al. Respiratory aerosol emissions from vocalization: age and
sex differences are explained by volume and exhaled CO,. Envi-
ron Sci Technol Lett 2021;8:1071—6.

[56] Roberts K, Smith CF, Snelling AM, Kerr KG, Banfield KR, Sleigh PA,
et al. Aerial dissemination of Clostridium difficile spores. BMC
Infect Dis 2008;8:7.


http://refhub.elsevier.com/S0195-6701(23)00060-9/sref22
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref22
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref22
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref23
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref23
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref23
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref23
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref23
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref24
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref24
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref24
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref24
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref25
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref25
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref25
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref25
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref25
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref26
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref26
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref26
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref26
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref27
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref27
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref27
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref28
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref28
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref28
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref28
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref29
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref29
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref29
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref29
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref30
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref30
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref30
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref30
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref31
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref31
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref31
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref32
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref32
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref32
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref32
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref33
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref33
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref33
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref33
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref33
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref34
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref34
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref34
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref34
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref34
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref35
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref35
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref35
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref36
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref36
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref36
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref37
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref37
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref37
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref38
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref38
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref38
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref38
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref38
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref38
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref39
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref39
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref39
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref39
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref39
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref39
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref40
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref40
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref40
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref41
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref41
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref41
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref41
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref41
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref42
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref42
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref42
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref42
https://doi.org/10.1101/2020.05.22.20109991
https://doi.org/10.1101/2020.05.22.20109991
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref44
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref44
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref44
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref45
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref45
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref45
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref46
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref46
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref46
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref46
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref47
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref47
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref47
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref47
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref47
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref48
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref48
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref48
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref48
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref49
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref49
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref49
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref49
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref50
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref50
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref50
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref50
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref51
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref51
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref51
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref51
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref52
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref52
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref52
https://doi.org/10.1101/2021.01.29.21250791
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref54
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref54
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref54
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref55
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref55
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref55
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref55
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref55
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref55
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref56
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref56
http://refhub.elsevier.com/S0195-6701(23)00060-9/sref56

	Impact of supplementary air filtration on aerosols and particulate matter in a UK hospital ward: a case study
	Introduction
	Methods
	Ward layout and ventilation
	Air cleaning unit
	Sensors
	Data
	Change point analysis and validation
	Primary statistical analysis

	Results
	Change point analysis results
	Descriptive time series results
	Statistical analysis results
	Within- and between-sensor correlations

	Discussion
	Limitations

	Author contributions
	Conflict of interest statement
	Funding source
	Ethical approval
	Appendix A. Supplementary data
	References


