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Abstract: Pseudomonas aeruginosa (Pa) is the predominant bacterial pathogen in people with cystic
fibrosis (CF) and can be transmitted by airborne droplet nuclei. Little is known about the ability of
ultraviolet band C (UV-C) irradiation to inactivate Pa at doses and conditions relevant to implementa-
tion in indoor clinical settings. We assessed the effectiveness of UV-C (265 nm) at up to seven doses
on the decay of nebulized Pa aerosols (clonal Pa strain) under a range of experimental conditions.
Experiments were done in a 400 L rotating sampling drum. A six-stage Andersen cascade impactor
was used to collect aerosols inside the drum and the particle size distribution was characterized by
an optical particle counter. UV-C effectiveness was characterized relative to control tests (no UV-C)
of the natural decay of Pa. We performed 112 tests in total across all experimental conditions. The
addition of UV-C significantly increased the inactivation of Pa compared with natural decay alone
at all but one of the UV-C doses assessed. UV-C doses from 246–1968 µW s/cm2 had an estimated
effectiveness of approximately 50–90% for airborne Pa. The effectiveness of doses ≥984 µW s/cm2

were not significantly different from each other (p-values: 0.365 to ~1), consistent with a flattening of
effectiveness at higher doses. Modelling showed that delivering the highest dose associated with
significant improvement in effectiveness (984 µW s/cm2) to the upper air of three clinical rooms
would lead to lower room doses from 37–49% of the 8 h occupational limit. Our results suggest that
UV-C can expedite the inactivation of nebulized airborne Pa under controlled conditions, at levels
that can be delivered safely in occupied settings. These findings need corroboration, but UV-C may
have potential applications in locations where people with CF congregate, coupled with other indoor
and administrative infection control measures.

Keywords: airborne bacteria; inactivation rate; air disinfection; Pseudomonas aeruginosa; ultraviolet
light; UV-C radiation
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1. Introduction

Cystic fibrosis (CF) is the most common life-limiting autosomal recessive genetic
disorder in Caucasians and is caused by variants in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene. Chronic lung infection and associated inflammatory
response results in damage to airways and lung tissue and is the leading cause of morbidity
and mortality in CF. The prevalence of Pseudomonas aeruginosa (Pa) increases with age and
~70% of adults with CF have chronic Pa infection [1,2]. Other common bacterial pathogens
in people with CF include Staphylococcus aureus, Gram-negative non-fermentative bacteria
(such as Burkholderia cepacia complex, Stenotrophomonas maltophilia, Achromobacter xylosoxi-
dans) and non-tuberculous mycobacteria (most commonly Mycobacterium avium complex and
Mycobacterium abscessus) [3,4]. Life expectancy with CF has increased progressively over re-
cent decades (median survival in most countries now approaches or exceeds 50 years [5–8]).
Consequently, specialized CF clinical care centers are now standard for people with CF.

While the exact mechanisms of cross-infection between people with CF remain un-
known, the potential for person-to-person transmission of common CF pathogens amongst
people attending the same center has become evident and policies and practices to limit
Pa transmission in health care settings (and other indoor settings) where people with CF
congregate have been developed. Such approaches include single occupancy inpatient
accommodation, segregation of patients attending outpatient clinics based on airway mi-
crobiology and the use of face masks as a routine when people with CF attend the hospital
of clinical care [9,10]. Although contact and droplet infection control measures were imple-
mented [9,11], it is likely that cross-infection continues [12–14]. While contact and large
droplet transmission (i.e., transmission by respiratory droplets ≥ ~20 µm in diameter and
typically within <1 m) modalities are important, several recent studies have shown that
airborne transmission (i.e., by viable particles ≤ ~5–10 µm in diameter persisting in the air
for long durations) is one of the potential routes for infection in CF, which was previously
assumed not to occur [15,16].

Recent evidence from our group and others has suggested transmission by droplet
nuclei (i.e., aerosol transmission) can occur for Pa and other common CF pathogens [17–20].
For example, our previous studies have demonstrated that patients with CF produce viable
aerosols of Pa [17] and when people with CF cough, viable Pa can travel 4 m and survive for
up to 45 min in room air [18]. Those findings were not consistent with CF infection control
practices that separated patients by 1 m to 2 m to prevent cross-infection [9,21]. Moreover,
those findings have raised questions about the type and efficacy of interventions to limit
transmission of airborne Pa in healthcare settings. In follow-up studies, we found that
such methods, like mechanical ventilation [22], and surgical masks and N95 respirators, are
useful, but cannot completely capture airborne Pa (e.g., surgical masks can reduce airborne
Pa to below detectable levels in 55–89% of adult wearers who produced culture-positive
samples when not wearing the mask [23,24]), nor are they feasible in all clinical settings
(e.g., performing airway clearance/physiotherapy and lung function testing) and patient
groups (e.g., the effectiveness of face masks among children is unknown) [18,24,25].

Germicidal irradiation with ultraviolet (UV) light within the band from 200–280 nm
(UV-C) has long been known to reduce microbes in indoor air because it damages their DNA
and prevents replication [26]. UV-C in 250–270 nm range is the most potent wavelength
for inactivating microbes since it is more strongly absorbed by their nucleic acids [27,28].
Rapid inactivation of airborne B. coli by UV-C was initially observed by Wells and Fair
in 1935 [29]. Subsequently, laboratory studies performed under controlled conditions,
have determined the effectiveness of UV-C for various aerosolized microorganisms [30–40].
Several factors are reported to affect indoor UV-C effectiveness, including UV-C intensity
(units: µW/cm2), UV-C dose (intensity × time [s], units: µW s/cm2), the susceptibility of a
given microorganisms, photoreactivation, relative humidity (RH), temperature, room air
exchange rates, and air mixing [26,41–43].

We recently undertook a systematic literature review [44] and found 17 studies of
UV-C effectiveness for airborne respiratory pathogen bacteria. In that review and subse-
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quent literature searches, we identified only three previous empirical studies of the UV-C
susceptibility of airborne Pa, the first of which was published in 1940, and all of which used
small experimental chambers (of the order of ~10 to ~30 cm in any direction) and artificially
generated aerosols [34,45,46]. Another study used a theoretical model to investigate the
air disinfection efficacy of duct-mounted UV-C lamps in a hospital where mechanical
ventilation is present [47]. However, that study was based on UV-C inactivation values for
Pa, previously published by Collins [48], and which were for Pa on surfaces (agar plates),
rather than in suspended in air. The three empirical studies support the hypothesis that
airborne Pa are susceptible to UV-C (i.e., that Pa inactivation with UV-C on is greater than
that observed without UV-C). However, it is unclear these observations are applicable to
Pa strains in the CF community, and whether doses reported are achievable in occupied
healthcare settings given safety requirements for patients, visitors and staff.

We aimed to quantify the effectiveness of UV-C on aerosolized Pa at doses appropriate
for potential clinical settings attended by people with CF, under a range of experimental
conditions, and estimate if the doses can be implemented safely in an occupied indoor
clinical setting.

2. Materials and Methods
2.1. TARDIS-Rotator and UV-C System

We used a custom-built rotating drum sampler (Tandem Aged Respiratory Droplet
Investigation System, TARDIS), which allows storage and aging of nebulized airborne
Pa [18,49], as previously described. Briefly, the TARDIS is a fully sealed, horizontally
oriented rotating cylindrical stainless steel drum (length: 1.2 m, diameter: 0.65 m, volume:
400 L), fitted with inlet and outlet ports that has been described in detail previously; Figure 1
is a schematic diagram [49]. The TARDIS rotator is flushed with high-efficiency particulate
air (HEPA)-filtered air between tests to prevent carryover of aerosols (confirmed by a TSI
optical particle counter) [18].
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Figure 1. Schematic diagram of equipment and Pa nebulization and UV-C treatment. Note, the LEDs
were mounted on the left end plate of the rotator. The rotator is 1.2 m long with diameter: 0.65 m
(volume: 400 L).

For the present study, we designed and built a new addition for the TARDIS. This
was an Ultraviolet Germicidal Irradiation (UVGI) system, comprising 36 individual UV-C
(265 nm) light-emitting diodes (LEDs) evenly spaced in a circular configuration across
the diameter of the drum’s end plate. Industry-standard ray tracing software (Zemax
OpticStudio, Zemax Extended Edition) was used to optimize the LED configuration light
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and distribution throughout the drum, which was validated empirically (see following
section). The LEDs were fitted with a microprocessor control unit (to vary the output
between 0 and 100% power) and a remote controller. The UV-C LEDs are covered by a
metal plate, and all UV-C radiation was directed into, and contained within, the drum
as confirmed by radiometer measurements (Model ILT 1400, International Light, Inc.,
Newburyport, MA, USA). The LEDs were near the peak disinfection wavelength for many
organisms (265 nm) due to its strong absorption by the nucleic acid (compared with
traditional lamps which are typically 254 nm) [27,28,50].

2.2. UV-C Validation

To validate the UV-C intensity inside the drum, we performed >300 individual ra-
diometer measurements (with the drum closed and all UV-C LEDs at 100% power), span-
ning each combination of five positions along the axis (10, 35, 60, 85, 110 cm from the
plate), three radial positions (0, 10, 20 cm), five angles to the axis (0, 45, 90, 135, 180◦) and
four rotations about the axis (0, 90, 180, 270◦) to measure the UV-C incident on a sphere
(i.e., to best approximate airborne Pa). We fitted a modified Akima spline in MATLAB to the
measurements as an estimate of the mean and standard deviation of UV-C intensity incorpo-
rating all points in the drum. The overall mean UV-C intensity was 4.1 (SD: ±2.2) µW/cm2.
This was scaled proportionately when the LEDs were at <100% power.

2.3. Relative Humidity and Temperature

The RH and temperature inside the drum were measured continuously by a thermo-
hygrometer (HC2-C04, Rotronic Instrument Corp, Bassersdorf, Switzerland). Our primary
focus was medium RH levels (target: 60 ± 5% at ambient temperature in the test labora-
tory), representative of an air-conditioned indoor healthcare setting. We did additional
experiments to complement those at medium RH, spanning a realistic range of low (target:
40 ± 5%) through to high (target: 80 ± 5%) RH levels (described further in Section 2.11).
RH levels were adjusted up and down by adding sterile water vapor or HEPA-filtered
compressed air into the drum, respectively, until RH stabilised.

2.4. Culture Preparations

A representative isolate of the Pa AUST-02 (AUS023) strain, a dominant clinical strain
in the Australian CF community [14], was used to prepare cultures (Supplement Page S1).
AUST-02 was the main focus in this study. Other common Australian clinical strains of Pa
derived from adults with CF attending the Prince Charles Hospital (TPCH), including a
representative isolate of AUST-01 (ST649), AUST-06 (ST801) [14], and a representative non-
clonal strain (ST155) were used to provide context to AUST-02 results, regarding potential
strain-specific variation in UV-C effectiveness.

2.5. Nebulization

Pa was aerosolized using a Collison six-jet nebulizer connected to instrument-grade
filtered compressed air (CN25; BGI Inc., Waltham, MA, USA). The aerosols were delivered
into the drum at a rate of 16 L/min for ~10 s (a total of ~2.6–3 L).

2.6. Bioaerosol Sampling

Aerosols were collected using 6-stage Andersen Viable Cascade impactors (ACI,
Thermo Fisher Scientific, Waltham, MA, USA), connected to a vacuum pump with a
flow of 28.3 L/min for 5 min. The impactor has six size ranges (0.65 µm to >7 µm) as
described previously [51]. Chocolate-bacitracin was used for the agar plates (prepared
in-house). The air extracted by the impactor (and a TSI 9303 AeroTrak Optical Particle
Counter [OPC]) was replaced with HEPA-filtered air [49], and each successive sample
from the drum was equivalent to an air exchange rate of 0.36 AER of filtered air (i.e., an
AER of 1.1 after extracting three samples). After finishing each test, the drum was flushed
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with HEPA-filtered air to purge residual aerosols through another HEPA filter and into a
biosafety cabinet.

2.7. Enumeration of Airborne Pa

The inoculated agar plates used in the Andersen Cascade Impactor of all UV-C tests
were covered completely with aluminum foil to negate potential for photoreactivation. All
plates were incubated at 37 ◦C for 72 h. Plates were read for colony numbers at 24, 48, and
72 h using our previous protocols [17]. The total Pa colony counts were determined by
summing all colonies at 72 h over impactor stages 1 to 6.

2.8. Particle Size Measurements

During experiments, the particle number concentration and size distribution of
aerosols inside the drum were measured before and after impactor samples using a TSI
Model 9303 AeroTrak OPC (TSI, Shoreview, MN, USA) at a flow rate of 2.83 L/min. There
are six size channels with lower diameter cut-points from 0.3 to 10.0 µm.

2.9. Test Procedure

Test and cleaning procedures are further described in the Supplement (Pages S2–S3).
Briefly, each test comprised a decay measurement with impactor samples extracted 5, 30,
and 40 min after the Pa suspension was nebulized into the drum (termed Extraction A,
B, and C, respectively). UV-C doses were delivered between Extraction A and B. Each
testing day, one control (no UV-C) decay test was performed to account for day-to-day
variation in Pa decay unrelated to UV-C (e.g., the Pa suspension, ambient conditions, and
other factors that could influence the interpretation of UV-C results). The drum surface was
swabbed and cultured at the start of testing days to assess for residual Pa and to confirm
the effectiveness of cleaning performed after the prior study.

2.10. Core Experiments

A series of core experiments, each repeated ≥3 times, were implemented for a range of
UV-C doses at 60% RH with the aim of spanning a range of effectiveness from the natural
decay of Pa (i.e., 0% effective) through to 100% effective. The power of the UV-C LEDs
were 1.25, 2.5, 5, 10, 20, 40 and 100% and were on for 20 min continuous exposure. The
corresponding UV-C intensities were 0.05, 0.10, 0.21, 0.41, 0.82, 1.64, and 4.10 µW/cm2,
respectively. The estimated doses delivered were therefore 62, 123, 246, 492, 984, 1968, and
4920 µW s/cm2, respectively.

2.11. Other Experiments

Additional experiments were performed for a subset of three doses (123, 492, and
1968 µW s/cm2) and control tests at lower (40%) RH and higher (80%) RH conditions. Each
combination of dose and RH was repeated at least twice (Supplement Figure S1). The
other sensitivity tests were performed once each for a subset of three doses (123, 492, and
1968 µW s/cm2), plus the no UV-C control condition, at 60% RH (Supplement Figure S1).
The first set of experiments assessed the effect of delivering those doses over shorter (2 min)
and longer (40 min) times. The purpose was to confirm if UV-C and Pa approximated the
Bunsen-Roscoe reciprocity law (i.e., that the effects of a given dose are the same regardless
of the time over which it is delivered [45]). The second set of experiments assessed the
effect of UV-C on the other Pa isolates.

2.12. Statistical Analysis

Data were analyzed using SPSS version 27.0 (IBM Corp, Armonk, NY, USA). Colony
forming unit (CFU) counts were corrected for coincidence error, using the methods de-
scribed by Macher [52], due to the possibility of multiple viable Pa being deposited in a
single impactor hole onto agar plates and being counted as a single CFU.
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We based our estimates on the decay of airborne Pa over time, with and without UV-C,
which is the standard method for decay-based bioaerosol experiments of UV-C [32,53].
First et al. [53] provide an extensive overview of the technical background to the derivation
of basis of this metric. Briefly, without UV-C, the exponential decay in Pa over time was
driven by natural decay due to factors other than UV-C (ventilation with filtered air as
described above, and the biological decay of the organism [18]). When UV-C was operating,
the total reduction in airborne Pa represented the combined effects of natural decay and
additional UV-C inactivation. By comparing the total reduction with UV-C on and off, the
difference in the slopes of decay (i.e., elapsed time in hours vs. natural logarithm of CFU
count) was used to estimate the UV-C effectiveness as the equivalent air exchange rate
(eAER) due to UV-C [53]. This is the amount of fresh air ventilation that would be required
to yield the same removal as UV-C in a well-mixed space [53].

Additionally, we expressed the estimates of eAER as percentages (i.e., UV-C effec-
tiveness, the percentage of total Pa inactivation that is attributable to UV-C), which are
potentially more relevant to human infection risk assessment, as proposed by Ko et al. [54].
We present descriptive results using both methods, while the statistical analyses described
below were based on percentages.

Continuous variables were summarized as mean and standard deviation (SD) if data
were normally distributed or as median and interquartile range (IQR) if not. A Kruskal–
Wallis test was used to examine natural decay across the three RH conditions at Extraction
B and C. A one-way ANOVA was used to examine UV-C effectiveness across UV-C doses.
A paired t-test was used to compare the total decay (i.e., due to both natural decay and
UV-C) and natural decay. p-values < 0.05 were considered significant. As only a single test
under each condition was conducted for isolates other than AUST-02, and exposure times
other than 20 min, no formal comparisons were attempted.

A split plot ANOVA was performed to examine the effect of UV-C dose and RH on
UV-C effectiveness where RH was considered a main effect. Estimated marginal means
and standard errors were calculated.

2.13. Indoor Model

We used a basic model of upper air UV-C [55,56] to estimate what UV-C intensities are
required in realistic outpatient clinical settings to deliver the doses we assessed, by combin-
ing our previous measurements of room geometry and ventilation rates (AER) in a tertiary
hospital with a specialized adult CF service (Supplement Page S4) [57]. This included two
outpatient consultation rooms and a large open-plan spirometry laboratory where patients
congregate, all with standard mixing-type ventilation. The purpose was to place our em-
pirical results in the context of what can practically and safely be delivered in occupied
healthcare settings, drawing on the literature for tuberculosis (TB) control [55,58–60].

3. Results
3.1. General

In total, 120 experiments were performed, of which 112 (93%) were included in
our analysis; eight experiments (7%) were excluded due to instrument failure. A single
experiment took 3 h to complete, on average. The distribution of the experiments between
different scenarios is shown in Supplement Figure S1.

The median temperature inside the drum was 21.1 ◦C (IQR: 19.5–22.3). For the low RH
tests (target: 40%), the median measured RH inside the drum was 40.8% (IQR: 39.7–42.0).
For medium RH tests (target: 60%), the median RH was 61.2% (IQR: 60.1–62.4). For high
RH tests (target: 80%), the median RH was 80.9% (IQR: 80.4–81.9).

Almost all viable Pa ranged from 0.65 to 3.3 µm (stages 4–6 of Andersen impactor
plates), with a median of 93% (IQR: 90.4–94.9) in that range. The predominance of Pa in
that size range remained consistent between different experiments (Table S1), as was the
case in the size distributions measured by the OPC (Figure S2). No residual Pa colonies
were detected post-cleaning on the drum surface.



Int. J. Environ. Res. Public Health 2022, 19, 13706 7 of 15

3.2. Natural Decay and Total Reduction in Airborne Pa

The median natural decay of airborne Pa at Extraction B was 56.5% (IQR: 52.1–57.6) at
medium RH (n = 8). Results for other RH conditions were 44.8% (IQR: 42.4–50.9) at high
RH (n = 11) and 83.5% (IQR: 83.3–85.3) at low RH (n = 3). Further information is in the
Supplement (Figure S2).

Table S2 shows the total reduction in Pa at 60% RH across seven UV-C doses. It ranged
from 57.0 (SD: 2.4) to 99.9 (SD: 0.04) when UV-C dose increased from 62 to 4920 µW s/cm2.
Corresponding total eAER values were from 2.3 (SD: 0.2) to 17.9 (SD: 0.9) (Table S2).

3.3. UV-C Effectiveness

Table 1 summarizes the estimated UV-C effectiveness at 60% RH. UV-C effectiveness
ranged from 4.5% (SD: 6.1) to 88.5% (SD: 2.0) across the range of doses. Corresponding
eAER values attributable to UV-C ranged from 0.1 (SD: 0.1) to 15.8 (SD: 1.1) (Table 1).
Figure 2 shows the increase in UV-C effectiveness across UV-C doses. ANOVA suggested
that the mean effectiveness of UV-C doses between 62 and 492 µW s/cm2 were significantly
different from each other, and compared with higher doses (>492 µW s/cm2) (Table S3). In
contrast, the effectiveness of doses ≥984 µW s/cm2 were not significantly different from
each other (p-values: 0.365 to ~1), as is highlighted in the flattening of the line shown in
Figure 2.

Table 1. UV-C effectiveness (%) against airborne Pa AUST-02 at 60% RH and their equivalent air
exchange rates (eAER) per hour.

UV-C Dose
(µW s/cm2)

Total
n = 34

UV-C Effectiveness
(%, SD)

Equivalent Air Exchange Rate
due to UV-C (eAER, SD)

0 * 8 55.2 (4.4) § 2.2 (0.2) †

62 3 4.5 (6.1) 0.1 (0.1)

123 4 24.6 (6.1) 0.7 (0.2)

246 4 50.9 (5.1) 2.3 (0.3)

492 4 68.6 (2.1) 4.5 (0.8)

984 4 82.5 (1.4) 10.0 (1.7)

1968 4 88.5 (2.0) 15.8 (1.1)

4920 3 87.5 (1.6) 15.6 (0.8)

Note: * no UV-C (control) test of natural decay is denoted as 0 dose, § mean natural decay when UV-C was off,
† this is the non-UVC AER due to ventilation and natural decay only.

At 60% UV-C significantly (p < 0.005) increased the total inactivation of Pa compared
with natural decay at all doses except 62 µW s/cm2 (Table S4).

3.4. Other Experiments

The effectiveness of UV-C doses showed some dependence on RH levels although the
overall results were mixed (Table S5). We observed little difference in UV-C effectiveness
over the range of UV-C doses examined between medium and high RH. At low RH, we
observed differences in effectiveness compared to high RH only at the lowest and highest
doses of UV-C tested (123 and 1968 µW s/cm2), although the direction of the difference
was not consistent. Detailed results are in the Supplement (Page S7).

UV-C effectiveness at 60% RH for other different Pa isolates (AUST-01, AUST-02, AUST-
06 and the non-clonal strain) suggested some variability compared with that observed for
AUST-02, which was more apparent at lower doses (Table S6). Delivering the same UV-C
dose over 20 min or 40 min led to comparable results, which did not suggest a departure
from the Bunsen-Roscoe law (Table S7). Delivering the UV-C doses over 2 min led to higher
effectiveness estimates, which could be an artefact of low numbers of viable Pa colonies in
those experiments and the use of a single test.
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3.5. Indoor Model Results

The estimated exposure times in the upper air irradiated zone (the upper 0.675 m of
three clinical rooms with ceiling of 2.7 m) of Pa droplet nuclei, were 1.2, 1.4 and 1.6 min,
respectively, (Supplement Table S8). To achieve the dose above which higher doses did not
significantly increase effectiveness (984 µW s/cm2), which was 83% effective at inactivating
airborne Pa, would require average UV-C intensities of 14, 11 and 10 µW/cm2 in the upper
room, respectively (Supplement Table S9).

For a standard UV-C installation (i.e., louvered wall-mounted UV-C fixture that irradi-
ates the upper ~0.7 m of room), CDC/NIOSH guidelines report measured mean eye-level
(1.5 m) intensity is 0.46% of that in the upper air. Applying that to the required intensities
in the clinical rooms we modelled yielded mean estimated eye-level intensities of 0.063,
0.054 and 0.047 µW/cm2 in the lower room, which are 49%, 42%, and 37%, respectively,
of the occupational limit for 265 nm UV-C over 8 h in any 24 h period (37 J/m2) [61]. The
equivalent figures for the doses at which approximately 50% and 90% of Pa were inactivated
by UV-C (246 and 1968 µW s/cm2) ranged from 12–98%, 10–84% and 9–73%, respectively,
in the three rooms (Supplement Table S10). Estimates for all doses are presented in the
Supplement (Table S10).

4. Discussion

We quantified the effectiveness of UV-C to inactivate or kill aerosolized Pa, which
can be transmitted by the airborne route in people with CF. We observed that UV-C doses
from 246–1968 µW s/cm2 had an estimated effectiveness of approximately 50–90% for
airborne Pa at 60% RH. The addition of UV-C significantly increased the inactivation of Pa
compared with natural decay alone at all but one of the doses assessed. Consistent with
UV-C theory [56], inactivation was approximately a first-order process that increases before
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reaching a plateau. For example, UV-C effectiveness was not significantly different when
UV-C doses exceeded 984 µW s/cm2.

4.1. Comparison with Other Studies

The results of previous studies [34,45,46] are not directly comparable to ours due to
methodological differences (e.g., experimental set-up, test conditions and how outcome
measures were defined). We used UV-C at 265 nm, while previous studies used 254 nm [34].
Specifically, 265 nm is closer to the theoretical peak germicidal wavelength for most or-
ganisms [62–65]. Another factor which makes it challenging to compare results is that we
used a clinical strain of Pa (AUST-02), rather than the commercially available laboratory
strain (ATCC 27853) used in a previous study [34]. It is not possible to state how much
those factors, or indeed others, contribute individually or in combination.

Noting the issues outlined above, some key findings are summarized below. One
study reported that UV-C doses of 1000 µW s/cm2 were required for ~90% inactivation at
43% RH [46]. Another study found that at medium RH (58.7–59.6%) [34], UV-C doses of
approximately 3289 to 20,933 µW s/cm2 were required for 90% inactivation. In the earliest
study identified, the UV dose (of which >88% was 254 nm UV-C) required to achieve
~99.99% reduction in airborne Pa was ~1600 µW s/cm2, although that was measured at an
RH of 95% [45].

Based on the limited empirical data available, airborne Pa seem to fall in the mid-
dle of the susceptibility spectrum among airborne bacteria treated with UV-C. Similar
to M. tuberculosis, Pa appear to be neither highly sensitive to UV-C’s germicidal effects
like Streptococcus mitis, nor highly resistant like Bacillus subtilis and other spore-forming
organisms [46,55,60]. The pronounced heterogeneity in susceptibility supports the need to
assess bacteria on a case-by-case basis, as generalizability may be limited [34,46]. The same
issue of generalizability applies to assessing a given organism across a range of indoor
environmental conditions, as survival is complex, highly species-dependent, even among
Gram-negative bacteria [34–36,66,67].

4.2. Relevance to Infection Control in People with CF

Despite first being applied to airborne pathogen control in the 1930s, the application of
UV-C beyond laboratories and some indoor health care settings has been more sporadic than
might be expected [26] given its performance in those early studies. Most studies during the
latter part of the 20th century focused on TB using organisms including Mycobacterium bovis
and BCG, and UV-C had a resurgence during the 1980s driven by the unexpected rise in TB
notification in North America at that time [55] in susceptible individuals.

Outcomes of the important historical research are relevant to planning if and where to
use UV-C for Pa control in CF centres. Specifically, that UV-C is generally best suited to
applications in upper air of occupied rooms in congregate settings, because this is closest
to the source of Pa and is where susceptible people [56] are located. That is why UV-C
treatment of air in ventilation ducts is not generally recommended for TB control, because
most transmission occurs in room rather than through HVAC systems [59]. Similarly,
applying very high UV-C intensity from ‘bare bulb’ fixtures in unoccupied rooms, following
the departure of the infectious source, has the theoretical benefit of treating air and surfaces.
Despite that, it is not recommended for TB control [59] because it cannot treat the air at
the time of greatest risk when the source is in the room and producing droplet nuclei. The
effectiveness of such approaches for person-to-person Pa pathogen nuclei is unclear.

Pa is not exclusively transmitted by the airborne route like TB, so any implementation
of UV-C needs to consider that important distinction. In locations within CF centers where
person-to-person transmission of Pa is the primary concern, upper-room UV-C in occupied
rooms appears to be a higher priority than other UV-C implementations, but further
research is needed to confirm the relative benefits of these. Overall, for Pa a multi-faceted
approach in settings where people with CF congregate including airborne (upper-room
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UV-C, adequate outdoor air ventilation) and large droplet (surgical masks [24], social
distancing) and surface cleaning controls seems prudent [59].

4.3. Safety and Implementation

Our modeling of empirical ventilation and geometry observations in three clinical
rooms at a functioning CF Centre estimated that an upper-air dose required for 83% Pa
inactivation would correspond to lower room doses that were 37–49% of the 8 h in occupa-
tional limit for 265 nm UV-C. For ~90% inactivation, the equivalent estimates doses ranged
from 73–98% of the daily limit.

UV-C doses appear to be safe to implement in indoor settings, although we caution
those estimates require validation with radiometer measurements in clinical rooms. There
are several other factors that require consideration. For example, our estimates assume
continuous eye exposure to UV-C for 8 h, known to be highly unlikely in practice [58].
Measured personal exposures of healthcare workers and inpatients demonstrates doses
between 0.5% and 8.8% of those calculated assuming continuous exposure, even for inpa-
tients who rarely leave their room (e.g., while undergoing TB isolation [68]). Applying 8.8%
to our estimates, for the scenario targeting 83% Pa inactivation, corresponds to 3.3%–4.3%
of the 8 h limit received over that time by occupants of the lower room. The equivalent
figures for the UV-C dose at which ~90% of Pa was inactivated were 6.4%–8.6% of the
8 h limit.

Patient and staff safety is paramount in occupied settings. Appropriately installed
and maintained upper-room UV-C fixtures are safe [59], posing no risk of photokeratitis or
skin erythema, as shown in the largest study of 3611 subjects in a double-blind placebo-
controlled field study over eight years [58]. The authors of that study also conducted a
literature review, identifying only five published case reports of UV-C overexposure, all
of which were due to human error, and only one instance involved a properly installed
UV-C fixture [58]. In that case, the error was that the standard practice of performing
measurements after commissioning a new fixture was not followed.

Even in situations where UV-C doses exceeded occupational limits by 20–100 times,
ocular symptoms resolved within two to four days, and skin erythema symptoms resolved
within two weeks, with no complications. UV-C does not the penetrate skin cells as
efficiently as longer wavelength UV-B or UV-A band light, while the cornea is more
sensitive because it has no outer layer of dead cells to attenuate UV, although UV-C does
not penetrate to the lens or retina [55]. Photokeratitis can be painful but resolves without
sequalae [58] in 48 h once the source of the high exposure has been removed [58]. In sum,
the germicidal benefits of UV-C for preventing or limiting infection among susceptible
individuals, like Pa transmission in people with CF in outpatient or inpatient settings,
exceed the negligible risks posed [59].

4.4. Limitations

Important limitations of our study include: (1) The infectious inoculum for Pa is
unknown, and like other studies it is not possible to place our results in the context of
preventing Pa infection. (2) We used a clinical strain suspended in a 10% fetal bovine serum
(FBS) and phosphate-buffered saline (PBS) solution. We have recently shown these mixtures
showed similar physical and chemical properties to cough aerosol from healthy adults,
including hygroscopicity [69–72]. However, the extent to which that is generalizable to Pa
droplet nuclei from generated by people with CF is unknown. (3) UV-C intensities along
the length of the drum were not uniform. This is analogous to the common configuration
of having an upper-room UV-C lamp on one side of a small room. We therefore used
measurements to estimate an empirical intensity in the drum, and its uncertainty at different
power levels, which agreed well with theoretical model-based estimates that informed the
drum design. (4) We had a limited number (three) of time points at which we measured the
decay of Pa over 45 min. We repeated each test in the main series of experiments 3–4 times,
as and our previous work found this was an adequate combination for measuring the
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natural decay of Pa [18]. (5) We conducted fewer experiments for a subset of doses for
the low and high RH conditions, non-AUST-02 Pa strains, and also when UV-C was on
for 2 min and 40 min. Those experiments were done to provide context for the main
experiments and should be interpreted cautiously.

5. Conclusions

UV-C can expedite inactivation of nebulized airborne Pa droplet nuclei of the most
common clonal Pa strain found in Australians with CF. This was observed at UV-C doses
that modelling suggests can be implemented safely in occupied indoor settings. These
findings could be corroborated in vivo in cough aerosol from people with CF in future.
UV-C may have a role as part of a multi-faceted infection control strategy that incorporates
other indoor, individual and administrative control measures in clinical settings where
people with CF congregate.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijerph192013706/s1, Figure S1: Outline of the experiments; Figure S2: Box
plots of the natural decay (%) of aerosolized Pa AUST-02 by extraction time and RH; Figure S3: Particle
concentrations and size distribution inside the drum at medium RH; Table S1: Viable Pa (as a % of all
size ranges) in the size range from 0.65 to 3.3. µm captured by ACI stages 4-6; Table S2: Mean total
decay (%) of airborne Pa AUST-02 at 60% RH and their equivalent air exchange rates (eAER) per hour;
Table S3: ANOVA for the difference in UV-C effectiveness (%) between different doses of UV-C against
airborne Pa AUST-02 at medium RH; Table S4: Paired-samples t-test for the difference in the mean
total decay (%) (I) and natural decay (J) of airborne Pa AUST-02 at medium RH; Table S5: Split plot
ANOVA for the effects of RH and UV-C dose on UV-C effectiveness (%); Table S6: UV-C effectiveness
(%) against different genotypes of Pa at medium RH; Table S7: UV-C effectiveness (%) against airborne
Pa AUST-02 at different UV-C exposure times at medium RH; Table S8: Basic information of the
rooms at TPCH and the assumptions for upper-room UVGI air disinfection estimation; Table S9: The
upper room exposure time and the minimum average UV-C intensity required that correspond to the
experimental results of total reduction of airborne Pa AUST-02; Table S10: The eye level estimated
UV-C intensity required that correspond to the experimental results of total reduction of airborne
Pa AUST-02.
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