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Abstract

Question addressed by study: Administration of aerosol to patients receiving high flow nasal
oxygen (HFNO) ranges from concurrent aerosol delivery by mouthpiece to aerosol via cannula alone.
This study examines the conditions to provide optimal aerosol delivery with low or high flow nasal
oxygen with concurrent mouthpiece or through nasal cannula alone, and the impact on fugitive
aerosols.

Materials and Methods: A vibrating mesh nebulizer delivered salbutamol via mouthpiece, aerosol
holding chamber and nasal cannula to an adult head model simulating relaxed breathing. The
inhaled dose (%) (mean * SD) was assayed from a filter distal to the trachea. Optical particle sizers
were used to measure fugitive aerosol concentrations during aerosol delivery.

Results: Concurrent low flow nasal oxygen (LFNO) and aerosol delivery with a mouthpiece and
aerosol holding chamber increased the inhaled dose (%) available, 31.44 + 1.33 % when
supplemented with 2 LPM of nasal oxygen. Concurrent HFNO above 30 LPM resulted in a lower
inhaled dose (%) compared to aerosol delivered through HFNO alone. The addition of concurrent
low or high flow nasal oxygen resulted in no increase in aerosol levels in the test room.

Answer to question posed: Concurrent low flow nasal oxygen with a mouthpiece and aerosol
holding chamber is an effective and safe means of aerosol delivery.

Keywords: aerosol, vibrating mesh nebuliser, high flow nasal therapy, low flow nasal therapy,
supplemental oxygen.

1. Introduction

Supplemental oxygen is a common clinical intervention and often a first line therapy for patients in
respiratory distress. Low flow nasal oxygen (LFNO), typically 1- 10 LPM, provides 24 to 50 % inhaled
oxygen[1]. High flow nasal oxygen (HFNO), delivers heated humidified oxygen at flows that meet or
exceed patients inspiratory gas flows up to 60 LPM [2][3]. HFNO can reduce nasopharyngeal
resistance, and generate positive pressure in the pharynx, increase alveolar recruitment and reduce
PaCo, [4-7].

Transnasal pulmonary aerosol drug delivery via HFNO has become an increasingly popular
treatment option due to its ease of use and patient tolerability, particularly for extended dosing
periods or those that require continuous nebulisation [8]. Critical care physicians vary on the
administration of aerosol to patients on HFNO, with 33% interrupting HFNO to administer aerosol,
40% delivered aerosol concurrently with HFNO, most placing nebulizer with facemask over the
cannula, and 24% placed the nebuliser within the HFNO circuit [9]. Previous studies have shown that
mouthpiece mediated delivery results in higher levels of aerosol drug delivery compared to either a
facemask [10] or nasal cannula [11, 12]. Previous reports suggest that use of an aerosol mask placed
over HFNO greatly reduced aerosol delivery compared to nebuliser with mask alone, however
interruption of HFNO can seriously compromise patient oxygenation [13, 14].

There are limited studies of aerosol drug delivery via a mouthpiece during both concurrent
nasal oxygen delivery (low or high flow) at clinically relevant flow rates. Bennett et al. [14] measured
aerosol drug delivery with a vibrating mesh nebuliser via an aerosol chamber and both a mouthpiece
and facemask with concurrent HFNO at 50 LPM, and supplemental oxygen flow rates through the
aerosol chamber of 0, 2 and 6LPM. The authors reported a higher deposition with the mouthpiece
than mask at 2 LPM.

An unintended consequence of aerosol therapy is distribution of fugitive aerosols, whether
generated by an infected patient or the aerosol device, presenting serious health implications for



caregivers, other patients, and bystanders, [15, 16]. Previous studies have reported healthcare
workers experiencing airway irritation, and skin rashes after treating patients with aerosolised
Pentamidine, liposomal Cisplatin, S&R isomers of Albuterol and Ribavirin [17-19].

In a study examining the potential secondary inhalation of fugitive medical aerosols from
different aerosol delivery interfaces, McGrath et al. found that caregivers could potentially inhale up
to 8.5% of the nominal drug during HFNO and that the use of jet nebulisers in conjunction with
unfiltered mouthpieces and valved facemasks generated significant levels of fugitive aerosols [20,
21]. However, little is known about the potential release of fugitive medical aerosols during LFNO, or
during mouthpiece mediated aerosol delivery with concurrent high or low flow oxygen.

The hypothesis under investigation is that concurrent aerosol administration with low and
high flow oxygen could result in greater aerosol delivery than aerosol administration via cannula.
Furthermore, as oxygen gas flow rates increase, is there an increase in fugitive aerosols released into
the environment.

2. Materials and Methods

2.1 Aerosol Delivery

A vibrating mesh nebuliser (VMN) (Aerogen Solo, Aerogen Ltd., Ireland) was used with an emitted
droplet size of 4.02 + 0.01 um and aerosol output rate of 0.45 + 0.00 mL/min, as determined by laser
diffraction (Spraytec, Malvern Instruments, Malvern, UK) [22].

2.2 Experimental Set Up

Both gas and aerosol via HFNO and LFNO were delivered through nasal cannula placed in the nares
of an anatomically correct 3D printed adult head model, detailed by Gallagher et al. 2021 [11].
Concurrent aerosol was administered via a mouthpiece with a valved aerosol holding chamber
(Aerogen Ultra, Aerogen Ltd., Ireland) and VMN. The chamber was attached to supplemental gas
flow at rates of 0, 2, & 6 LPM per manufacturer’s instructions for use. The head model was
connected distal to the trachea via a capture filter (RespirGard-Il 303EU, Vyaire, US) to a breathing
simulator (ASL5000, IngMar Medical, Pittsburgh, USA). A simulated normal adult breathing pattern
was used (tidal volume Vt 500 mL, Respiratory rate 15 BPM (breaths-per-minute), and I:E Ratio 1:1)
[23]. 2000 pg Salbutamol (Ventolin 2.5 mg/2.5mL, GlaxoSmithKline Ltd., Ireland) was nebulized
(Figure 1). The mass of drug captured on the filter, placed distal to the trachea of the head model,
was quantified using Ultraviolet (UV) spectrophotometry at a wavelength of 276 nm and
interpolation using a standard curve of Salbutamol concentrations ranging from 100 to 3.125 pg/mL.

2.3 HFNO Circuit
The Airvo2 high flow humidification system was used in combination with an adult nasal cannula
(OPT+944, F&P, NZ) and an adult breathing circuit (900PT552, F&P, NZ) to deliver gas flow rates of
10, 30, 50 and 60 LPM. For aerosol administration, the VMN was placed with adapter on the wet
side of the humidifier.

2.4 LFNO Circuit

An adult breathing circuit (RT380, F&P, NZ) in combination with adult nasal cannula (Hudson RCI
comfort flo, Teleflex Medical, US) was tested at gas flow rates of 2, 3.5, 5, 7.5 and 10 LPM. The
nebuliser was placed on the dry side of the humidifier set to 34°C.

2.5 Fugitive Aerosol Characterisation
Two optical particle sizers (OPS) (OPS 3300, TSI Inc., USA), were used to characterise the fugitive
aerosol levels, in the range 0.3—10 um in diameter, and were positioned 0.8 m and 2.2 m from the



exhalation port of the mouthpiece [24, 25]. These measurement positions were chosen as they are
clinically relevant and have been used in multiple studies of this nature, [21, 26]. Tests were 20-
minutes in duration, at a sampling rate of 10-second intervals. Each test began with a 5-minute
period where ambient conditions within the test room were established pre-nebulisation. The
remaining 15-minutes were sufficient for dose nebulisation and period of decay post nebulisation.

Testing was performed at the lowest and highest supplemental air flow rates used in the
aerosol delivery part of the study (Table 1) to represent the maximum and minimum levels of
fugitive aerosol in the test room (6.85 x 3.42 x 2.50 m, with a volume of 58.57 m?). Ventilation was
powered off for all testing. A single operator was positioned behind the breathing simulator so as
not to affect the distribution of the fugitive aerosols. The air change rate was determined using the
tracer CO, gas decay method [27]. An indoor air quality probe (Direct Sense |l multi-sensor probe,
GrayWolf Sensing Solutions, Shelton, CT, USA) was used to measure the CO; levels. The air exchange
rate was calculated to be approximately 1.92/hr.

2.6 Statistical Analysis

Results are expressed as a percentage of the salbutamol dose (mean + standard deviation) placed in
the VMN medication cup and recovered from the capture filter. One-way ANOVAs were completed
to assess the statistical significance (p < 0.05) in the inhaled dose delivered across the aerosol
delivery methods. All aerosol performance testing was completed 5 times independently (n=5). For
the fugitive emissions study, the results are expressed as the mean + standard deviation of aerosol
concentrations, in pg/m?, measured over the 20-minute test duration. All fugitive emissions testing
was completed in triplicate.

3 Results

3.1 Low Flow Nasal Oxygen

The percentage of inhaled dose delivered distal to the trachea (mean + standard deviation) during
LFNO are presented in figure 2 (a), (and table 1 of supplementary data). Irrespective of flow rate,
aerosol therapy delivered using the mouthpiece and aerosol holding chamber concurrent to LFNO
delivered 2 — 4 times more aerosol (p < 0.001 at all flow rates considered). As gas flow rates
increased, the levels of delivered aerosol decreased. Concurrent mouthpiece delivered aerosol in
conjunction with the aerosol holding chamber and 2 LPM of supplemental air resulted in the
greatest inhaled dose of aerosol, with a maximum of 31.44 + 1.33%.

3.2 High Flow Nasal Oxygen

The percentages of inhaled dose delivered distal to the trachea (mean + standard deviation) during
HFNO are presented in figure 2 (b), (and table 2 in the supplementary data). The method used to
administer aerosol therapy has a statistically significant impact on the inhaled dose of aerosol (%)
available to the simulated patient, p < 0.05. Similar to LFNO, as the gas flow rate increased, the
aerosol available at the level of the trachea decreased. However, HFNO and concurrent aerosol
therapy delivered with the mouthpiece and holding chamber did not outperform aerosol delivery
with the nebuliser within the circuit at higher flows. Across all the different gas flow rates and
aerosol delivery options considered in this part of the study, the mouthpiece delivered aerosol in
conjunction with the aerosol holding chamber and OLPM of supplemental air delivered the lowest
levels of aerosol across all concurrent high flow rates, 4.27 £ 0.90 to 0.47 + 0.04 % respectively. The
greatest quantities of aerosol were delivered using this delivery option with 6 LPM of supplemental
air, resulting in 24.29 + 0.39 % delivered with 10 LPM of concurrent nasal oxygen (Note: 10 LPM not
HF by clinical definition).



3.3 Fugitive Aerosol Levels

Prior to nebulisation, average ambient aerosol concentration levels within the test room were 8.83 +
5.50 pug/m>. Figure 3 (a) — (d) show the average aerosol concentration levels measured over the
course of the entire 20-minute test duration for the different flow conditions. The plots compare the
fugitive medical aerosol concentrations at two (2) clinically relevant distances, 0.8m (Figure 3 (a) and
(c)) and 2.20 m (Figure 3 (b) and (d)), from the end of the filtered mouthpiece and with 0 LPM,
Figure 3 (a) and (b), and 6 LPM, Figure 3 (c) and (d),supplemental air flow through the aerosol
holding chamber. Peak emissions occurred when the aerosol delivery was supplemented with 10
LPM HFNO and at 2.20 m from the end of the mouthpiece, 5.75 + 2.32 ug/m’ and 18.16 + 5.50pg/m’>
above ambient at 0 & 6 LPM air flow through the aerosol holding chamber. There was no recorded
increase in aerosol concentration when aerosol delivery was supplemented with low flow nasal
oxygen.

34 Inhalation Exposure

The relative quantity of the original drug that could potentially be inhaled by a caregiver and a
bystander or patient in an adjacent bed was calculated. The supplemental air flow and circuit flow
conditions that generated the highest levels of fugitive emissions was selected. The highest levels of
emissions were measured when 6 LPM of supplemental air was used with the aerosol holding
chamber supplemented with 10 LPM of flow through the HFNO circuit. The 5-minute baseline
average ambient aerosol concentration was subtracted from the time-series data to focus solely on
the fugitive medical aerosol emissions. The following assumptions were made short-term exposure
to the fugitive medical aerosols, light activity levels for the caregiver and a sedentary activity level
for the bystander, both the caregiver and bystander were in the 41-51 age range. As such, the
inhalation rates were determined to be: 1.3 x 10?2 m*/min and 4.8 x 10® m?®/min [28]. Using these
assumptions, in the worst-case scenario a caregiver would be exposed to 1.61 x 10 mg (0.116 %) of
the original dose, while a bystander or patient in an adjacent bed would be exposed to 6.69 x 10 mg
(0.067 %) of the original dose.

4.0 Discussion

This is the first study comparing aerosol delivery via low and high flow nasal oxygen to concurrent
aerosol therapy delivered with a mouthpiece and aerosol holding chamber. Furthermore,
quantifying the effects of these aerosol therapy techniques on the release of fugitive medical
aerosols. We found that a combination of LFNO with concurrent aerosol therapy delivered with a
mouthpiece and holding chamber is more effective than administration via standard LFNO in
delivering aerosol. However, aerosol via HFNO alone is more effective than a concurrent therapy at
higher flows. The addition of supplemental oxygen in the mouthpiece/chamber resulted in marginal
increases in fugitive aerosol levels above ambient.

Numerous studies have examined the delivery of aerosol through a nasal cannula during low
and high flows. Our findings are in agreement with these works, [29—-32], that aerosol delivery via a
nasal cannula decreases as gas flow rate increases, from 7.72 + 0.23 % to 4.72 + 0.37 % as the flow
rate increased from 2 to 10 LPM during LFNO and 15.72 + 0.02 % to 1.37 £ 0.18 % as the flow rate
increased from 10 to 60 LPM during HFNO.

To the best of the authors knowledge, there are no studies which have examined this
concurrent approach of mouthpiece and valved holding chamber delivery with LFNO. A greater
inhaled dose (%) was measured when the aerosol chamber was supplemented, p < 0.05. As the
supplemental flow rate through the aerosol holding chamber increased, the inhaled dose (%)
available increased. However, above a supplemental gas flow rate of 2 LPM, the inhaled dose (%)
available decreased. This finding was consistent across all concurrent low flow nasal oxygen rates



examined in this study. This reduction in aerosol delivery with higher supplemental flow may be due
to the flushing of aerosol through the 103 mL holding chamber at 6 LPM (100 mL/sec) and out the
exhalation valve, reducing the aerosol collected between inspiration.

MacDonnacha et al. [33] conducted an exploratory investigation into this concurrent aerosol
delivery approach. Similar to the data presented in the present work, the authors found that high
gas flow rates through the nasal cannula resulted in almost no aerosol delivery when used in
combination with the mouthpiece and aerosol chamber, 0.53 £ 0.56 % to 1.27 + 0.63 % at a
maximum flow rate of 45 LPM compared to 0.47 + 0.04 % to 0.77 £ 0.22 % at 60 LPM in the present
work. Furthermore, in both studies, increases in supplemental gas flow from 0 to 2 LPM through the
aerosol chamber resulted in greater quantities of aerosol delivered, which was also observed in the
LFNO part of this study.

There are several factors that influence the release and dispersion of fugitive aerosols
including, but not limited to, delivery interface, patient type, room layout and dimensions,
ventilation [34, 35]. Whilst this study did show an increase in the aerosol concentration levels above
ambient, the increases were limited: 5.75 + 2.32 pg/m?® and 18.16 + 5.50 pg/m’ above ambient

levels. Fherelatively smallinerease-intheaerosolconcentrationlevelss
into-the-environment: At the time of this study, there was no data identified in the literature that
measured fugitive aerosol levels from mouthpiece mediated aerosol delivery with concurrent HFNO
or LFNO. As such, no direct comparison can be made with data collected in this study.

However, there are a limited number of studies that have directly measured the fugitive
aerosol concentration levels during HFNO. McGrath et al. [20] measured the peak fugitive aerosol
concentration above ambient during HFNO between 10-60 LPM respectively. Similar to the present
study, the authors found that fugitive aerosol levels peaked at the lower deliver rate of 10 LPM,
0.636 + 0.067 mg/m> compared to 0.090 + 0.004 mg/m?® at 60 LPM. These peaks at the lower flow
rate correspond with a higher inhaled dose.

According to the findings of this study, a caregiver (0.8 m away) would be potentially exposed
to 1.61 x 10 mg (0.116 %) of the original nebulised dose while a bystander or patient in the next
bed (2.2 m away) would potentially be exposed to 6.69x10™ mg (0.067 %) of the original dose. Frank
et al. derived occupation exposure limits for Albuterol, lpratropium and Budesonide, three
commonly prescribed therapeutics used in the treatment of respiratory illnesses [19]. The levels
were: 2ug/day (Albuterol), 30ug/day (lpratropium) and 11ug/day (Budesonide) respectively. These
levels are low considering a patient can be prescribed up to 10mg/day Albuterol, 1mg/day
Ipratropium and 2mg/day Budesonide. The data from this study shows that the combination of
mouthpiece mediated aerosol delivery with concurrent HFNO or LFNO would present the lowest risk
of secondary exposure of caregivers.

There are a number of limitations to this study, the in-vitro nature constitutes one of its main
limitations. Collection of aerosol on a filter distal to the trachea represents the aerosol entering the
lungs, but does not allow for the small proportion of exhaled aerosol observed in-vivo, consequently
overestimating lung delivery in-vivo, but serving as an accepted method to compare the effects of
different conditions. It has been found that representative head model choice can significantly
affect aerosol delivery [11], thus, future studies are required to investigate how this combinational
approach to aerosol therapy would affect aerosol deposition in-vivo with, for example, scintigraphy
studies. Supplemental oxygen is often used to deliver therapeutics to patients with exacerbations of
COPD or asthma. As such the breathing patterns may be different from that examined in the present
study, particularly the I:E ratio. The room airflow was switched off during the experiments to
determine the greatest dispersion of fugitive aerosols without the interference of external airflow.



Work is needed to assess the potential risks with room air exchange rates more representative of
the clinical setting.

5 Conclusions

This study examined the potential effect on aerosol delivery from a mouthpiece and aerosol holding
chamber when concurrently administered with low and high flow nasal oxygen. During simulated
healthy adult breathing, concurrent aerosol via mouthpiece and aerosol holding chamber with LFNO
increases aerosol delivery, with the greatest benefit at 2 LPM. The addition of concurrent aerosol
with HFNO above 30 LPM resulted in a lower inhaled dose (%) compared to aerosol therapy
administered through high flow nasal cannula alone. The addition of concurrent low flow or high
flow nasal oxygen with aerosol resulted in a minor increase in aerosol levels presenting a low
inhalation exposure risk to caregivers.

Tables:
Table 1. Fugitive aerosol characterisation test details

Supplemental Air Flow Rate (LPM)

Aerosol chamber 0 6
LFNO Circuit 2 10 2 10
HFNO Circuit 10 60 10 60

Captions:

Figure 1. Schematic illustration of the experimental test facilities that were used to measure aerosol delivery
(%) and fugitive medical aerosol emissions from aerosol therapy delivery using a mouthpiece and holding
chamber with concurrent a) HFNO and b) LFNO.

Figure 2. (a) Aerosol drug delivery from VMN at dry side of humidifier via cannula, and with aerosol holding
chamber at 0, 2, and 6 LPM during Low Flow Nasal Oxygen (LFNO) at 0, 2, 3.5, 5, 7.5, & 10 LPM and(b) Inhaled
aerosol delivery efficiency (mean + SD %) at trachea from VMN at adapter and aerosol holding chamber at 0, 2
and 6 LPM. in model of spontaneously breathing adult patient with HFNO gas flow of 10, 30 50 and 60 LPM.

Figure 3. Time average aerosol concentrations measured at (a) 0.8 m and (b) 2.20 m with 0 LPM supplemental
air flow through the aerosol holding chamber and (c) 0.8 m and (d) 2.20 m with 6 LPM supplemental air flow
through the aerosol holding chamber.
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Supplementary Data:

Table 1. Aerosol drug delivery using a VMN in a simulated spontaneously breathing adult patient with LFNO.
Results are presented as mean + SD (%) inhaled dose.

Inhaled Dose (%)

Mean * SD

LFNO gas VMN VMN/aerosol VMN/aerosol VMN/aerosol

flow rate . chamber at chamber at chamber at P-Value
(LPM) via cannula 0 LPM 2 LPM 6 LPM

0 N/A 29.83 £ 0.96 30.47 £ 0.85 17.44 £0.18 <0.001
2 7.72£0.23 29.76 £ 1.06 31.44 £1.33 22.07 £1.05 <0.001
3.5 13.34 £ 0.58 29.39+1.23 29.36+1.84 18.74 £ 0.51 <0.001
5 12.26 £ 0.86 25.91+1.35 26.30+£1.07 16.80 £ 0.60 <0.001
7.5 7.48 £ 0.57 18.44 £ 1.04 25.36+1.79 16.60 £ 0.39 <0.001
10 4,72 £0.37 9.40+£0.89 18.26 £ 0.66 13.14 £ 0.88 <0.001

Table 2. Aerosol drug delivery using a VMN in a simulated spontaneously breathing adult patient with HFNO.

Results are presented as mean + SD % Inhaled dose.

Inhaled Dose (%)

Mean t SD
HFNO gas . VMN/aerosol VMN/aerosol VMN/aerosol
flow rate VMNénebullser chamber at chamber at chamber at P-Value
(LPM) adapter 0 LPM 2 LPM 6 LPM

10 15.72+£0.21 4.27 £0.90 21.33+1.48 24.29 + 0.39 <0.001
30 5.80+0.41 0.51+0.11 10.26 £ 0.86 6.99+0.44 <0.001
50 2.03+0.12 0.51+0.09 0.64 £0.18 0.67 £0.11 <0.001
60 1.37+£0.18 0.47 £0.04 0.53+0.08 0.77 £0.22 <0.001




