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Abstract: The risk of unintended inhalation of fugitive aerosols is becoming a topic of increasing interest 
in the healthcare arena. These fugitive aerosols may be bioaerosols, generated by the patient themselves 
through cough or sneeze, or they may be therapeutic medical aerosols, generated by therapeutic medical 
aerosol generators with the intent of delivery to a specific patient’s respiratory tract. This review focus’ 
on therapeutic aerosols in the intensive care unit (ICU) only, those typically generated by nebulisers. In 
the intensive care environment, patients are generally in receipt of ventilatory support, and the literature 
suggests that these different support interventions influence fugitive therapeutic medical aerosol emissions 
in a variety of ways. Predominant ventilatory support interventions include, but are not limited to, invasive 
mechanical ventilation (MV), non-invasive mechanical ventilation (NIV), high flow nasal therapy (HFNT), 
and supplemental oxygen delivery in spontaneously breathing patients. Further, factors such as nebuliser 
type, patient interface, patient breathing pattern, nebuliser position in the patient breathing circuit and 
medication formulation characteristics also have been shown to exert influence on aerosol concentrations and 
distance from the source. Here we present the state of the art knowledge in this, as yet, poorly described field 
of research, and identify the key risks, and subsequently, opportunities to mitigate the risks of unintended 
exposure of both patients and bystanders during and for periods following the administration of therapeutic 
aerosols.
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Introduction

In the intensive care unit (ICU), unintended inhalation 
of fugitive therapeutic aerosols is a risk for patients and 
bystanders alike. Needless to say, the intended target of 
therapeutic aerosols is the respiratory epithelium for either 
topical or systemic action in an individual patient, however, 

aerosol delivery systems, and the equipment to which 
they are attached, are seldom fully contained or sealed 
systems that capture the aerosol fraction not deposited in 
the respiratory tract. This aerosol becomes available for 
exhalation, or simply bypasses the patient entirely, and is 
released into the local environment. 
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The number and type of therapeutics typically aerosolised 
is very much dependent on institutional protocols and the 
individual patient’s requirement, but will range from normal 
physiologic saline to bronchodilators, steroids, antiallergics, 
mucokinetic agents, antibiotics, antivirals, biologics, 
immune modulators, and others. Most common in the ICU 
however are the likes of bronchodilators, which are a first 
line therapy for acute asthma exacerbations, or antibiotics in 
the treatment of respiratory tract infections. 

The implications for bystander inhalation of these 
therapeutics are dependent on the mass of therapeutic 
inhaled, and it’s subsequent pharmacokinetics (1). 
Surprisingly, few studies have comprehensively characterised 
the risk to bystanders (2,3). In the published literature, it 
is proposed that unintended inhalation of bronchodilators 
has been associated with the development of occupational 
and irritant asthma (3-5). Research shows that respiratory 
therapists have increased risk of developing asthma after 
entering the profession, and this could be explained by 
their exposure to a wide range of aerosolised substances 
in the hospital workplace (6,7). A recent study derived 
occupational exposure limits for Albuterol (2 μg/day), 
Ipratropium (30 μg/day) and budesonide (11 μg/day) (1).  
These may be considered very low exposure thresholds, 
when the standard aerosol treatment prescribed to a patient 
for each is up to; 10 mg per day Albuterol, 1 mg per day 
Ipratropium and 2 mg per day Budesonide.

Aerosol-mediated delivery of vaccines is becoming 
more common, and in this scenario, the risk of unintended 
immune responses in bystanders may have significant 
implications. Only a single study was identified that 
evaluated this, but it found no unintended immune response 
in vaccine administrators or contacts of the vaccinees (8). 

Chronic, low dose exposure over days, months and years 
of work may, in the case of antibiotics as an example, reduce 
therapeutic options should those bystanders become ill 
themselves. It has also been suggested that it could alter 
the lung microbiota in those exposed (9). Approximately 
480,000 people develop multi-drug resistant tuberculosis 
each year, and exposure to low doses of aerosolised 
antibiotics could potentially contribute to this among 
bystanders who come in frequent contact (10). Other anti-
infectives such as Ribavirin and Pentamidine have been also 
studied, and report a range of results from undetectable/
barely detectable body burdens to potential respiratory 
tract irritant (11,12). Of important note, such exposure 
is not always through inhalation of the fugitive anti-
infective droplet itself. Suspended aerosol droplets will 

ultimately deposit on local surfaces that may be contacted 
by bystanders. The risks and adverse side effects associated 
with dermal exposure following contact with surfaces 
contaminated with anti-infectives have been described, 
and include hypersensitivity, allergic skin reactions and 
respiratory symptoms, making dermal exposure worthy of 
consideration (13). 

Therapeutic aerosols can be generated using any of; 
pressurised metered dose inhalers, dry powder inhalers, soft 
mist inhalers or nebulisers. In the treatment of critically 
ill patients in the ICU however, it is nebulisers that are 
the most commonly used (14). Within that grouping 
there are two main classifications; compressor driven jet 
nebulisers (JN) and vibrating mesh nebulisers (VMN). 
Briefly, JN require a driving gas flow of between 5 and 13 
litres per minute (device dependent) in order to generate 
stable aerosol, by utilizing the venturi effect (15). Aerosols 
generated in this fashion are carried by that gas flow to 
the patient. VMN are electromechanical assemblies that 
employ the use of a precision manufactured mesh which can 
vibrate up to 128,000 times per second when electrically 
powered, and generate aerosol droplets as the liquid drug is 
pumped through the apertures (16). Aerosols generated in 
this fashion do not have a carrier air flow, and rely entirely 
on the movement of air supplied by either the ventilatory 
support equipment, e.g., mechanical ventilation (MV), or 
the patient’s own inhalation manoeuver.

The duration of  treatment t ime, during which 
therapeutics are being nebulised, ranges from minutes to 
hours (17-20), depending on considerations such as the half 
life of the therapeutic or the nebuliser design, e.g., large 
volume JN. Consequently, exposure times are affected, 
with longer therapy times, potentially increasing the risk of 
bystander exposure. 

Current guidance on minimizing exposure is limited, 
with some nebuliser types providing instruction to use 
outdoors when aerosolising potentially toxic therapeutics, 
or provide tubing accessories that can be placed out through 
an open window (11) in an effort to manage emissions (21). 
This, however, is not acceptable, controllable or easily 
practical in the ICU or most other clinical environments. 
Other approaches described make use of high-efficiency 
particulate air (HEPA) filter air cleaning systems (22), or 
hoods placed over the patient in receipt of therapy (23,24). 

A review of the current literature indicates that this is 
not a well described field of research, and many gaps still 
exist in our knowledge. However, those studies that have 
been published to date clearly indicate that the unintended 
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distribution of therapeutic aerosols within the local 
environment is heavily influenced by a number of factors 
including the patient intervention (mode of ventilatory 
support), patient interface [e.g., face mask, nasal cannula, 
ventilation hood, mouthpiece (MP) etc.], patient type (adult/
paediatric, breathing pattern) and aerosol generator type. 

Here we discuss those identified contributing factors in 
the context of the published literature, and provide insight 
into the main effects that influence fugitive aerosols in 
the ICU setting. For ease of reading, we have segmented 
this review under the headings of the potential patient 
intervention.

The review methodology made use of computerised 
searches of online databases in order to identify key 
publications. Databases included, but are not limited to; 
Scopus (Elsevier), ScienceDirect V.4, Web of Science 
(Thomson Reuters), JSTOR, Academic Search Premier, 
Wiley Interscience Journals, Wiley Online Library, 
BioMed Central (Springer), PubMed and Cochrane 
Library. Searches were also undertaken using Google 
Scholar. Online searches used relevant terms associated 
with elements of occupational exposure, with combinations 
of the following terms: aerosol, nebuliser, jet-nebuliser, 
occupational exposure, second-hand inhalation, inhalation 
exposure, aerosol contamination. Citations in relevant 
publications were checked (backward citation searches) and 
papers citing relevant publications were studied (forward 
citation searches).

We present the following article in accordance with the 
Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/atm-20-2280).

Review findings

Spontaneous breathing patients

Spontaneously breathing patients requiring therapeutic 
aerosols may or may not require some form of ventilatory 
support. Those not requiring support, will likely require a 
handheld nebuliser only. Those patients requiring higher 
levels of supplemental oxygen and pressure support will 
make use of a mechanical ventilator, or another source of 
gas flow and pressure, with the nebuliser included in the 
breathing circuit. 

Nebuliser only

There are several nebuliser types, however as mentioned, in 

the ICU they are typically either JN or VMN. Regardless 
of type, nebulisers will interface with the patient using 
either a mouthpiece (MP) or facemask (FM). In one 
study simulating spontaneous breathing in adults, fugitive 
aerosols were characterised for both JN and VMN used in 
combination with MP and FM, two commonly used patient  
interfaces (25). Over a 30-minute period, and at two 
distances from the simulated patient (0.8 and 2.2 m  
represent ing  arm’s  length  d i s tance  o f  careg iver 
administering the dose, and a bystander in an adjacent 
bed, or nearby, respectively) the highest fugitive aerosol 
concentrations were recorded for the JN + FM combination. 
The lowest recorded fugitive aerosol concentration was 
seen for a VMN + filtered MP arrangement. Across all 
measurements taken, the JN produced greater fugitive 
aerosol than the VMN. This was considered to be as a result 
of the combination of driving JN gas flow rate (set at 8 litres 
per minute in this study), in combination with the open 
design of the FMs required for use with JN, where aerosol 
is driven out through the FM during both inhalation and 
exhalation phases of the breath. VMN FMs are valved, and 
so reduce aerosol losses. Whilst not assessed in that study, 
FM fit against the face was noted to be important, in order 
to create a seal that prevents further aerosol losses.

Control of aerosol generation/breath actuation

Some nebulisers claim to have considered emissions in their 
designs. Breath actuation, that is to say, aerosol generation 
only during the inhalation phase of the breath, is a logical 
approach to increasing the delivered dose to the lung, but 
also concurrently reducing emissions, however, there are 
few studies confirming that this is actually an effective 
means of doing so. A review of the literature identified a 
study investigating the use of nebuliser breath actuation as 
a means of controlling nosocomial influenza infection (26).  
That study concluded that while the use of surgical 
masks by both staff and patients reduced the number of 
positive influenza tests, implementation of breath actuated 
nebulization therapy in combination with surgical masks 
resulted in a further protection of caregivers, using staff 
attendance records as the measure. In a separate bench 
study the same JN with both a breath actuated and the 
typical continuous mode and a VMN were characterised 
under paediatric breath settings (27). The results indicate 
that the breath actuated mode did indeed facilitate reduced 
emissions over the continuous mode for the JN, but 
interestingly, and consistent with previous observations, 
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the VMN produced fewer fugitive emissions than JN in 
both the continuous mode and breath actuated mode. 
The reasons for this remain unclear, however, that study 
reported higher inhaled doses in the simulated patients for 
the VMN, and so with that fraction of aerosol no longer 
available for exhalation, limited the potential for fugitive 
aerosol. Additionally, there may be mis-timing of the 
breath actuation, whereby a fraction of the aerosol plume is 
generated late in the inspiratory phase, and so does not have 
the opportunity to deposit before it becomes entrained in 
the exhaled breath. 

See Figure 1 for an illustration of each component of JN 
and VMN, and the potential points of fugitive aerosol exit 
to the environment.

Non-invasive ventilation

For those patients requiring increased, but not total 
ventilatory support, non-invasive mechanical ventilation 
(NIV) may be used. These systems include a mechanical 
ventilator, and single or dual limb (inhalation/exhalation) 
breathing circuits. Single limb circuits incorporate fixed 
leak valves to facilitate exhalation. The patient interface is 
usually a tight fitting, sealed FM, or an airtight ventilation 
hood. 

A study characterised the dispersion distance of a JN-
generated aerosol when combined with NIV FM in a set 
up used to visualise to what extent exhaled particles could 

travel when a patient undergoes nebuliser therapy (29). It 
was found that for more severe lung injuries (reproduced 
using a breathing simulator), greater leakage through the 
vents of the NIV FM was seen. For a normal lung condition 
plus NIV FM, the maximum distance tracer particles could 
travel was 0.45 meters, for a mild lung injury 0.54 meters 
and for a severe lung injury, greater than 0.8 meters. These 
data further indicate the risk of emissions from JN. 

Another study, by the same group, examined NIV and 
JN-generated fugitive aerosols in conjunction with a hood 
and NIV FM (30). In this study, normal, mild and severe 
lung injury were examined with increasing inspiratory 
positive airway pressure (IPAP). The more severe the lung 
condition the smaller the dispersion distance of the exhaled 
aerosol. A maximum distance of 0.916 meters could be 
reached by the exhaled aerosol through the exhalation port 
when the NIV was used with the NIV FM and single limb 
circuit. 

See Figure 2 for an illustration of each component of a 
non-invasive ventilation system, and the potential points of 
fugitive aerosol exit to the environment.

High flow nasal therapy (HFNT)

Some spontaneously breathing patients will be prescribed 
HFNT as a means of first line therapy and oxygenation 
management. HFNT is most often administered via nasal 
cannula or, in the case of weaning patients, via tracheostomy 

Figure 1 Nebuliser systems, their components and the features facilitating the potential for fugitive aerosol (A) VMN plus valved facemask 
(B) VMN plus mouthpiece (C) JN plus open facemask (D) JN plus mouthpiece. VMN, Vibrating Mesh Nebuliser. JN, Jet Nebuliser. [Adapted 
with permission (28)].
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tube, and delivers air/oxygen mixes at rates that meet or 
exceed the patient’s peak inspiratory flow rate. Increasingly 
common, HFNT is also used concurrently with aerosol 
therapy and prescribed gas flow rates can be as low as 2 to 
8 litres per minute for infants, and 50 litres per minute for 
adults (31,32). 

Currently, there is only a single investigation of 
fugitive aerosol emissions during HFNT reported in the 
literature (33). In that, HFNT in combination with both 
nasal cannula and tracheostomy interfaces was assessed 
across adult and paediatric appropriate gas flow rates 
using VMN only. The results indicate that the quantity 
and characteristics of the fugitive aerosols were again 
influenced by the interface type, patient type and now, for 
the first time, the applied gas flow rate. There was a trend 
in the adult scenarios where, as the flow rate increased, the 
fugitive aerosol decreased. This was hypothesized to be a 
result of higher impactional aerosol losses within the nasal 
passages (with higher gas flows), and therefore there was 
less available to be blown out or exhaled by the patient. 
Further, for adults, the fugitive aerosols were comparable 
for both the nasal cannula and tracheostomy interfaces, 
however, there was a noticeable difference between those 
interfaces under paediatric conditions. Of note also, fugitive 
aerosol was recorded at both 0.8 and 2.2 meters from the 
patient model demonstrating the potential for distribution 
of aerosol throughout the local environment.

In a separate study investigating air dispersion during 
HFNT only (no aerosol), researchers examined air 
movements during HFNC versus continuous positive 
airway pressure (CPAP) (34). When flow rate was increased 
from 10 to 60 L/min, exhaled air dispersion increased from 
65±15 to 172±33 mm during HFNC. This may go towards 
explaining the trends noted in the HFNT plus VMN 
aerosol study above (33). With increasing lung severity, 
exhaled air distances from the manikin decreased. Air 

leakage of up to 620 mm occurred laterally during HFNC 
when the interface became loose. However, there are some 
limitations to the study. Smoke particles were used to track 
the potential dispersion of the exhaled aerosol. While this 
gives a good indication of how far the particles may travel, 
accuracy may be limited as the physicochemical properties 
of smoke particle likely differ from aerosol droplets. 
Nevertheless, this study again provides insight into the 
potential for contamination of the local environment.

Patients in receipt of invasive ventilatory support

Those patients with a significant or life-sustaining 
requirement for ventilatory support are prescribed invasive 
MV which involves instrumentation of the airways using a 
tracheostomy or endotracheal tube. Ventilation is facilitated 
by a mechanical ventilator that can provide the patient 
with volume-controlled or pressure-controlled support. 
The ventilator applies a positive pressure to the airways, 
and the breath is a combination of target tidal volume, 
breathing rate and inhalation to exhalation ratio. The 
choice of ventilation mode, and ventilation parameters will 
be institution and patient dependent. By their very design, 
ventilator circuits are intended to be fully-sealed systems 
that allow for accurate delivery of the prescribed tidal 
volume and or pressures, and as such, should be expected 
to allow for zero fugitive aerosols. Further, in an effort 
to safeguard the operation of the ventilator, exhalation 
cassettes or filters are generally interposed between the 
exhalation limb of the circuit and the ventilator itself. This 
prevents patient secretions, exhaled humidity and aerosol 
from entering and depositing in, or passing through the 
ventilator itself, to the external environment. However, it is 
noted that exhalation filters are often not employed due to 
reasons of cost.

Few studies have been conducted analysing fugitive 

Figure 2 Non-invasive ventilation system and components, and the features facilitating the potential for fugitive aerosol. (A) High flow nasal 
cannula; (B) nonvasive facemask; (C) ventilation hood. [Adapted with permission (28)].
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emissions during invasive MV. Of those that were identified, 
the use of a filter and tidal volume were highlighted as 
contributing factors to fugitive aerosol emissions. 

Filter use and the effect on fugitive aerosols during MV 
was first assessed by (35). That study investigated aerosol 
emitted from the expiratory port of a ventilator with and 
without proprietary filters. There, it was concluded that 
drug deposited at the expiratory port of the ventilator 
without filtering was 160-fold higher than that deposited 
when using an expiratory filter. Proprietary filter usage 
was the most efficient outcome with 0.25% of the dose 
escaping through the filter, and out the expiratory port. 
These data underpin the benefit of using a protective filter 
on the exhaust port of a ventilator and how they can reduce 
fugitive emissions. In this study, it was also calculated that 
bystanders have a fugitive aerosol exposure risk of greater 
than 45% of the nominal dose in this set-up. This alone 
would be of concern considering the occupational exposure 
levels proposed above (1). 

The effect of tidal volume on fugitive emissions during 
invasive MV was assessed in a small study (36). There, 
unsurprisingly, higher tidal volumes were associated with 
increased fugitive aerosol emissions. 

Figure 3 provides an illustration of each component of 
an invasive MV system, and the potential point of fugitive 
aerosol exit to the environment.

Other factors

Separate to nebuliser type, mode of nebuliser operation or 
ventilation mode, other potential influencers of exposure 
levels to fugitive aerosols emissions have been suggested. 
These include the type of therapeutic being aerosolised and 
the use of personal protective equipment (PPE). 

Therapeutic type

As detailed above, the range of therapeutics regularly 
aerosolised is broad. It is known that factors such as 
the physicochemical characteristics of formulations can 
affect droplet size, but the effect on emissions is less well 
characterised. A 2019 study did examine potential exposure 
of home healthcare workers to aerosolized medication (37). 
Five drugs were tested including; ipratropium bromide, 
budesonide, albuterol sulfate, sodium chloride and deionised 
water at three distances under 0.55 m. Deionised water 
droplets had a smaller particle size distribution compared 
to all of the other four drug solutions. However, total 
aerosol mass concentration in the breathing zone ranged 
from 2.29–10.2 μg·m-3 but was not significantly affected by 
therapeutic type, and would suggest that therapeutic type or 
formulation does not influence emissions.

PPE 

PPE is sometimes reportedly used by bystanders when 
delivering treatment to patients. Discussed above, they may 
be used by the patient or bystander, or both (26). One study 
looked at a small sample of bystanders and analysed aerosol 
concentrations inside and outside their masks (N95 and a 
standard surgical mask were tested) when they administered 
drug to a patient (38). The total concentration inside the 
N95 ranged from 5–7,224 cm-3 while the surgical mask 
ranged from 108–13,035 cm-3. It was found that the N95 
offered better protection against aerosol particles than 
the surgical mask. A separate study examined inhalation 
exposure of bystanders when varying air exchange rates, 
distances and breathing rates in combinations of no PPE 
and PPE (a surgical mask and N95 respectively). Results 

Figure 3 Invasive mechanical ventilation system and components, and the features facilitating the potential for fugitive aerosol.
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from this study suggest that for an unprotected bystander, 
ventilation was the most effective measure of reducing 
exposure to fugitive emissions. For a protected bystander, 
the N95 respirator with a proper seal was 20 times more 
efficient than a surgical mask (39).

Conclusions & future work

Current knowledge of fugitive emissions present in the 
ICU is very limited. Further studies, in vitro and in vivo, 
need to be conducted to analyse to what extent are fugitive 
emissions present in the ICU and what quantity could 
potentially be inhaled by bystanders.

Future work that needs to be conducted includes 
analysing the emissions from a variety of breath-actuated 
nebulisers and examining whether they completely 
or partially reduce emissions. Analysing aerosol mass 
concentrations during HFNT for adults and paediatrics 
with varying breathing profiles is also recommended. Tidal 
volume and ventilation mode should be addressed during 
non-invasive positive pressure ventilation and invasive 
ventilation for fugitive emissions.

Eventually, laboratory experiments need to be expanded 
to investigate real scenarios to examine fugitive emissions 
in a range of environments (homecare settings, clinical 
environments, etc.), where variations in behaviour and 
ventilation are likely to occur. These studies should 
include examining the differences between common-usage 
procedures and best-practice.

Finally, on the basis of the findings detailed above, 
the risk of fugitive aerosols in the ICU may be mitigated 
through the use of combinations of the following, as 
appropriate; vibrating mesh type nebulizers that generate 
passive, low velocity aerosols, lower oxygen gas flow rates, 
smaller tidal volumes and the inclusion of filters on both 
handheld nebulisers and mechanical ventilators. 
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