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Abstract: In comparison with spontaneously breathing non-intubated subjects, intubated, mechanically
ventilated patients encounter various challenges, barriers, and opportunities in receiving medical aerosols.
Since the introduction of mechanical ventilation as a part of modern critical care medicine during the
middle of the last century, aerosolized drug delivery by jet nebulizers has become a common practice.
However, early evidence suggested that aerosol generators differed in their efficacies, and the introduction
of newer aerosol technology (metered dose inhalers, ultrasonic nebulizer, vibrating mesh nebulizers, and
soft moist inhaler) into the ventilator circuit opened up the possibility of optimizing inhaled aerosol delivery
during mechanical ventilation that could meet or exceed the delivery of the same aerosols in spontaneously
breathing patients. This narrative review will catalogue the primary variables associated with this process and
provide evidence to guide optimal aerosol delivery and dosing during mechanical ventilation. While gaps
exist in relation to the appropriate aerosol drug dose, discrepancies in practice, and cost-effectiveness of the
administered aerosol drugs, we also present areas for future research and practice. Clinical practice should
expand to incorporate these techniques to improve the consistency of drug delivery and provide safer and

more effective care for patients.
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Introduction quantified and compared the delivery of radiolabeled
. . o aerosol to intubated patients during invasive mechanical
In comparison with aerosol administration for spontaneously e q o breathi b )
. . . S ventilation and spontaneously breathing subjects, reportin
breathing non-intubated subjects, administration of aerosols P Y g subjects, rep &

during mechanical ventilation is complicated by the presence lung deposition rates of 3% and 12% of the total dose,

of artificial airways, heated humidification, varying levels of respectively (2). This landmark study was the first to identify

positive pressure, flow patterns, and dynamics of controlled reduced aerosol deposition in intubated patients receiving jet

and spontaneous breathing, all of which affect aerosol nebulization during mechanical ventilation and speculated

delivery. Positive-pressure mechanical ventilators and short-
acting bronchodilators were introduced with nebulizers for
aerosolized drugs in 1950s (1). Maclntyre and colleagues

that higher doses might be required for effective aerosol
administration to intubated patients.

Five years later, Fuller er 4/. confirmed similar low
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deposition rates with a jet nebulizer synchronized with
inspiration, while reporting that a pressured metered-dose
inhaler (pMDI) and spacer yielded 4-fold greater lung
deposition than that achieved with a jet nebulizer (3). Dhand
and colleagues demonstrated a sustained bronchodilator
response in intubated mechanically ventilated patients
with chronic obstructive pulmonary disease (COPD) after
administration of 4 puffs of inhaled bronchodilator by a
pMDI with a spacer chamber, and reported no further
increase in bronchodilator response with increased doses up
to 28 pulffs in a similar patient population (4).

With advances in aerosol devices as well as the technology
underlying mechanical ventilators, the tremendous interest
and research on aerosol delivery to mechanically ventilated
patients as well as the use of simulated models has broadened
our understanding of aerosol behavior to facilitate optimal
practice. Therefore, this narrative review aimed to review
current evidence to guide optimal aerosol delivery and dosing
during mechanical ventilation as well as areas recommended
for future research.

We present the following article in accordance with the
Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/atm-20-5665).

Selection of articles for review

A literature search was conducted in PubMed/Medline,
and Google Scholar (prior to March 31, 2020) to retrieve
relevant articles. The search was conducted with following
terms: “aerosol therapy AND mechanical ventilator”

“nebulizers

“inhaled drug dose

”»” «

metered dose inhalers” “dry powder inhaler”
aerosol therapy AND ventilation
aerosol particle size distributions”. The search was

”» «

mode
limited to English Language articles.

Factors differentiating aerosol delivery during
invasive mechanical ventilation

Aerosols behave differently in spontaneous breathing and
invasive ventilation since the artificial airway and ventilator
circuit also act as buffers to alter aerosol deposition.
The characteristics of aerosol delivery to spontaneously
breathing and invasively ventilated patients are summarized
in Tuble 1.

Artificial airways

Invasive ventilation refers to the delivery of ventilation
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through an artificial airway. Endotracheal tubes (ET'Ts)
passing through the mouth and vocal cords into the trachea
are the most common mode of invasive ventilation, while a
tracheostomy tube (TT) inserted through an incision into
the trachea is commonly used when ventilation is required
for an extended period of time. ETTs are produced in
various lengths with internal diameters ranging from
2-12 mm, in 0.5 mm increments, and lengths ranging from
12-28 cm (5). In contrast, T'Ts are considerably shorter
(10-12 cm), and are available in a similar range of internal
diameters. The outer diameter of these artificial airways is
less than half of the internal diameter of the trachea.

After insertion, mucus and biofilms can accumulate on
the tube surface, creating irregular surfaces and narrowing
the diameter of the artificial airways. Pinciroli et a/. assessed
the diameter changes in an endotracheal tube after an
average placement period of 7 days (6). The extubated
ETTs had accumulated 0.71 mL of mucus, reducing the
internal diameter by 0.4-1.0 mm. The narrow diameter of
the ETT and TT in comparison with the normal airway,
in combination with the high inspiratory flows employed
during mechanical ventilation alter aerosol delivery. Ari
et al. quantified aerosol delivery through ETTs and T'Ts
with a simulated ventilated adult model, and the results
demonstrated a 3.9% lung dose through a T'T and 3.2%
through an ET'T with a jet nebulizer and a 14.7% lung dose
through a TT and 11.6% through an ETT with a pMDI (7).
The size and length of the artificial airway should account
for the reduced delivered drug dose; therefore appropriate

dosing should be considered for optimal clinical response of
the drug.

Aerosol particle size characteristics and deposition

The efficacy of the aerosolized drug depends on the dose
deposited at the target site of action as well as its distribution
in the lungs. Medical aerosols contain particles of many
different sizes (heterodispersion), and their average particle
size is expressed as a measure of a central tendency, such as
mass median aerodynamic diameter (MMAD) or volume
median diameter (VMD) (8). The deposition of aerosol
depends on three key mechanisms: inertial impaction,
gravimetric sedimentation, and Brownian diffusion. Inertial
impaction occurs when suspended particles in motion
collide and are then deposited on a surface; this is the
primary mechanism for particles larger than 5 pm during
spontaneous breathing. Sedimentation occurs when aerosol
particles are deposited due to gravity, and primarily occurs
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Table 1 Characteristics of aerosol delivery to spontaneously breathing and invasively ventilated patients

Characteristics

Spontaneously breathing

Invasive ventilation

Airway Oro-nasal upper airway
Inspiration flow waveform Sinusoidal
Inspiratory flow rate 15-40 L/min

Interface of delivery

Inhaled Aerosol Temperature Ambient
Surrounding Humidity Ambient
Aerosol particle size to reach lower airways ~ 2-5 pm

Aerosol reservoir Naso pharynx

Aerosol loss

Patient Position

Mouthpiece/mask/nasal prongs

Upper airways, exhalation to ambient

Sitting, semi-recumbent

Artificial airway

Descending, ascending or square

Up to 100 L/min

An adapter at airway or vent circuit
Heated to ~37 °C

Humidified to 95-99% relative humidity
~2 ym

Circuit

Artificial airway, ventilator circuit impaction/
sedimentation

Semirecumbent, supine, lateral, prone

for deposition of particles sized 1-5 pm. Brownian diffusion
is the primary mechanism for deposition of small particles
(<3 pm), mainly in the respiratory region.

During invasive ventilation, aerosol behavior and
deposition differ from those in spontaneous breathing due
to the heat and moisture in the circuit, the contours of the
ventilator circuit, narrower artificial airways, and inspiratory
flow patterns. The circuit and artificial airway act as a
baffle filtering out particles greater than 2 pm as aerosols
travel from the aerosol generator through the ventilator
circuit and artificial airway, with larger particles deposited
in the ventilator circuit and ETT (9-11). An ETT with
the tip located approximately 2 cm above the carina can
preferentially direct the aerosol flow to the right lung and
increase particle deposition at the right main bronchus (12).
Alzahrany et al. utilized a computer fluid dynamics model
of flow structure under invasive ventilation with an ETT
to simulate aerosol drug deposition. Figure 1 represents
aerosol deposition during invasive mechanical ventilation,
which showed that, with different flow waveforms, large
particles are filtered out in the artificial airway. Therefore,
with various drugs administered during ventilation, the drug
action on the target site might be especially important.

Aerosol generators used during mechanical
ventilation

The three existing classes of medical aerosol devices are
nebulizers, pressurized metered dose inhaler, and dry
powdered inhalers, with nebulizers further divided by

© Annals of Translational Medicine. All rights reserved.

design into pneumatic jet nebulizers, ultrasonic nebulizers,
and vibrating mesh nebulizers. Additionally, soft mist
inhalers have gained popularity since they are manufactured
with a greater range of medications for the management
of COPD patients, with clinicians also using them for
mechanical ventilation of critically ill patients.

Pneumatic jet nebulizer (FN)

JNs are most commonly employed for aerosol delivery
during mechanical ventilation because they are easy to use
and relatively inexpensive. While most nebulizers require a
driving gas flow 5-10 L/min, some nebulizers require flow
as 2 L/min, such as MiniHeart Lo-Flo nebulizer (13). These
low flow nebulizers require higher operating pressures to
operate and may not work well with some compressors
integral to mechanical ventilators. Using an external gas
flow to operate a JN adds gas volumes that influences the
operation of ventilator system by increasing tidal volumes
and pressures delivered to the patient, increasing the work
of breathing, and reducing the sensitivity of the patient
interface (14,15).

Advanced ventilators can perform nebulization
synchronization, which diverts a fraction of the inspiratory
flow to power the JN during inspiration. This method is
preferred to deliver aerosols without interrupting ventilator
performance during nebulization and is preferred over the
use of an external gas source to continuously operate the
JN, which adds gas to the ventilator circuit independent
of ventilator operation. Although a synchronized aerosol
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Figure 1 Particle deposition pattern during invasive ventilation. From Ref. (12) with permission.

may be less disruptive to mechanical ventilation, it is not
clear whether it improves aerosol delivery. A study reported
similar aerosol drug doses delivered with pneumatic
nebulization generating aerosol continuously or in the
inspiratory or expiratory phases (16), but the nebulization
time of inspiratory intermittent synchronization was three-
fold greater than those in the other two modes.

Ultrasonic nebulizers (USN)

USN:s use a piezoelectric crystal to generate an aerosol. The
crystal transducer converts an electrical signal into high-
frequency (1.2- to 2.4-MHz) acoustic vibrations. These
vibrations are focused on the liquid above the transducer,
where they disrupt the surface and create oscillation waves.
The oscillation waves form a standing wave that generates

© Annals of Translational Medicine. All rights reserved.

a geyser of droplets that break free as fine aerosol particles,
ranging from 5.5 to 7 pm (8,17). Small-volume USNs
are available, but are not commonly employed during
mechanical ventilation because they are bulky, and costly (1).
USN:s are relatively inefficient for aerosolizing suspensions
because suspensions that are larger than the aerosol particles
remain in the medication cup.

The energy used to generate aerosols raises the
solution temperature by 10-15 °C after 5 minutes of
nebulization (18), and could degrade heat-sensitive
medications (19). In a pilot, crossover design study, Harvey
et al. compared pulmonary deposition by JNs and USNs to
intubated patients under mechanical ventilation by using
radiolabeled aerosol inhalation followed by gamma camera
imaging (20). Their results showed that total lung aerosol
deposition as a percentage of initial nebulizer activity
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was significantly greater with the USN (5.3%=x1.4% vs.
2.3%+0.9%).

Vibrating mesh nebulizer (VMN)

VMNss are described as active and passive, but only
active VMNs are currently available for use with invasive
ventilation. Active VMNs use a dome-shaped aperture
plate containing more than 1,000 funnel-shaped apertures
with a surrounding washer attached to a piezoceramic
element. Electrical energy applied to the piezoceramic
element vibrates the attached aperture plate at a frequency
of approximately 130 kHz, vibrating the aperture plate
up and down by approximately 1 pm. The plate actively
pumps liquid through the apertures, where it is broken into
fine droplets between 3 and 5 pm in size (8). The VMN
is associated with a higher efficiency than a JN and USN
partly due to the lower residual volume of drug in the
reservoir (0.1-0.5 mL). Due to the lower frequency and
power requirement than USNs, the VMN does not add
much heat to the medication, thereby reducing the risk of
denaturing proteins (21).

The possibility of electronic operation without an
external gas source to the closed ventilator circuit while
maintaining delivery parameters such as volumes and
pressures has been a major attraction for clinicians
converting from JN to VMN use (14). Radiolabeled
studies of VMNs during IMV showed 12% to 15% lung
deposition with volume- and pressure-control ventilation,
respectively (22).

Pressurized metered-dose inbaler (pMDI)

pMDlIs are small, portable, convenient, multi-dose devices
that use a propellant under pressure to deliver a metered
dose of aerosol through an atomization nozzle. pMDIs
contain several components, including a canister, propellant,
drug formulation, metering valve, and actuator. Since the
liquid suspension is forced out of the pMDI, it forms a
plume, which the propellants vaporize within 20 ms.

For pMDI use during mechanical ventilation,
synchronization with inspiration is essential to ensure
greater and more consistent delivered doses. Additionally,
pMDIs are not designed for use in closed pressurized
ventilator circuits, necessitating third-party actuator devices
ranging from simple adapters with a port and single nozzle
to more complex spacer chambers showing performance
variations between adapter designs. Rau ez 4/. first illustrated

© Annals of Translational Medicine. All rights reserved.
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increased drug delivery with a reservoir chamber for
pMDI placement in the inspiratory limb (23). Although
manufacturers typically use a pMDI inline adaptor and
reservoir to improve aerosol delivery, Rau ez al. further
evaluated the differences between commercially available
adaptors/reservoirs and demonstrated that a bidirectional
adaptor was equally efficient as a reservoir for albuterol
pMDI delivery during invasive ventilation (24). Waugh
et al. evaluated changes in respiratory airway resistance,
peak expiratory flow rate, and work of breathing in
patients under invasive ventilation after receiving a pMDI
bronchodilator delivered through different types of
spacers (25), and their results demonstrated that different
pMDI spacers affected drug delivery and the subsequent
clinical responses. The influence of inline spacers was
explained by Smyth et a/., who illustrated the influences of
drug delivery due to changes in fluid particle dynamics from
the shape, internal volume, and the spray direction toward
the ventilator (26).

The pMDI propellant and drug formulation change
aerosol behavior and further influence drug deposition.
Fink and colleagues evaluated chlorofluorocarbon (CFC)-
propelled MDI and hydrofluoroalkane (HFA)-propelled
MDI during mechanical ventilation (27). The plume
velocities and valve stem diameters of CFC- and HFA-
propelled MDIs were different; therefore, the use of an
MDI canister placed in the actuator designed for the other
formulation altered the particle size. Radiolabeling studies
with a pMDI and the spacer chamber during IMV in
COPD patients reported a lung deposition rate of 11% (3).

Dry powder inbaler (DPI)

Commercially available passive DPIs require a relatively high
sustained inspiratory flow >30 L/min to release and deaggregate
powders from a capsule or packet and have not been widely
used for ventilated or intubated patients (28). A manual
resuscitator bag was used in two studies to generate sufficient
flow to deliver a powder formulation through the ETT or T'T]
and through a mechanical ventilator (29,30). In both studies, a
relatively high drug dose with fine particles could be delivered
in vitro through the artificial airway, but neither study simulated
exhaled humidity; therefore, drug delivery may be lower in the
humidified circuits employed iz vivo.

Soft mist inbaler (SMI)

The soft mist inhaler is a propellant-free, mechanically
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Figure 2 Comparisons of soft moist inhaler with a commercial adaptor actuated at expiratory phase generated the highest delivered dose

with a commercial adaptor. From Ref. (35) with permission.

operated multiple-dose device that nebulizes a liquid drug
solution through an uniblock, allowing the drug solution
to produce aerosol in a slow-moving cloud with a spray
time of 1.0-1.5 s (31). The low aerosol velocity reduces
oropharyngeal deposition and can generate more than 60%
of the fine-particle fraction (<5.0 pm) for the delivered
bronchodilator independent of inspiratory effort (31,32).
The first study performed using flow profiles of
mechanically ventilated COPD patients in vitro evaluated
SMI delivery with a prototype design of a valve-
free inline SMI adapter, modified connectors, and the
holding chamber for a pMDI metered-dose inhaler and
reported that the prototype inline adaptor delivered
greater fine particle doses than other accessory device
combinations (33). Suggett used a ventilator circuit with a
prototype SMI adaptor for an SMI delivering a combination
of salbutamol and ipratropium, but this adaptor is not
commercially available at the time of publication (34).
Fang and colleagues used a commercial adaptor, shown in
Figure 2, for SMI and reported 7.68%+0.98% total

© Annals of Translational Medicine. All rights reserved.

delivered dose with actuation during expiration, which was
still 3-fold lower than that with the spontaneous model
(22.2%+0.4%); however, the relatively low inhaled dose
of aerosol from the SMI in the study and the volume loss
from the circuit raised concerns whether sufficient drug
delivery can be achieved to justify its use during mechanical
ventilation (35).

The JN, VMN, and pMDI are the most commonly used
aerosol devices during invasive ventilation. Studies have
reported delivered drug doses of approximately 3—5% of the
total administered dose for JNs, 17-35% for VMNs, and
10-20% for pMDIs with inline spacer (2,21,36-39) distal to
an ETT. In addition to the higher delivered dose, the VMN
has attracted interest for delivering aerosol during invasive
ventilation because it can stay in line for up to 28 days
without needing to “break” the circuit to add medication
or clean the nebulizer; it has a sealed reservoir resistant
to contamination from condensate and secretions in the
ventilator circuit; and it does not add external flow.

Many studies have compared the delivery efficiencies
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of those 3 aerosol generators both iz vitro and with urine
assays. ElHansy and colleagues compared aerosol delivery
with five different types of aerosol generators during
invasive ventilation, analyzing drugs in patient urine
samples 30 min and 24 h after administering the treatment
and by collecting drug-deposited doses on a filter in an
ex vivo model (21). Their results showed that the pMDI
yielded significantly greater proportional urine doses and
in the ex vivo model, while the JN delivered the lowest drug
doses in both models. Moustafa and colleagues determined
the effects of three types of aerosol generators and humidity
changes during aerosol delivery on clinical outcomes and
the status of mechanically ventilated patients, and their
results showed no significant difference among generators
and humidity conditions in relation to the duration of
ICU stay and mechanical ventilation (40). Table 2 lists
the comparisons of aerosol generators during invasive
ventilation.

Factors affecting aerosol delivery during
invasive ventilation

Numerous factors influence aerosol delivery efficiency
during invasive ventilation, including heat and humidity,
mode of nebulization, position of nebulizer in the ventilator
circuit, gas flow, and bias flow.

Heat and bumidification

Ventilators commonly deliver dry and anhydrous gases such
as compressed oxygen provided by high-pressure oxygen
cylinders or liquid oxygen available through hospital piping
systems, which also has a very low absolute humidity. To
prevent mucosal damage to the airways, two strategies are
used to heat and humidify this largely anhydrous incoming
gas: (I) active heated humidification, and (II) passive heat
moisture exchange (HME). Active heated humidifiers heat
a mass of water that is then placed in contact with the dry
cold gas as it moves into the ventilator circuit toward the
patient, with a goal of delivering >90% relative humidity at
35-40 °C.

In contrast, HME captures heat and moisture from the
patient’s expired gas and returns up to 70% of both to the
gas delivered to the patient during the next inspiration (6).
The level of heat and relative and absolute humidity in the
inhaled gas is associated with changes in the mucosa of the
airway, particle size characteristics, and reduced aerosol
deposition (41).

© Annals of Translational Medicine. All rights reserved.
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The presence of heat and humidity associated with
water molecular pressure in a ventilator circuit has
been demonstrated to reduce as much as 50% of the
aerosol drug dose (8,10,39,42). To overcome the effect of
humidification, clinicians may turn off the heater during
aerosol delivery. However, Lin and colleagues demonstrated
that turning off the humidifier for up to 40 min prior to
pMDI administration did not increase aerosol delivery (39).
Recently, Moustafa and colleagues illustrated the effect of
humidity on aerosol delivery by measuring secreted urinary
salbutamol pharmacodynamics (43). Thirty-six mechanically
ventilated patients received bronchodilator delivered by 3
aerosol generators with or without humidification. Drug
levels of urinary salbutamol were compared and revealed
that humidity does not influence bioavailability with any of
the devices tested. They further determined the influence
of humidity on clinical response and the durations of
hospitalization and mechanical ventilation and reported that
aerosol delivery with and without humidification had no
significant effect on those clinical outcomes (40). Thus, we
recommend against interruption of the heated humidifier
during aerosol administration.

The hydroscopic/hydrophobic material in an HME
captures exhaled heat and humidity, which are recycled to
the inhaled gas. Some HMEs incorporate additional filters
(HME-F). HME-Fs should be removed from the patient
airway during aerosol administration. To minimize the
removal of HME and open the ventilator circuit, some
HMESs have been redesigned to reroute aerosols from the
ventilator circuit to the distal part of an ET'T during aerosol
administration. Ari and colleagues evaluated 3 HMEs, 1
nonfilter HME and 2 filter HMEs (44). They found that the
delivered dose with the nonfilter HME was approximately
35% of that with no HME (3.5% vs. 5.5% for JNs, and 6.6%
vs. 10.6% for VMNSs), In contrast filter HMEs reduced
delivery by >90%, allowing <0.5% of the total dose to be
delivered distal to the artificial airway. The most efficient
use of an HME is to place the aerosol device between the
HME and patient airway.

Aerosol device placement

Aerosol generator placement influences the efficiency of
aerosol drug dose delivery through the artificial airway into
the lungs. While greater dose delivery with a pMDI and
USN were achieved with placement in the inspiratory limb
closest to the ET'T; a greater drug dose was reported with a
JN placed at the inlet of the heated humidifier (38).
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Lin et al. Aerosol delivery via invasive ventilation

Page 8 of 17

“Jo[eyul 1SIoW HOS ‘|IAIS “4efeyul Jlepmod Aip ‘|d@ 4ejeyul esop-paselew pazunssaid |gAd eziingau ysaw Buireigia ‘NINA “48ziingau dluosesyn ‘NSN “eziingau 18l ‘N

Joleq aA_A
SUON
MO

pJeoq
uonesedss moj} yum Joydepe
ubisep [eloads ‘eydepe |

9S0p poless
NN

Mo

VN

Ja1depe yum

Jouedns/ialleq aA_A

w09

Mo

Jaquieyo Jo Jeoedg

Jaoeds
/J8qUIBYD UYlM A WIOJY

Jouadns/ieeq yse|N  juepuadep/uadQO juspuadap/ued(  JIOAISSSI UOIIEDIPSIN
SUON SuoN ulw/10l—-¢  }N2JIO O} pappe sen
MO Mo ybiH |9A3] punos

Joydepe Joydepe-|.

paubisep ainjoeinuElp

Jeypiuny

Joydepe-| paAjeA ‘oydepe-| Joydepy

1UBA 1B Jo ‘Juaiied

Jaydepe yum A 1e qui dsu]  qui dsul Jo Aemuie 1y wo G| Jo Aemuie 1y 1B 10 ‘A 1e qui| dsuj| AYequidsul  woup wo G| qui dsu| 1N2JI0 Ul Juswade|d
sw 0g UN sw 0g sw g sw 09} sw 08 Aeids peys o3 swi|
ON ON ON qweo-+o qweL-s0 qw '1-8°0 asop Bnip [enpisey
9s0p €30}
%8-¢ HN % 0201 %0e-€l %LL-0L %041 10 9% Asanijep 6nuQ
synd
usamiaq s og ‘und
SGI> s |I< yoea 10} sw 0y—0g ulw G< ulw G< ulw G< Aeuds jo awi]
ABisua juejedoid
papeo|-buuds pue [enuey  Moj} Aiojeaidsul 8AIIOY  YUM UOIIBNI1OR [BnUB 01U0J109|3 olUOJIO9|F  (UIW/ OL—g) MOJ} SBeD uolesauab |ososey
INS Ida land NIAA NSN NP solyslieloereyd

UONE[NUIA JAISLAUT SULIND SIIAdP [0S0 JO suosLieduror) 7 J[qey,

Ann Transl Med 2021;9(7):588 | http://dx.doi.org/10.21037/atm-20-5665

© Annals of Translational Medicine. All rights reserved.



Annals of Translational Medicine, Vol 9, No 7 April 2021

O’Doherty first illustrated that the addition of an aerosol
storage chamber (reservoir) to a JN increased the delivered
drug dose (45). In 2000, Fink er al. reported higher drug
delivery with a JN placed before a humidifier compared
to standard placement proximal to the patient airway;
however, this was not the case with USN (46). Moraine,
who compared urinary ipratropium levels in mechanically
ventilated adults, reported that the position of a USN in
the ventilatory circuit had no effect on the pulmonary
bioavailability of ipratropium to patients without known
preexisting respiratory disease (47). In 2010, Ari and
colleagues evaluated aerosol delivery generated by a JN,
VMN, and pMDI in an iz vitro model of adult mechanical
ventilation, with and without heated humidity (38,48).
Their results showed greater delivered doses of 17% with
a pMDI, USN, and VMN placed 15 cm from the Y-piece
in the inspiratory limb of the ventilator circuit while JN
efficiency (5%) was the greatest when placed 15 ¢cm from
the ventilator. The authors speculated that the continuous
gas from the jet nebulizer pushes aerosol into the
inspiratory limb between inspirations, acting as a reservoir
retaining aerosols during the expiratory phase.

With advances in ventilator design, the introduction
of bias or base flow constantly circulating through the
ventilator circuit has complicated fluid dynamics and further
influenced aerosol drug delivery. Ari hypothesized that bias
flow could change the delivery efficiency of a JN and VMN
placed in the inspiratory limb either close to the patient, or
back before the heated humidifier (48). Comparing 2 and
5 L/min bias flows, they reported that both VMN and JN
were more efficient when placed at the vent, while efficiency
decreased with bias flow when they were placed proximal
to the patient. These findings were confirmed in pediatric
ventilators by Berlinski e a/., who compared 2 JNs, a USN,
and a VMN placed at 4 different positions of the ventilator
circuit at 2 L/min bias flow, and reported a trend for large
deposition with VMN placement on the outlet vs. inlet side
of the humidifier (49).

In contrast, Anderoson and colleagues noted no
differences in drug deposition when placing a JN between
the humidifier inlet and outlet, but these positions resulted
in greater deposition compared with those obtained with
placement in the inspiratory limb and between the ETT
and Y-piece (50). DiBlasi ez al. compared nebulizer position
with respect to the infant ventilator circuit and parameters
and reported high deposition with a VMN placed at the
airway (10.8%) than at the humidifier (3%). The authors
speculated that the smaller tidal volumes (20 mL) required
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>5 respiratory cycles for aerosol advancement from the
humidifier to the patient airway, during which the majority
of aerosol was lost in the circuit (51).

Ventilator mode and settings

A ventilator generates distinct flow patterns and velocities
with different parameter settings, and the flow changes
aerodynamics during aerosol delivery, resulting in altered
delivered drug dose. Dugernier and colleagues compared
lung deposition of radiolabeled aerosol during invasive
mechanical ventilation, and randomly allocated 17
postoperative patients without pulmonary disease to two
ventilation modes (22). Lung deposition 5% greater than
the nominal dose toward the right lung was achieved with
volume-controlled ventilation than with pressure-support
ventilation; however, a significantly greater drug dose was
deposited on the ETT and tracheal area with pressure-
support ventilation, which may be attributed to the higher
inspiratory flow rate. Studies have demonstrated that a
slower inspiratory flow increases aerosol drug dose with
a pMDI, JN, or VMN; in general, the delivered drug is
affected by the inspiratory flow pattern (27,52,53).

Airway pressure release ventilation (APRV) has been used
to maintain a higher level of airway pressure to treat patients
with refractory hypoxemia. With the APRV mode, a fast
inspiratory flow generates a set high pressure, after which
a constant flow is maintained for 4-5 s. Ge and colleagues
compared aerosol delivery by a VMN during pressure-
controlled and APRV modes with and without spontaneous
breathing (54). The results showed that the APRV mode
with spontaneous effort placing the VMN at the humidifier
inlet yielded a higher delivered drug dose (34.1%) than
the PCV mode (29.8%), PCV with bias flow (23.6%), and
APRV mode (23.1%). They also noted correlations between
the delivered dose and minute ventilation.

Mouloudi and colleague evaluated the influence of
ventilator settings for inspiratory flow rate, tidal volume,
and end-inspiratory pause to mechanically ventilated
COPD patients; their results showed that manipulation of
ventilator settings did not alter the physiological responses
to the bronchodilators (55-57). This may be secondary to
the drug used, and the plateau response to bronchodilators
did not change with increased doses or efficiency of
deposition. The discrepancies and correlation between
in vitro and in vive studies with a wide range of ventilation
modes and aerosol devices warrant further investigation.

Ventilators generate flow differently, which can influence
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endotracheal tube, and a VMN delivers greater drug dose then a JN. From Ref. (58) with permission.
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Figure 4 Comparison of inhaled drug mass among 3 modes of nebulization and the experimental set up. Inhaled drug dose was similar

across three nebulization modes. From Ref. (16) with permission.

aerosol delivery. Fang and colleagues determined the
efficiency of aerosol delivery with different lung parameters
during simulated neonatal, pediatric, and adult high-
frequency oscillatory ventilation (HFOV) (58) (Figure 3).
A JN and a VMN were placed either between the ETT
and the Y-piece of the inspector limb or at the inlet of a
humidifier chamber. Delivered doses were 3% and 22.7%
of the nominal dose by a JN and a VMN retrospectively
placed at the proximal position, and 0-0.6% of the total
dose when the devices were placed at the distal end. With
a greater base flow circulating in the ventilator system and
the turbulence generated with HFOV, the aerosol generator
should be placed at the ETT for greater aerosol delivery.
These findings were consistent with a model of neonatal
HFOV, where placement of a VMN at the humidifier

© Annals of Translational Medicine. All rights reserved.

delivered <1%, while placement between the oscillator
circuit and airway delivered 30% (51).

Synchronizing aerosol generation with the breathing cycle

Aerosol devices generate aerosols with different
characteristics and lengths of time for administration.
Synchronization of aerosol generation with inspiration
through the ventilator system has been assumed to facilitate
greater drug delivery. Many models of ventilators provide
options for synchronization of aerosol delivery with a JN.
Wan and colleagues, using a Hamilton Galileo ventilator,
compared drug delivery by a JN synchronized with the
following three modes: inspiratory intermittent nebulization
mode synchronized with inspiration phase, continuous
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nebulization mode, and expiratory intermittent nebulization
mode (16) (Figure 4). While the delivered drug doses among
these three modes were similar, the nebulization time with
intermittent nebulization during inspiration was 2-fold
longer than that during continuous nebulization. Thus,
expiratory intermittent synchronization and continuous
nebulization should be considered to reduce treatment time.

Density of the inbaled gas

Helium-oxygen (Heliox) gas is a low-density gas mixture
and is used to carry oxygen through severely obstructed
airways caused by post-extubation stridor, status asthmatics,
and respiratory syncytial virus bronchiolitis (59). Heliox
inhalation improves ventilation and oxygenation, reduces
airway resistance and work of breathing, and decreases CO,.
When Heliox is used as the driving gas for the JN, aerosol
output changes, but at sufficient gas flow, the generation of
aerosol increases, and deposition of aerosol to the lung is
increased due to decreased deposition within the delivery
equipment, mouth, and throat (60). Although the VMN
does not require gas power, O’Callaghan and colleagues
reported that the output of a VMN and aerosols with
particle size <5 pm were increased by entraining Heliox
filled in a reservoir bag (61). Additionally, a higher minute
volume was achieved, which might increase aerosol delivery
to the lung periphery. Nevertheless, controversies exist
regarding the benefit of Heliox-driven nebulization to
asthma exacerbation patients with spontaneous breathing
patterns (62).

The use of Heliox to deliver aerosols during mechanical
ventilation has been studied in pediatric and adult models
(63-65). Goode et al. found that Heliox in the ventilator
circuit increased aerosol delivery for both pMDIs
and nebulizer by up to 50% over oxygen/air alone in
the mechanically ventilated model (65). Use of 80:20
helium:oxygen at the air inlet of a ventilator allowed
adjustment of FiO, to the patient; however, Heliox is not
effective for aerosol administration below 50% (62). Not
all ventilators work well with Heliox, since their pressure
and flow valves may be based on characteristics of air and
oxygen. Introduction of Heliox into some mechanical
ventilators alters tidal volume, minute volume, alarms,
and other parameters (66). Aerosol therapy using the
Heliox mixture during invasive ventilation requires further
precautions based on benefit and cost. Helium is a rare and
costly gas, and when Heliox is used to treat severe airway
obstruction, aerosol administration may offer additional
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benefits. In general, the use of Heliox to only increase
aerosol delivery efficiency may not be cost-effective.

Impact of exhaled aerosols and fugitive emission during
mechanical ventilation

While as much as 30% of aerosols are typically inhaled,
a greater proportion of administered aerosols will be
exhausted, leading to concerns regarding secondhand
exposure of healthcare providers and families to medical
aerosols (67). However, surveys reported that the usage
rate of protective filters on the expiratory limb of ventilator
circuits was only 24-40% (68,69).

Ari and colleagues quantified the amount of aerosols
collected at the exhaust outlet of mechanical ventilators
operated with and without filters in the expiratory
limb (70). The study demonstrated exhaust aerosol
percentages as high as 45% of the administered dose
without a filter and 4-6% with a filter, which had a filtration
efficiency of >99.99% to 2.0 microns. The exhaled drug
dose was much lower at 0.25% with a proprietary high-
efficiency particle filter, which has a 99.97% filtration
efficiency to 0.3 microns at 100 L/min flow. Therefore,
the use of a high-efficiency particulate air (HEPA) filter
at the expiratory limb is encouraged. If the HEPA filter is
not available, at least an electrostatic filter should be placed
during aerosol therapy.

While a HEPA filter prevents aerosol exhaustion, it
may also increase the resistance of the ventilator system
after aerosol therapies. A previous in vitro study evaluated
pressure changes after repeated administration of
aerosolized 10% acetylecysteine or 2% saline (71). The
study reported that airway pressure drastically increased to
40 cmH,O after repeated aerosolized acetylecysteine for
45 doses. The ventilator parameters should be monitored
closely when administering aerosolized viscus drugs which
may form crystal on the filter.

Areas for future research and practice
Dose-response/toxicity correlation

Dose response evaluations of most approved aerosolized
drugs were performed in patients with spontaneous
breathing. However, an earlier study reported only 3% of
the lung dose in mechanically ventilated patients vs. 12%
in spontaneously breathing patients (2). The therapeutic
and adverse effects of the inhaled bronchodilator have
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been evaluated. Marik et /. compared the pulmonary
bioavailability of albuterol delivered by the nebulizer,
the metered-dose inhaler (MDI) and spacer, and the
right-angle MDI adaptor in ventilated patients by using
urinary analysis of drug levels (72). The recovered
albuterol doses in the urine were approximately 38%
with MDI and spacer and 16% with the nebulizer, which
was similar to the findings of previous bench studies.
Another study compared the bronchodilator response of
albuterol administered via a pMDI and spacer versus JN
to mechanically ventilated patients with COPD (73), and
reported improved airway resistance persisting for 90-120
minutes with both devices.

Aerosolized drug delivery during mechanical ventilation
is considered an off-label use, and specific drug doses
for these patients remain controversial. For example,
albuterol was approved with 2—4 actuations via a pMDI
for bronchodilation treatment. Dhand first determined
the response dose of albuterol after administering 4
puffs to ventilated patients (4). Combinations of inhaled
medications, such as long-acting beta agonists with
corticosteroids, are standard regimens for COPD patients
with severity greater than group C (74). However, no
specific dose is recommended for these patients once they
are intubated for acute exacerbation of COPD.

Discrepancies in practice related to aerosol delivery through
mechanical ventilation

In a large survey on aerosol therapy in intensive care
units (ICU) in Europe, approximately 30% out of 2,808
patients received aerosol therapy, mostly in medical ICUs
(68). Among these, 56% reported using JNs, followed by
pMDIs (23%), USNs (10%), and VMNs (10%). Most
patients (82%) received bronchodilators, followed by
corticosteroids (13%), anti-infectious drugs (5%, primarily
colistin), and mucolytics (3%, primarily acetylcysteine),
and 38% of patients received >2 medications. Another
recent survey conducted in China revealed bronchodilators
(64.8%) were the most administered drugs, followed
by mucolytic agents (44.2%), corticosteroids (43.4%),
and antibiotics (16.5%), using USNs (48.3%), JNs
(39.2%), VMNs (14.6%), and pMDIs (15.4%) (69).
The discrepancies between these two studies could be
attributed to physician training, drug/device availability,
and insurance system coverage. Reimbursement for
medical expenses by insurers in Europe and North
America is based on packages according to disease
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categories versus payment for services in China.

A multi-center randomized trial compared on-demand
vs. routine nebulization of acetylcysteine with salbutamol to
patients receiving invasive ventilation (75) and showed no
significant difference in ventilator-free days, length of stay
or mortality, or the incidence of pulmonary complications.
The authors concluded that on-demand nebulization may
be a reasonable alternative to routine nebulization.

Cost-effectiveness of the therapy

Device selection should be based on multiple factors,
including the amount of the dose delivered, cost of
nebulizer, cost of drug, and time required to administer.
Table 3 provides a guide on the costs of commonly used
drugs and recommended devices. For example, Liu and
colleagues reported one dose of colistin delivered by a
VMN was superior to two doses of colistin delivered by a
JN (12). They calculated the costs based on the results, and
reported two to four additional vials ($50-$100) required
with a JN per day, increasing medication costs by $350-$700
for a 7-day course of colistin. Although a VMN is more
expensive than a JN, the total cost for a week of treatment
with a VMN would remain lower than that with a JN.
Clinicians have to thus balance availability and costs to
identify the most cost-effective aerosol therapy.

Optimization of aerosol administration to
invasively ventilated patients

Although many factors need to be considered for
optimization of aerosol administration to invasively
ventilated patients, we provide a guide for choosing the
optimal technique in Table 4.

Conclusions

Since the advent of modern mechanical ventilation, medical
aerosol administration has been a part of patient care.
With evaluations of both ventilator and aerosol device
technology, researchers have explored the various factors
affecting aerosol delivery and evolved strategies to optimize
drug delivery to the lung of ventilated patients. Thus,
delivery efficiencies have increased from <1% to more than
30%, and our abilities continue to expand. Clinical practice
should expand to incorporate these techniques to improve
the consistency of drug delivery and provide safer and more
effective care for patients.
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Table 3 Costs of commonly used drugs and devices during mechanical ventilation

Class of drug Drug Cost/dose Device for administration
Short-acting Bronchodilator Albuterol solution $2.01 JN, VMN, MDI + spacer
Albuterol MDI $0.3
Levalbuterol solution $1.63 JN, VMN, MDI + spacer
Levalbuterol MDI $0.31
Combivent $0.25-2.37 JN, SMI + adaptor
Arformoterol $15.24 JN, VMN
Anticholinergic Ipratropium bromide $0.18 JN, VMN
Tiotropium bromide $11.98 SMmI
Corticosteroids Budesonide $9.25 JN
Combined drug Fluticasone/salmeterol $2.34 MDI + spacer
Budesonide/formoterol $2.25 MDI + spacer
Mucolytic Acetylcysteine $1.64 JN
Antibiotics Tobramycin $135.33 VMN
Colistin (IV) $24 JN, VMN
Pulmonary hypertension Epoprostenol (IV) $23/mL VMN
Treprostinil (IV) $50.6/mL
lloprost inhalation solution $140.94 VMN

Cost of delivery system: JN = $1-2, USN = $200, VMN = $40, pMDI spacer = $6-10. JN, jet nebulizer; USN, ultrasonic nebulizer; VMN,
vibrating mesh nebulizer; pMDI, pressurized metered-dose inhaler.

Table 4 Optimal technique for aerosol drug delivery to mechanically ventilated patients

+ Select the appropriate drug for the patient.

+ Select the aerosol device to be used, and determine where to position the device, based on patient size, ventilator type and mode, bias
flow, and appropriate particle size for drug action target site etc.

+ Based on the above, calculate the nominal dose required to achieve target lung dose.

+ HME: For filter HME, remove HME from between the aerosol generator and the patient. If using an HME known to be aerosol permeable
it may remain in the circuit, but will reduce inhaled dose by up to 40% —adjust nominal dose accordingly.

¢+ Active Heated Humidifier—if using heated humidifier, do not turn off or disconnect before or during treatment.
+ Connect the nebulizer to a gas or power source, as appropriate.

¢ For jet nebulizer (including SVN): use gas source on ventilator to synchronize nebulization with inspiration, if available; otherwise, set gas
flow 6 to 10 L/min as recommended on nebulizer label for continuous nebulization, and adjust ventilator volume or pressure limits and
alarms to compensate for flow and volume added to the circuit during aerosol administration. Use a valved T-adaptor to avoid break of
the circuit closed system to add medication or clean nebulizer.

+ For USN and VM nebulizer: Attach power source and cable from controller— no parameter or alarm adjustment required.

+ For pMDI: Place adapter or spacer chamber in the inspiratory limb. Shake and prime pMDI prior to use, connect to spacer or adapter;
actuate at beginning of inspiration. Wait 30-60 seconds between actuations. Remove canister and shake after 4 actuations.

+ Observe aerosol cloud for adequate aerosol generation during nebulization.

+ After dose is administered, remove open cup aerosol generator from the ventilator circuit. VMN may remain in circuit per manufacturer
recommendations.

+ Return ventilator settings and alarms to previous values.
+ Ensure there is no leak in the ventilator circuit.

+ Observe signs of increased airway resistance after aerosol therapy which may indicate a blockage of expiratory filter.

HME, heat and moisture exchanger; SVN, small volume nebulizer; USN, ultrasonic nebulizer; pMDI, pressurized metered-dose inhaler.
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