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Summary

Inhaled medications are the mainstay of therapy for many pediatric pulmonary diseases. Device
and delivery technique selection is key to improving lung deposition of inhaled drugs. This paper
will review the subject in relationship to several pediatric clinical situations: acute pediatric asthma,
transnasal aerosol delivery, delivery through tracheostomies, and delivery during noninvasive and
invasive mechanical ventilation. This review will focus on the pediatric age group and will not
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Introduction

Inhaled medications are the mainstay of therapy for many
pediatric pulmonary diseases. These therapies are given to
patients who receive different types of respiratory support.
Improvements in survival and development of new tech-
nologies have also changed the prognosis of many pedi-
atric pulmonary conditions. This heterogeneous popula-
tion includes pediatric patients with asthma (maintenance
therapy and rescue therapy during exacerbations), patients
with respiratory distress requiring invasive mechanical ven-
tilation or noninvasive ventilation (NIV) support, pediatric
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patients requiring transnasal support in the form of high-
flow nasal cannula (HFNC), and spontaneously breathing
tracheostomized pediatric patients.!> Although pediatric
patients with other conditions, such as cystic fibrosis, also
use different inhaled drugs, their discussion is outside of
the scope of this paper.

Many aerosol delivery devices are available to deliver
inhaled aerosols to children. Nebulizers, pressurized me-
tered-dose inhalers (pMDIs), soft mist inhalers, and dry
powder inhalers for different drugs are available on the
market. Many inhaled drugs are used off label in pediatric
patients because they are used for either a different indi-
cation or a younger age group, or because they are deliv-
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Table 1.  Inhalation Devices Available on the Market

Pressurized metered-dose inhaler with valved holding chamber
Soft mist inhaler
Breath-actuated dry powder inhaler
Dry powder inhaler
Jet nebulizer
Continuous-output
Breath-enhanced
Breath-actuated
Ultrasonic nebulizer
Vibrating mesh nebulizer

ered through artificial airways and different respiratory
support devices.® The optimal particle size of aerosols that
will enhance intrapulmonary deposition in pediatric pa-
tients breathing through either artificial airways or the oro-
nasal region is unknown.”

Since radiolabeled deposition and pharmacokinetic stud-
ies of inhaled drugs are challenging in children, most of
the available data come from in vitro studies. Besides their
inherent limitations, the difference in experimental setups
makes comparisons across studies a challenging matter.
Practitioners need to carefully review the setups and should
not extrapolate results from one model to another. In ad-
dition, the reader needs to be mindful when reviewing
studies that compare devices that use different loading
doses that the absolute lung dose is the most useful out-
come measure.

This paper reviews the available literature regarding each
of the conditions/clinical situations described previously.
This review will focus on the pediatric population with the
exception of the neonatal group. Whenever pediatric data
are missing, relevant adult data will be presented.

Delivery Device Selection for the Treatment of Acute
Pediatric Asthma

Pediatric asthma is a highly prevalent disease, and most
patients receive a preventive and a rescue inhaled regi-
men.!' These medications are available in different formu-
lations, such as nebulizer solution/suspensions and those
contained in pMDIs and dry powder inhalers. Several types
of inhalation devices are available on the market (Table 1).
Knowing how to use these devices is crucial to deliver
effective therapy. Several studies have repeatedly shown
poor knowledge among health-care practitioners about how
to operate aerosol delivery devices.?® This section will
focus on drug delivery during a pediatric asthma exacer-
bation. A systematic review and meta-analysis comparing
nebulization versus pMDI and valved holding chamber
(VHC) in children younger than 5 y of age presenting with
a moderate to severe wheezing/asthma exacerbation fa-
vored the use of pMDI/VHC.!° The review included 6
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clinical trials and 491 subjects. Subjects treated with
pMDI/VHC were less likely to be admitted (odds ratio
0.42), especially those presenting more severe symptoms
(odds ratio 0.27). Moreover, severity scores showed greater
improvement in those subjects receiving pMDI/VHC than
in those receiving nebulization. A Cochrane review!! con-
cluded that pMDI/VHC can perform at least as well as wet
in delivering bronchodilators to children presenting with
acute asthma. The review included 1,897 children and 39
clinical trials, with 6 of them done in an in-patient setting.
The review showed that although admission rates and lung
function testing were similar between pMDI/VHC and neb-
ulization, the former showed a shorter stay in the emer-
gency department.

Device selection is a complex process that is influenced
by multiple variables, most of them out of our control.
Clear examples of these limitations are: (1) drug availabil-
ity, (2) device availability, (3) ease of use, (4) acceptability
by the family, (5) cost, and (6) patient cooperation. The
variable we control is our knowledge of the device char-
acteristics and whether they will match the needs of the
patients under our care. For example, when using either a
breath-enhanced or a breath-actuated jet nebulizer or a
breath-actuated dry powder inhaler, we need to verify that
the patient can trigger the device. Changes in the reim-
bursement models from fee for service to bundle payments
and episodes of care with financial co-responsibility are
severely influencing the choice of devices/formulations
used in the emergency departments and other hospital set-
tings. The cost of treatment comprises several variables:
(1) cost of the device, (2) cost of the drug, (3) cost of the
add-on device if required (eg, VHC), and (4) cost of the
respiratory therapist time (Table 2). The latter has led
many institutions to use continuous albuterol therapy in-
stead of intermittent treatments. Many institutions are go-
ing back to using small-volume jet nebulizers in their emer-
gency department after many years spent transitioning from
nebulizer to pMDI/VHC therapy due to the high cost of
the pMDIs that use hydrofluoroalkane as a propellant.'?
Also, many have restricted the use of pMDI/VHC when
multiple doses are prescribed because of the recommen-
dation of waiting 1 min between actuations present in the
package insert of the pMDI albuterol commercially avail-
able in the United States.!3-!> However, recently, an in vitro
study showed that there were no differences in the aerosol
characteristics of any of the 3 albuterol pMDIs when used
with a small-volume nonelectrostatic VHC and actuated at
15-,30-, and 60-s intervals, provided the inhaler was shaken
right before actuation.'®

In summary, both nebulizers and pMDI/VHC are effec-
tive in delivering bronchodilators to children experiencing
acute bronchoconstriction. The choice of device appears to
be heavily influenced by cost in the emergency department
and in-patient settings. Continued educational efforts will

663



PEDIATRIC AEROSOL THERAPY

Table 2.  Cost of Delivering Bronchodilators at Health-Care Facilities

System Device Add-on Drug Respiratory Therapist Time
Pressurized metered-dose inhaler and valved holding chamber NA ++ ++++ ++
Small-volume jet nebulizer + NA + Lt
Large-volume jet nebulizer ++ NA + 4
Breath-enhanced/actuated jet nebulizer ++ NA + ++
Vibrating mesh nebulizer +++++ +++ + +

NA = not applicable

be required to reassure patients/caregivers of the equiva-
lence of pMDI/VHC and nebulizers.

Transnasal Aerosol Delivery in Pediatric Patients

The nose and the upper airway serve several purposes,
including humidification and filtering inhaled air. Infants
and children younger than 18 months of age are obligate
nasal breathers, resulting in loss of delivery efficiency of
inhaled aerosols. There has been a significant interest over
recent years in using the transnasal route to deliver aero-
sols to children and in particular for those receiving respi-
ratory support with HFNC systems. Most of the knowl-
edge derives from in vitro studies. Some in vivo studies
have also provided insight into the role of the aerosol
characteristics in lung deposition in this age group.

Chua et al'7 compared intrapulmonary deposition of a
radiolabeled aerosol in children with cystic fibrosis. The
study included 2 age groups (mean ages of 0.8 and 10.8 y
old). They reported that during nasal breathing, lung de-
position was 1.3 and 2.7% for the younger and older group,
respectively. In addition, when the older group was in-
structed to breathe orally, lung deposition rose to 6.3%.
Amirav et al'® compared lung deposition of a radiolabeled
solution (mass median aerodynamic diameter [MMAD]
3 pwm) in 12 infants when using a conventional mask and
when using a proprietary low-volume mask that allowed
the pacifier to be suckled during the therapy. They found
no differences in deposition in the right lung (1.6—-1.7%).
The authors measured only the right lung to avoid inter-
ference with the esophagus and the stomach. Mallol et al'®
evaluated lung deposition of a radiolabeled solution in
infants with cystic fibrosis. They reported lung deposition
of 0.76 and 2.0% with aerosols of MMAD 7.7 and 3.6 wm,
respectively. They also reported that lung deposition was
central with the aerosol with large MMAD and peripheral
with the aerosol with small MMAD. Similar results were
reported by Schuepp et al,?° delivering radiolabeled budes-
onide to 6 young children (average age 34 months). They
compared a breath-enhanced nebulizer (MMAD 4.2 um)
with a vibrating mesh nebulizer (MMAD 2.5 wum) and
found that the aerosol with the smaller MMAD had 4.6-
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fold more deposition than the one with large MMAD. In
summary, these in vivo studies demonstrated that aerosols
of smaller particle size result in higher and more periph-
eral lung deposition and that although the nasal route re-
sults in decreased lung dose, it is the main inhalation route
for young children.!7-20

Many in vitro studies have researched transnasal deliv-
ery of aerosols in infants and children.?!->® Amirav et al?!
compared nasal and oral delivery in pediatric models of 5-,
14-, and 20-month-old infants and toddlers. They used a
soft mist inhaler coupled to a nonelectrostatic valved hold-
ing chamber with a soft, low-deadspace volume mask.
They reported that the nasal delivery route was higher than
oral delivery for the 5- and 14-month-olds tested with low
and high tidal volumes. However, delivery efficiency was
similar between routes for the 20-month-old model. Xi
et al?? utilized computational fluid dynamic methods and
compared different parameters in the nasolaryngeal air-
ways of anatomically correct models of 10-d-old, 7-month-
old, 3-y-old, and 5-y-old children and a 63-y-old adult.
They reported significant age-related differences in total
and regional deposition as well as in anatomical parame-
ters.

El Taoum et al?* compared transnasal albuterol aerosol
delivery using a simulated breathing technique and ana-
tomically correct airway models. They compared a vibrat-
ing mesh nebulizer (Aeroneb Go, Aerogen, Galway, Ire-
land) and a continuous-output jet nebulizer (Hudson
Optineb, Teleflex Medical, Research Triangle Park, North
Carolina) used in conjunction with different interfaces.
They used breathing patterns with tidal volumes of 25,
50, and 155 mL; breathing frequencies of 40, 30, and 25
breaths/min; and inspiratory-expiratory ratios (I:E) of 1:3,
1:3, and 1:2. They reported an average lung dose of 0.51,
1.05, and 0.97% with the jet nebulizer (6 L/min) delivered
via transnasal route for the breathing patterns with tidal
volumes of 25, 50, and 155 mL, respectively, with the
7-month-old model. Lung deposition, with the same de-
vice and route, reached an average of 0.44 and 1.14% for
the 50- and 155-mL tidal volume breathing patterns, re-
spectively, with the 5-y-old model. The vibrating mesh
was only able to deliver a measurable lung dose with one
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of the interfaces, reaching values of 0.13 and 0.84% (7-
month-old model) and 0 and 0.42% (5-y-old model) for
the breathing patterns with tidal volumes of 50 and 155 mL.
Lung dose achieved with a tightly sealed front loading
mask and jet nebulizer reached 2.97, 1.52, and 0.60%
(7-month-old model) for the breathing patterns with tidal
volumes of 25, 50, and 155 mL, respectively.

Berlinski and Xi characterized, with a cascade impactor
(Next Generation Impactor, MSP, Shoreview, Minnesota),
nebulized aerosols inhaled via the nasal and oronasal route
through an anatomically correct model of a 5-y-old child.>*
They reported that the nasal mode resulted in a larger
percentage of particles <5 um (97% vs 90%) and between
1 and 3 wm (49% vs 38%) than the oronasal route. No
changes were noted in the MMAD (2.72 um vs 2.84 um)
and geometric standard deviation (GSD) (1.67 vs 1.58).
The nebulizer alone had different characteristics
(MMAD = 4.67 um, GSD = 2.14, percentage of particles
<5 pwm = 53%, and percentage of particles 1-3 um =
21%).?> In another study, Cooper and Berlinski?® com-
pared particle size aerosol generated by pMDI and 2
different VHCs (Aerochamber Mini and Aerochamber,
Monaghan Medical, Plattsburg, New York) using the same
anatomically correct model of a 5-y-old child. They found
that the aerosol characteristics of pMDI/VHC were similar
between traditional measurements and measurements done
through the oronasal route of the model (MMAD = 2.15 um
vs 1.90 um, GSD = 1.45 vs 1.65, and mass associated
with particles <5 wm of 99% for all).

Janssens et al?’ reported that increasing the tidal volume
during inhalation of budesonide pMDI resulted in a pro-
gressive decreased in the lung dose when tested in an
anatomically correct model of a 9-month-old infant. Jans-
sens et al, using the same model, compared lung deposi-
tion of 2 formulations of beclomethasone dipropionate and
found that lung dose with the hydrofluoroalkane beclo-
methasone (MMAD = 1.1-1.3 um) was several-fold
higher than with chlorofluorocarbon beclomethasone
(MMAD = 2.6-3.3 um).?8 These in vitro studies support
the conclusions reached by the clinical studies.!7-23

Bhashyam et al?® investigated aerosol delivery of a ra-
diolabeled aerosol generated by a vibrating mesh nebulizer
(Solo, Aerogen, Galway, Ireland) placed on the wet side of
the humidifier of an HFNC system (Fisher & Paykel Health-
care, Auckland, New Zealand) operated at 3 L/min. They
used a non-anatomically correct model and ran the exper-
iments with and without simulated breathing (tidal vol-
umes of 150, 300, and 550 mL; breathing frequency of 25,
18, and 15 breaths/min; and I:E of 1:1). The delivered dose
was 18.6, 25.4, and 26.9% for the neonatal, pediatric, and
adult cannula, respectively, when tested with simulated
breathing. A lower delivered dose was reported when sim-
ulated breathing was not used (8.4, 18.1, and 25.1% for the
neonatal, pediatric, and adult cannula, respectively). The
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authors measured particle size of aerosols exiting the pe-
diatric and adult size cannulas using a laser diffraction
technique. They reported a volume median diameter of 1.9
and 2.2 wm with 90% of the aerosol contained in particles
smaller than 3.8 and 4.2 um for the pediatric and the adult
cannulas, respectively. The losses in the heated circuit and
in the connector between the heater and the nebulizer were
31.4 and 23% for the neonatal cannula and 36.2 and 26.6%
for the pediatric cannula. These losses were not affected
by the use of breathing simulation. Streamlining of the
connectors using computational fluid dynamics could help
enhance aerosol delivery.3°

Ari et al investigated aerosol albuterol delivery with a
vibrating mesh nebulizer (Solo, Aerogen, Galway, Ireland)
placed on the dry side of the HFNC system operated at 3
and 6 L/min with either oxygen (100%) or heliox (helium-
oxygen mixture) (80/20).3! They used a non-anatomically
correct model and a breathing simulator with a pediatric
pattern (tidal volume 100 mL, breathing frequency
20 breaths/min, and I:E of 1:2). The authors reported de-
livered doses of 10.7 and 2% (3 and 6 L/min) and 11.4 and
5.4% (3 and 6 L/min) when using 100% oxygen or heliox
80720, respectively. The increase in flow decreased deliv-
ered dose, and the use of heliox improved delivered dose
only at the highest tested flow.

Perry et al3? investigated the effect of cannula size and
flow on albuterol delivery when a vibrating mesh nebu-
lizer (Solo, Aerogen, Galway, Ireland) and an HFNC sys-
tem (Vapotherm 2000i, Stevensville, Maryland) were used.
They used a non-anatomically correct airway model. The
nebulizer was placed proximal to the nasal cannula. They
evaluated 3 different sizes of cannulas with the system
operated at different flows. The breathing simulator was
set at 50-, 155-, and 500-mL tidal volumes and 1:2, 1:2,
and 1:1 I:E ratios for the infant, pediatric, and adult can-
nula, respectively. They reported that the inspired dose
was very low, with an average of 0.6% for the infant
model (flows 3-8 L/min). They found that the inspired
dose was 1.2 and 0.6% when using the pediatric model
with flows of 3 and 5 L/min, respectively. The inhaled
dose dramatically decreased with the use of 10 L/min (al-
most nil). The adult model showed the highest inhaled
dose at 5 L/min (2.5%). The delivered dose decreased to
one third when the flow was increased to 10 L/min. They
also reported that under all tested conditions, the amount
of drug remaining in the adapter ranged from 60 to 80%.
The authors also characterized the particle size using cas-
cade impaction and reported a mass median aerodynamic
diameter between 0.48 and 1.38 wm with flows between 3
and 10 L/min. The reported geometrical SD values were
extremely large (4.5-15 range). The respiratory fraction
ranged from 73 to 90% for the same flows. They also
reported that for low flows (3—5 L/min), the percentage of
particles <0.5 um ranged from 40 to 50%.

665



PEDIATRIC AEROSOL THERAPY

Réminiac et al?3 studied aerosol delivery using vibrating
mesh and jet nebulizers placed in different positions of an
HENC system (Fisher & Paykel 850, Fisher & Paykel
Healthcare, Auckland, New Zealand) assembled with an
adult circuit. The authors studied several flows, but I will
only discuss their results at their lowest tested flow (30 L/min).
Although they used an adult model, their study provided
some insight into the effect of the experimental setup and
the results obtained. They reported similar drug delivery
between different nebulizers when they were placed be-
fore the humidifier. The small particle jet nebulizer deliv-
ered a monodisperse aerosol (GSD = 0.9) with an MMAD
of 0.5 wm and with 69% of drug mass contained in par-
ticles <0.4 wm. Delivered dose decreased from 26 to 6.7%
when simulated breathing and an anatomically correct up-
per airway model were used (vibrating mesh placed before
the humidifier). Delivered dose further decreased to 4.7%
when a mouth open situation was simulated. These find-
ings underscore the need for carefully reviewing the ex-
perimental setup to be able to critically assess the results
reported for in vitro experiments.

Réminiac et al recently presented pediatric in vitro data
using an anatomically correct 9-month-old infant model.3*
The authors used a heated-cannula system (Fisher & Paykel
850, Fisher & Paykel Healthcare, Auckland, New Zea-
land) with a vibrating mesh nebulizer (Solo, Aerogen, Gal-
way, Ireland) and a jet nebulizer (Cirrus2, Intersurgical,
East Syracuse, New York) placed on the dry side of the
humidifier connected to a breathing simulator (tidal vol-
ume = 25 mL, breathing frequency = 40 breaths/min, and
LLE 1:2). The vibrating mesh nebulizer was tested with
HENC flows of 2, 4, and 8 L/min. The jet nebulizer, op-
erated at 6 L/min, was tested with face mask alone, with
face mask and 2 L/min HFNC, and on the dry side of the
humidifier with the HFNC running on 2 L/min. They re-
ported a delivered dose of 4.2, 3.3, and 0.5% for the vi-
brating mesh nebulizer with flows of 2, 4, and 8 L/min,
respectively. They also reported a delivered dose of 1.7,
0.9, and 0.5% for the jet nebulizer with face mask alone,
with face mask with HFNC at 2 L/min, and when placed
on the dry side of the humidifier, respectively.

These in vitro data underscore the critical role that can-
nula size and flow play during aerosol delivery through
HENC in pediatric models.?3!-3 They also show that the
flow used by the HFNC system adversely affects drug
delivery. Patients with moderate to severe distress receiv-
ing HFNC support in the high end of the flow range (6—
8 L/min) will receive a minimal lung dose. Therefore,
practitioners may need to increase the loading dose to
compensate for the inefficiency of the delivery, while at
the same time they should monitor for adverse effects.

An anecdotal report of relief of upper-airway obstruc-
tion due to croup by epinephrine delivered through an
HENC system was followed by in vitro testing.’> Leung
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et al3¢ evaluated the feasibility of delivering epinephrine
(30 mg/L) in the vapor phase of an HFNC system (Vapo-
therm I, Exeter, New Hampshire). They tested the system
at 5, 10, and 15 L/min. They reported a 4-5-fold dilution
of the initial concentration of the epinephrine solution.
They also reported a drug delivery rate of 1.8, 3.6, and
4.2 pg/min for the 5, 10, and 15 L/min, respectively.

Farney et al?’ evaluated aerosol delivery of a radiola-
beled solution using a vibrating mesh nebulizer connected
to variable flow nasal CPAP system (Infant Flow SiPAP,
CareFusion, San Diego, California) and heated-wire cir-
cuit (RT324, Cardinal Health, Dublin, Ohio). The nebu-
lizer was placed at 2 different positions: (1) between the
circuit and the nasal cannula and (2) on the wet side of the
humidifier. The CPAP was set to a pressure of 6 cm H,0,
and the test lung was set to deliver a tidal volume of
45 mL. They reported a lung deposition of 20% and <1%
deposition for positions 1 and 2, respectively. They also
reported that about 60% of the aerosol was deposited in
the heated-wire system. A potential problem with position
1 is that patient movement can cause spilling of the con-
tents of the nebulizer.

Although published pediatric data are lacking, studies
performed in adults have reported that a proprietary device
(transnasal pulmonary aerosol delivery, tPAD, Parion Sci-
ences, Durham, North Carolina) was able to generate lung
deposition of 7% hypertonic saline similar to that via a
breath-enhanced nebulizer (Pari LC Star, PARI GmbH,
Starnberg, Germany) in healthy adults.3® The radiolabeled
study demonstrated a more peripheral distribution of the
aerosol generated by tPAD. A study evaluating the muco-
ciliary clearance of subjects with cystic fibrosis after re-
ceiving 8-h overnight transnasal therapy was completed
(ClinicalTrials.gov registration NCT02141191). Their pat-
ent (United States 20140109899 A1) claims that the aero-
sol has a VMD from 0.5 to 2.5 wm with no more than 10%
of aerosol >4 um that results in a >3% deposition effi-
ciency.?® The internal diameter of the nozzles of the can-
nula were either 2.5 or 3 mm. More recently, Morgan
et al?® reported a case series of infants treated with HFNC
and albuterol and reported that delivery through the can-
nula system led to a significantly higher heart rate than
when delivered through a face mask.

New approaches to improve aerosol delivery during
use of HFNC include 2 techniques described by Longest
et al.#%4! They both include the use of submicronic parti-
cles that experience hygroscopic growth as they travel
through the airways. The advantage of these techniques is
that their small starting particle size minimizes upper-air-
way deposition. The excipient enhance growth method
uses hygroscopic excipients (ie, mannitol) mixed with sub-
micronic particles that experience growth as they are in
contact with the humid environment of the airways, reach-
ing then a particle size optimal for intrapulmonary depo-
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sition.#9 The other method, enhanced condensational
growth, uses a modified cannula to independently deliver
humid flow through one prong and dry flow carrying the
submicronic particles on the other.*! Hygroscopic growth
progressively occurs upon admixture of both flows. These
2 new techniques need to be validated on animal models
and in humans before being ready for prime time.

In summary, aerosol delivery via the transnasal route is
a growing field. More data are required before it can be
recommended for general use. Early adopters need to be
aware of the deleterious effect of high-flow and small-
diameter nasal prongs on drug delivery. Practitioners should
consider that lack of clinical response with these systems
could potentially represent lack of adequate drug delivery.
When deciding placement of the device in the circuit,
practitioners should not only consider deposition data but
also practical aspects, such as weight of the device and
whether it will remain operational with movement/rotation
of the infant.

Delivery Device Selection for Spontaneously
Breathing Tracheostomized Children

Improvement in life support technologies and better un-
derstanding of patient-technology interactions have led to
increased survival in critically ill infants and children. A
group of them are tracheostomy-dependent, and a subset
of those children also require some form of respiratory
support.*> Many of these patients also require inhaled ther-
apy for their maintenance and rescue therapy.* The pres-
ence of the artificial airway adds factors that could hinder
aerosol delivery in that population.

Our current understanding of drug delivery in sponta-
neously breathing tracheostomized infants and children is
based on limited in vivo data and few in vitro studies.?0:43-49
Very little guidance about drug delivery is currently avail-
able.”*>! In vitro studies done with adult models showed
that tracheostomy delivery is more efficient than delivery
through endotracheal tubes (ETTs).>2 Therefore, extrapo-
lating data from drug delivery through mechanical venti-
lation would be inaccurate.

Baran et al*? studied drug delivery of gentamicin (in-
tramuscular injection, endotracheal instillation, and aero-
solization) in 6 pediatric tracheostomized subjects. Spu-
tum and blood gentamycin concentration were measured
1 h after administration. Instillation and aerosolization re-
sulted in sputum concentrations 451- and 19-fold higher
than the intramuscular administration. They also reported
that the intramuscular and endotracheal administration re-
sulted in blood levels 79- and 28-fold higher than the
aerosolized route.

Lewis and McCaig* compared lung deposition of neb-
ulized versus instilled surfactant in a sheep model of non-
uniform pattern of lung injury during mechanical ventila-
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tion. They reported that the nebulized method provided a
more uniform distribution of the surfactant than the instil-
lation. The authors recovered 31.8 and 63.1% of the neb-
ulized and instilled surfactant, respectively. These studies
underscore the significant differences in tracheal and sys-
temic dose as well as intrapulmonary distribution achieved
by inhalation and instillation through tracheostomies.

Willis and Berlinski* reported a survey of aerosol prac-
tices in spontaneously breathing tracheostomized pediatric
subjects. Their data documented the presence of a signif-
icant variation in practices among different institutions.
They found that 92% of the responders used pMDIs and
that 68% of them either exclusively or sometimes used
assisted technique. They also found that 97% of the re-
sponders used nebulizers and that 32% of them used as-
sisted technique. Short-acting 3 agonist, corticosteroids,
mucolytics, and antibiotics were used by at least 82% of
the responders.

In vitro studies have looked into the effect on drug
delivery of several variables (inner diameter [ID] of the
tracheostomy tube, type of aerosol generator, type of MDI
formulation, breathing pattern, use of assisted technique,
interface, and use of bias flow).26:45-49

Berlinski and Chavez*> compared albuterol delivery via
pMDI/add-on devices in a model of a spontaneously breath-
ing (tidal volumes of 80, 155, and 310 mL) tracheos-
tomized child when using tracheostomy tubes with IDs of
3.5, 4.5, and 5.5 mm and a direct connection. They re-
ported that reducing tracheostomy ID from 4.5 to 3.5 mm
but not from 5.5 to 4.5 mm resulted in a significant de-
crease in lung dose.*> The add-on devices ranked in effi-
ciency as follows: Aerotrach (nonelectrostatic VHC), fol-
lowed by Aerochamber MV (spacer), Aerochamber Mini
(nonelectrostatic VHC), and the inline adapter. They also
found that in general, larger tidal volumes were associated
with larger lung dose than smaller tidal volumes. The use
of assisted technique resulted in a reduction of delivered
dose (18—67%). The authors reported that a median of
7.4% was retained in the tracheostomy tube.

In another study, using the same model (tidal volume 80
and 310 mL and tracheostomy ID 3.5 and 5.5 mm) with
direct connection, Berlinski*® compared 3 different types
of jet nebulizers. The breath-enhanced nebulizer ranked
first for efficiency followed by the continuous-output and
the breath-actuated nebulizers. The study also demonstrated
that the breath-enhanced nebulizer and the continuous-
output jet nebulizer with the addition of corrugated tubing
and supported by assisted technique had the greatest tra-
cheal deposition. These devices could potentially be used
to treat intra-tracheal infections. They reported that larger
tidal volumes resulted in higher drug delivery than lower
tidal volumes and that the T-piece was a more efficient
interface than the tracheostomy mask. The author also
measured the particle size of aerosols exiting the tip of the
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tracheostomy tube and found a 48-74% reduction in
MMAD that resulted in the 1.20—1.77-pm range for the
tested scenarios. Only 0.8% of the nominal dose was de-
posited in the tubes.

Alhamad et al*’ compared a vibrating mesh and a con-
tinuous-output jet nebulizer with a pMDI with a spacer in
a pediatric model (tidal volume 150 mL) with sideways
connection using a tracheostomy with an ID of 4.5 mm.*8
The vibrating mesh nebulizer delivered 3-fold more albu-
terol than the other 2 systems. The authors also tested the
use of assisted technique and found no difference in de-
livered dose.

Cooper and Berlinski?° using a different pediatric model
(tidal volumes 50, 155, and 300 mL with tracheostomy ID
3.5 and 4.5 mm) compared albuterol delivery generated by
a continuous-output jet nebulizer and a pMDI with 2 dif-
ferent valved holding chambers. In addition, the use of
assisted technique was tested. The authors also evaluated
albuterol delivery through the oronasal route in an ana-
tomically correct model of a 5-y-old child. The authors
found an increase in delivered dose with increase in tidal
volume that plateaued at 155 mL. The use of assisted
technique slightly increased delivered dose with the neb-
ulizer but remained unchanged or decreased with pMDI.
The authors reported that reducing the ID of the tracheos-
tomy resulted in a lower delivered dose for both nebulizer
and pMDI. They found the Aerochamber Mini to be more
efficient than the Aerotrach. The authors measured particle
size of the pMDI aerosols exiting the tip of a tracheostomy
with ID of 4.5 mm using a methodology described previ-
ously.*¢ They reported a 19-23% reduction in MMAD.
The tube retained <4% and <26% of the nominal drug
for the nebulizer and pMDI, respectively. They also re-
ported that changing the delivery route from an oronasal
to a tracheostomy route resulted in an increase of the
lung dose for the nebulizer but had variable effects on
the pMDI/VHC.

In a subsequent study, Berlinski and Cooper*® used the
same model as Cooper and Berlinski?® and compared al-
buterol delivery with a pMDI and soft mist inhaler at-
tached to a metallic VHC (Vortex Tracheo, PARI, Starn-
berg, Germany) through the oronasal and tracheostomy
route. They found that in most scenarios the soft mist
inhaler delivered more albuterol than the pMDI.#® They
also reported that in general, changing an oronasal to a
tracheostomy route results in an increase of the delivered
dose. The authors also reported that tidal volumes of 155
and 300 mL resulted in higher tracheostomy delivery than
a tidal volume of 50 mL for both formulations. A tidal
volume of 300 mL had higher delivered dose than a tidal
volume of 150 mL when the soft mist inhaler was used.
The amount retained in the tracheostomy tube was 2-5-
fold higher for the soft mist inhaler than for the pMDI.
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Fig. 1. Diagram of a dual-limb ventilator circuit used during non-
invasive ventilation. From Reference 55, with permission.

Studies in adult models reported that the addition of bias
flow decreased drug delivery through tracheostomies.*®
Their effects are likely to be present in pediatric models as
well.

In summary, these studies show that in general: (1)
nebulizers, pMDI, and soft mist inhalers can deliver aero-
sol through tracheostomies; (2) tracheostomies with large
ID facilitate drug delivery and an ID <4.5 mm hinders
drug delivery; (3) breathing patterns with large tidal vol-
umes enhance drug delivery; (4) the use of assisted tech-
nique decreases lung delivery of pMDIs/VHC but results
in increased tracheal deposition when nebulizers are used;
(5) the use of bias flow hinders drug delivery; and (6)
aerosols experience change in their characteristic when
traveling through a tracheostomy tube, and the changes are
more pronounced for those generated by nebulizers than
pMDI/VHC.

Delivery Device Selection for Pediatric Patients
Receiving NIV

Noninvasive ventilation is increasingly being used in
the pediatric population to treat respiratory distress and
respiratory failure.>3->* Many of these patients also receive
inhaled therapy. Therefore, it is clinically relevant for prac-
titioners to know how to optimize aerosol delivery in that
clinical situation. The 2 most common clinical scenarios
that practitioners face are children being extubated to NIV
and children with worsening respiratory distress, where
NIV is used to avoid intubation and invasive mechanical
ventilation. Most new ventilators have NIV modalities, so
it is highly likely that in the first case scenario, a dual-limb
ventilator circuit would be used during NIV (Fig. 1).%
During this case scenario, the mask and connector should
not have a leak.

However, many devices also use a single limb ventilator
that incorporates a leak in the circuit near the patient and/or
in the mask (Fig. 2).>> The relationship between the posi-
tion of the aerosol generator and the leak is crucial because
aerosol may leave the circuit before even reaching the
patient when placed before the leak. Practitioners should
keep in mind when using ipratropium bromide that the use
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Fig. 2. Diagram of a single-limb ventilator circuit used during non-
invasive ventilation. From Reference 55, with permission.

of a mask could generate ocular exposure and result in
mydriasis.>® Simonds et al®7 studied whether adult subjects
(healthy, with coryzal symptoms, and with chronic lung
disease admitted with an infective exacerbation) generated
droplets during NIV and other respiratory care procedures.
They compared a vented mask with a modified mask that
incorporated a filter and found that the latter prevented
droplet dispersion. When using vented masks, droplets de-
posited up to 1 m from the source. Also, the use of NIV in
healthy subjects did not lead to an increase in droplet
formation. These data are very relevant when planning for
mass casualty scenarios involving respiratory infections
and use of NIV.

In contrast to aerosol delivery for pediatric patients re-
ceiving mechanical ventilation, there is little research on
aerosol delivery during pediatric NIV.58-63 Fauroux et al>®
performed an in vitro/in vivo study evaluating the effect of
pressure support on aerosol delivery/lung deposition of 2
breath-actuated nebulizers. The in vitro study did not show
any differences in aerosol delivery. Conversely, the in vivo
part showed that the use of pressure support increased
deposition efficacy from 11.5 to 15.3%. Interestingly
enough, neither regional deposition pattern, nor homoge-
neity of distribution changed.

White et al>® reported data on an in vitro model of a
spontaneously breathing child receiving NIV with a V60
ventilator (Philips Respironics, Murrysville, Pennsylvania).
The model comprised a tidal volume of 180 mL and a breath-
ing frequency of 30 breaths/min. A pediatric resuscitation
mannequin connected to an ETT with ID of 5.5 mm was
used. The ventilator was set on 16/8 cm H,O, rise time
setting 2 and autotrack trigger. A small oronasal mask
(AF531, Philips Respironics, Murrysville, Pennsylvania)
was used. The authors compared albuterol delivery using
a vibrating mesh nebulizer placed in 3 different positions:
(1) dry side of the humidifier, (2) right before the mask
and the leak, and (3) integrated into the mask after the
leak. The authors reported approximately 4, 5, and 11%
delivery efficiency for positions 1, 2, and 3, respectively.

More recently, Velasco et al compared aerosol delivery
in an anatomically correct in vitro model of a spontane-
ously breathing child receiving NIV.%° The authors used a
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Servo-i ventilator operated on bi-level S/T mode with pres-
sures 15/5 cm H,O, inspiratory time 1 s, and backup fre-
quency 15 breaths/min. The breathing simulator was set to
deliver a tidal volume of 200 mL at a breathing frequency
of 20 breaths/min and an inspiratory time of 0.75 s. The
authors used an adult size heated-wire circuit (Evaqua,
Fisher & Paykel Healthcare, Auckland, New Zealand), and
a vibrating mesh nebulizer was placed either on the dry
side of the humidifier (Fisher & Paykel, Auckland, New
Zealand), between the Y-piece and the end of the inspira-
tory limb, or between the Y-piece and the mask. The au-
thors reported a 13.3, 18, and 17.6% delivery efficiency
when the nebulizer was placed at the humidifier, before
the Y-piece, and between the Y-piece and the mask, re-
spectively. The same authors also looked at a continuous-
output jet nebulizer (Hudson Optineb, Teleflex Medical,
Research Triangle Park, North Carolina), operated at 6
L/min, placed at the dry side of the humidifier, and be-
tween the inspiratory limb and the Y-piece (unpublished
data). They found similar delivery efficiency between both
positions (3.8 and 3.5%, respectively). The authors also
replicated the study with different bi-level ventilator set-
tings (20/5 cm H,0) (unpublished data). Delivery effi-
ciency was unchanged except for a reduction for the con-
tinuous-output nebulizer placed at the ventilator. These
findings are different from those obtained in adult models
of NIV, where the highest inspiratory pressure was asso-
ciated with the highest aerosol delivery.°!

Data originating in a study using an adult model showed
that actuation of a pMDI, attached to a spacer, during
exhalation resulted in a significant decrease of the deliv-
ered dose.®> They also found that the position of the leak
(mask vs circuit) did not affect aerosol delivery. In vitro
testing with pMDI/adapter, pMDI/spacer, and soft mist
inhaler with 2 different adapters placed between the in-
spiratory limb and the Y-piece of a dual-limb circuit with
a previously reported pediatric model showed a delivery
efficiency of 1.3, 4.1, 8.9, and 14%, respectively (unpub-
lished data).c©

Lin et al evaluated aerosol delivery efficiency of a vi-
brating mesh nebulizer (Solo, Aerogen, Galway, Ireland)
placed on the dry side of a heated-flow system (MR410,
Fisher & Paykel, Auckland, New Zealand) connected to
a face mask using a model of a spontaneously breathing
child.®®* The authors tested a front-loaded and bottom-
loaded mask with flows of 3, 6, and 12 L/min. They used
a resuscitation mannequin connected to a breathing simu-
lator delivering 2 different breathing patterns (tidal vol-
ume = 100 and 250 mL, breathing frequency = 30 and
20 breaths/min, and I:E of 1:2). The authors also measured
particle size of the aerosol using cascade impaction. They
reported a reduction in MMAD of the aerosol exiting the
heated-wire circuit (2.8, 3.3, and 2.8 pm for the 3, 6, and
12 L/min, respectively) when compared with the device
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Fig. 3. Diagram of a dual-limb ventilator circuit used during inva-
sive ventilation. From Reference 55, with permission.

alone (4 wm). The authors reported that the delivered dose
was lower for the 12 L/min flow than for the 3 and 6 L/min
flow for both breathing patterns. They also reported that
the breathing pattern with the largest tidal volume resulted
in higher delivered dose. The average delivered dose was
5.6, 5.2, and 3% (tidal volume = 100 mL) and 7.7, 7.0, and
4.6% (tidal volume = 250 mL) for the 3, 6, and 12 L/min,
respectively.

In summary, these studies show that: (1) placing a vi-
brating mesh nebulizer in the mask after the leak improved
aerosol delivery when using a single-limb circuit, (2) plac-
ing a vibrating mesh nebulizer between the Y-piece and
the unvented mask improved aerosol delivery when using
a double-limb circuit; (3) the vibrating mesh nebulizer is
3.5-5-fold more efficient that the jet nebulizer in a double-
limb circuit; (4) high flows with a heated flow attached to
the mask result in decreased aerosol delivery, and (5) pMDI
with a spacer should be actuated during inhalation.

Delivery Device Selection for Mechanically Ventilated
Pediatric Patients

Aerosol delivery during mechanical ventilation is a com-
plex process that could be affected by several variables.
The data for adults are extensive and include both in vivo
and in vitro data.* In contrast, pediatric (non neonatal)
data are limited and mostly derived from in vitro studies.
Aerosols are mostly delivered inline, thus avoiding de-
recruitment and also decreasing the risk for development
of ventilator-associated pneumonia that results from dis-
connecting the circuit. Most centers utilize heated-wire
circuits, which limits the alternatives for placement of de-
vices (Fig. 3).5> Garner et al® reported similar clinical
effects and albuterol concentrations in ventilated subjects
receiving albuterol therapy via pMDI/spacer (between Y-piece
and ETT) and a jet nebulizer placed in the inspiratory limb
(10-20 cm before the Y-piece).

Ferrari et al® reported that an ultrasonic nebulizer placed
40 cm before the Y-piece had delivery efficiency similar
to that of a vibrating mesh nebulizer placed 15 cm before
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the Y-piece in a porcine model of mechanical ventilation.
Berlinski et al®” compared the delivery efficiency of albu-
terol in an ex vivo porcine model of mechanical ventila-
tion (tidal volume 65 mL, neonatal circuit). They reported
delivery efficiency for the pMDI with an adapter (2%) and
spacer (7.4%) placed before the Y-piece and with a jet (1.9%),
vibrating mesh (17.5%), and ultrasonic nebulizer (19.6%)
placed at the ventilator, respectively.

Metered-dose inhalers are usually placed either before
the Y-piece (inspiratory limb) or after the Y-piece (before
the ETT). The latter has the disadvantage of adding dead-
space to the system and potentially resulting in the thera-
pist moving the ETT. The canister of the pMDI has to be
removed from the plastic actuator and connected to spac-
ers/VHC or an adapter. This could result in a decreased
drug output.°879 Several in vitro studies have reported
that the adapter performs poorly, and more recently a
pediatric animal model showed a 4-fold difference when
compared with the VHC.®7 The spacers/VHC made of
nonelectrostatic material are more efficient that those
that are not.

Diot et al’! using an adult model of mechanical venti-
lation reported that actuation of the pMDI during exhala-
tion resulted in a 35 and 86% reduction of drug output for
the spacer and adapter, respectively. Garner et al®372 re-
ported that the presence of humidity in the ventilator cir-
cuit of a pediatric model resulted in 30—-60% increased
drug delivery (albuterol chlorofluorocarbon). The same
group reported that the use of a helium-oxygen combina-
tion increased albuterol delivery by 65%.73-74 Similarly to
what is reported for tracheostomies, the ID of the ETT
affects drug delivery.

Garner et al®%72 reported a 40—60% reduction in drug
delivery when the ID of the ETT was reduced from 6 to
4 mm. It is not surprising that Mitchell et al’> reported that
the use of a smaller size formulation of beclomethasone
(MMAD 1.2 um) resulted in higher drug delivery than
using a larger size formulation (MMAD 4.5 um) in an
adult model of mechanical ventilation (ETT ID 8 mm).
The same authors showed that MMAD of an hydrofluo-
roalkane formulation increased from 1.2 to 2.8 um when
humidity was changed from 54 to 100%. In vitro and
in vivo adult data suggest that neither ventilator mode nor
flow pattern nor use of end-expiratory pause affects drug
delivery/clinical response.”®77

Several variables can affect delivery of aerosols gener-
ated by nebulizers in pediatric models of mechanical ven-
tilation. These variables include type of aerosol generator,
position in a ventilator circuit, mode of operation, size of
ventilator circuit, type of ventilator, ID of the ETT, parti-
cle size of the aerosol, presence of humidity, and presence
of bias flow. Practitioners need to adjust the ventilator
setting (eg, tidal volume) when using a jet nebulizer to
avoid the risk of barotrauma and volutrauma.”® A decrease
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in drug delivery has been reported when the gas flow
powering the jet nebulizers is increased.’® Studies in
adult models report a significant decrease (60%) in drug
delivery when humidity is present in the ventilator cir-
cuit.80

Di Paolo et al®' compared albuterol delivery of 6 neb-
ulizers placed before the Y-piece and operated in a pedi-
atric model of mechanical ventilation (tidal volume 100 mL,
breathing frequency 25/min, I:E 1:2, ETT ID 4 mm, and
circuit ID 15 mm) during inspiration, expiration, continu-
ous, and continuous with external gas source. In the first 3
scenarios the nebulizer was powered by the ventilator.
Humidification was interrupted during nebulization. They
reported that drug delivery was 1.9, 6.5, 4.0, and 4.2%
during inspiration, expiration, continuous, and continuous
with external gas source, respectively.

Ari et al®? compared albuterol delivery by a continuous-
output jet nebulizer and a vibrating mesh nebulizer in a
pediatric model of mechanical ventilation (tidal volume
100 mL, breathing frequency 20/min, I:E 1:2, ETT ID
5 mm, and circuit ID 15 mm). Both nebulizers were placed
on the dry side of the humidifier, and the vibrating mesh
nebulizer was placed right before the Y-piece, whereas the
jet nebulizer was placed 40 cm before the Y-piece. The
ventilator was operated with a bias flow of 2 and 5 L/min.
The vibrating mesh nebulizer (8.4—13.6%) was 2—3-fold more
efficient than the jet nebulizer (3.8-5.2%). They also re-
ported that bias flow did not affect drug delivery and that the
position of the nebulizer did not affect it either.

Berlinski and Willis®3 compared albuterol delivery by a
jet nebulizer and an intrapulmonary percussive ventilator
in a pediatric model of mechanical ventilation (tidal vol-
ume 100 and 200 mL, breathing frequency 20/min, I:E 1:3,
ETT ID 5.5 mm, and circuit ID 22 mm). The authors
reported that the jet nebulizer (3.6—4.7%) performed sim-
ilarly at different locations and with different tidal vol-
umes. However, the intrapulmonary percussive ventilator
was less efficient at the humidifier than at the Y-piece
(1.1-1.8% vs 3.2-4.1%).

Using the same model, Berlinski and Willis®* compared
albuterol delivery by 2 jet nebulizers, a vibrating mesh and
an ultrasonic nebulizer placed at the ventilator, after the
humidifier, 30 cm before the Y-piece, and between the
inspiratory line and the Y-piece. They also tested different
albuterol concentrations and different loading volumes.
The authors reported that jet nebulizers averaged 4.2, 4.7,
4.3, and 3.7% delivery efficiency when placed at the ven-
tilator, after the humidifier, 30 cm before the Y-piece, and
between the inspiratory line and the Y-piece, respectively.
The ultrasonic nebulizer showed a delivery efficiency of
12.8, 17.1, 10.5, and 8.7% for similar positions. The vi-
brating mesh nebulizer was the most efficient with 28.5,
33.3, 10.3, and 8.7% for similar positions. The authors
also reported that higher volume load at similar drug load-
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ing dose, and higher loading dose at similar loading
volume resulted in a higher amount of delivered drug
(Table 3).

Sidler-Moix et al®> compared albuterol delivery of jet,
ultrasonic, and vibrating mesh nebulizers operated in a
pediatric model of mechanical ventilation (tidal volume
100 mL, breathing frequency 25/min, I:E 1:2, ETT ID 4 mm,
and circuit ID 22 mm) during inspiration, expiration, and
continuous operation. The authors reported that the jet
nebulizer delivered 2.8, 6.4, and 3.7% during inspiration,
expiration, and continuous operation, respectively. The ul-
trasonic nebulizer delivered 10.5 and 5.1% during inspi-
ration and continuous operation mode, respectively. Fi-
nally, the vibrating mesh nebulizer delivered 5.4, 8, and
13.3% during inspiration, expiration, and continuous op-
eration, respectively.

Wan et al®¢ compared albuterol delivery of a jet nebu-
lizer placed between the ventilator and the humidifier op-
erated in a pediatric model of mechanical ventilation (tidal
volume 160 mL, breathing frequency 25/min, I:E 1:2, ETT
ID 5 mm, and circuit ID 15 mm) during inspiration, expira-
tion, and continuous operation. All modes resulted in similar
delivery efficiency (6.3%), but continuous and expiratory
mode showed half of inspiratory mode nebulization time.

All of the comparisons among timing of delivery were
done using a mechanical ventilator that powered the de-
vices and provided the synchronization. It is worth men-
tioning that poor performance of jet nebulizers powered by
different ventilators has been reported.”®

Berlinski and Willis87 compared albuterol delivery in a
pediatric model of mechanical ventilation (tidal volume 100,
150, 200, and 300 mL; breathing frequency 20 breaths/min;
LE 1:3; ETT ID 5.5 mm; and circuit ID 22 mm). They
studied a jet nebulizer and a vibrating mesh nebulizer placed
at the ventilator and between the inspiratory limb and the
Y-piece. The authors found no difference among tidal vol-
umes for the jet nebulizer (8.7-9.9%) and the vibrating
mesh nebulizer (9.5-14.7%) placed at the ventilator and
jet nebulizer placed at the Y-piece (3.6—4.1%). However,
the vibrating mesh placed before the Y-piece had a higher
lung dose with the lowest tidal volume than with the others
(7.4% vs 3.2-3.7%).

Similarly to what has been reported for pMDIs, the use
of ETTs of smaller ID decreases drug delivery.®3:8° Ahrens
et al®® reported a 60% reduction in drug output when the ID
of the ETT was reduced from 6 to 3 mm. The authors also
reported a significant reduction in MMAD for aerosols with
MMAD of 3.6 wm but not for those of submicronic size.

More recently, Berlinski and Kumaran®® evaluated par-
ticle size and output of aerosols generated by vibrating
mesh and jet nebulizers placed in a neonatal circuit and
exiting pediatric ETTs. They reported that for the jet and
vibrating nebulizer, there was no difference in output be-
tween ETTs with ID 3.5 and 5 mm and that drug output
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Table 3.  Evaluation of the Effect of Changes in Loading Volume/Nominal Dose on Lung Dose

Lung Dose (ug)

Nebulizer A_lbuterol
Solution (mg/mL) Ventilator Humidifier Y-piece
Jet Hudson 2.5/3 1354 =158 1175 = 194 5129
2.5/4 191.8 = 34.1* 135.5 = 7.4* 63.3 = 13.6
7.5/4% 497.6 = 76.7 527.8 = 30.9 1293 £ 222
2.5/3.5 246.8 £29.7 154.7 = 19.7 66.8 = 13.2
5/3.5% 330.6 = 39.3 270.2 = 47.8 137.5 = 13.6
Jet Salter 2.5/3 76.4 = 21.5 115.6 = 21.3 709 = 9.6
2.5/4 127.9 = 19.6* 103.9 = 21.2 49.6 =78
7.5/4 270.2 = 54.5§ 253.7 + 357§ 93.6 = 40.8
2.5/3.5 145.8 = 52.8 117.6 = 28.1 5039
5/3.5% 226.9 * 64.1 185.6 £ 254 111.4 = 10.7
Ultrasonic 2.5/3 319.5 =38 428.7 £ 36.7 2164 £ 16.3
2.5/4 431.1 £ 136.6 515.3 + 49.3% 144.2 = 30.1
7.5/4% 1,048.9 = 346.4 1,820 = 56.6 316.9 = 30.9
2.5/3.5 401.1 £ 92.8 4294 = 135.1 156.3 = 8.5
5/3.5 519.6 = 152.2 712 = 163.2| 278.3 £ 30.5|
Vibrating mesh 2.5/3 711.3 £214.8 831.6 = 90.4 216.6 £ 62.8
2.5/4 736 * 246.5 740.8 = 251.7 208.3 £70.9
7.5/4% 2,090 = 317.6 1,872.6 = 533.8 1,046 = 247.8
2.5/3.5 834.5 = 2394 897.4 = 2523 208.3 = 44.4
5/3.5% 1,618.4 = 320.3 1,528.2 = 277.6 417.2 = 60

Lung dose is expressed in ug as mean = SD.

* Drug output for 2.5 mg/4 mL was higher than for 2.5 mg/3 mL at this position. (From Reference 84.)

T Drug output for 7.5 mg/4 mL was higher than for 2.5 mg/4 mL at all positions.

# Drug output for 5 mg/3.5 mL was higher than for 2.5 mg/3.5 mL at all positions.
§ Drug output for 5 mg/3.5 mL was higher than for 2.5 mg/3.5 mL at this position.
|| Drug output for 5 mg/3.5 mL was higher than for 2.5 mg/3.5 mL at this position.

before the Y-piece was 2-fold higher than when placed at
the dry side of the humidifier. The vibrating mesh nebu-
lizer was twice as efficient as the jet nebulizer. The
aerosols generated at the Y-piece had a lower percent-
age of aerosols in the respirable range (<5 wm). The
authors also found that although a decrease in MMAD
was noted when decreasing from ETT with ID of 5
to 3.5 mm, the phenomenon was more marked at the
Y-piece (28.5-58.9%) than at dry side of the humidifier
(13.2-20.1%).

Fang et al°° studied albuterol delivery in a pediatric
model of high frequency oscillatory ventilation (ETT ID
5.5 mm, I:E 1:2, bias flow 25 L/min, mean airway pres-
sure 18 cm H,O, and frequency 8 Hz). They placed a jet
and a vibrating mesh nebulizer before the humidifier
and before the ETT. Delivery was negligible at the hu-
midifier for any device (0—0.3%), whereas it reached
4.3 and 17.4 for the jet and vibrating mesh nebulizers
placed before the ETT.

Utilizing a concept similar to one discussed above,
Longest and Tian®' reported a significant improvement
in lung delivery during mechanical ventilation by stream-
lining the connectors and using an excipient-enhanced
growth technique. The dry powder formulation had a
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starting MMAD of 0.9 um. The authors report that these
techniques result in 68 and 96% alveolar and total lung
deposition, respectively. These novel approaches have
not yet been validated in in vivo models.

Optimization of drug delivery during pediatric me-
chanical ventilation should include several strategies. A
spacer/VHC should be used instead of an adapter when
pMDIs are used, and actuation should occur at the beginning
of inhalation. Best placement of a nebulizer depends on the
circuit size. When adult-type circuits are used, placing the
nebulizer on the dry side optimizes delivery. The opposite
occurs when small circuits are used. Vibrating mesh nebu-
lizers are more efficient than jet nebulizers and do not inter-
fere with the ventilator but are more expensive. Increasing the
tidal volume during nebulization does not increase aerosol
delivery. A major challenge that practitioners encounter when
trying to decide which device to use is that the optimal dose
for many drugs delivered to ventilated pediatric patients is
unknown.

Summary

Both nebulizers and pMDI/VHC are effective in deliv-
ering bronchodilators to children experiencing acute bron-
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choconstriction. Aerosol delivery through HFNC is signif-
icantly affected by gas flow rate. Lack of clinical response
could be due to low lung delivery. Aerosol delivery through
pediatric tracheostomy tubes is impaired by small ID,
breathing pattern with low tidal volume, and use of as-
sisted technique. Aerosol delivery during NIV with single
limb circuits increases when placing the device closer to
the mask and distal to the circuit leak. Placing the nebu-
lizer before the Y-piece increases aerosol delivery in a
double limb ventilator circuit. Finally, vibrating mesh neb-
ulizers are more efficient that continuous output jet neb-
ulizers. Aerosol delivery during invasive mechanical ven-
tilation can be enhanced by placing the nebulizer on the
dry side of the humidifier with adult circuits and before the
Y-piece with neonatal circuits. More animal and human
studies are necessary to enhance our understanding on
how to deliver aerosols to pediatric patients in these sce-
narios.
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Walsh: I have 3 questions, the first is
MDIs. You mentioned about cost and a
lot of places worked really hard to switch
all their patients from small-volume neb-
ulizers to MDIs years ago and to now
be forced to go back because of the cost.
How do we help people understand the
exact cost? As you mentioned, it is very
complicated, and a lot of places are
allowed to use multi-use MDIs and
others who are allowed to purchase
institutional sized MDIs with smaller
doses so they don’t have to pay for
the 120-puff dose, but it’s a 50- or
60-dose. And some are allowed to
relabel and send the 120-puff MDI
home with them; if they have an

asthma exacerbation, they can use
it, and that helps save cost. But it’s
not universal across the country as
far as what’s acceptable practice, so
I’d like your opinion on that.

Berlinski: I didn’t say that it was fair
orright,I’'msayingit’s the reality. We’ve
spent 20 years trying to educate pedia-
tricians and practitioners about the con-
venience and equivalence to nebulizers
of using a pMDI with a valved holding
chamber, especially in pediatrics. I think
that the cost of the drugs has created a
major issue with the transition from
CFC [chlorofluorocarbon] to HFA [hy-
drofluoroalkane] propellants. There are
some issues with some of what you
mentioned as currently being used;
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multiple-patient use. I’'m not sure that
is an accepted practice by the Joint
Commission, because my understand-
ing is that each drug has to be labeled
with the patient’s name so you can’t
use the same device unless you rela-
bel them. I think part of the challenge
in calculating real cost of therapies is
that we send patients home with the
same pMDI that we used because the
insurance or patient has been billed. I
think we’ll probably have to spend
time explaining that the reimburse-
ment model has changed and that we
have so many dollars to spend for the
treatment, especially in acute care. It’s
confusing because I tell my patients,
“You should use a pMDI,” but then
when they get sick, I use a nebulizer.

675



We went through this about 2 years
ago when we re-worked our asthma
protocol, and I was a firm supporter
of using pMDIs in the emergency de-
partment, so we did a cost analysis,
and when we added the cost of ipra-
tropium bromide pMDI to the mix
for a patient who is moderately ill, it
became not sustainable. So it’s a bal-
ancing act where institutions need to
survive in order to deliver care and
delivering care thatis acceptable. But
it creates a conflict between what
we teach the patients as the best way
of delivering aerosols and how we
end up doing it ourselves in a dif-
ferent setting.

Panitch: Ariel, I want to go back to
your discussion about inhalers and tra-
cheostomies. Now that several manu-
facturers have added counters to MDIs,
the canister no longer easily fits into
adapters for tracheostomy use. It re-
stricts the availability of some medi-
cations that we can use for children
with trachs. I wonder is there any
movement in the manufacturing world
to make adapters so that we can use
the wide range of inhalers available or
things that we can do to enhance ac-
cess to our patients?

Berlinski: A quick answer to that,
the AeroTrach Plus has a direct con-
nection for the tracheostomy tube. It’s
like a regular AeroChamber device,
and it has a hole in the back and you
put any pMDI that you want. That’s
one answer.

Panitch: That’s OK if the child is
breathing spontaneously, but if he or
she is attached to a ventilator circuit...

Berlinski: A second option is the
AeroChamber Mini. It has an adapter
that allows you to use canisters with
and without an incorporated counter.
Again, I think that you can argue for
patients who are ventilated, they can
use either system if they are off the
ventilator while you deliver aerosols.
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I think that the vast majority can, es-
pecially those who are at home.

Stokes: A lot of aerosols given to
patients with trachs are inhaled ste-
roids, and one of my pet peeves is that
many patients get started on inhaled
steroids and never get stopped. How
do you make the decision to use in-
haled steroids in a patient with trache-
ostomy, all of whom wheeze, and
many get put on inhaled steroids with-
out any good clinical evidence of ben-
efit for long-term use?

Berlinski: That’s a problem; it’s
easy to start any drug, and most of the
time they are started before they are
discharged from the hospital. I have
changed my practice. I think that I
used more inhaled steroids in the past
than I’m using now, especially for that
population. I think it depends on re-
sponse; if I don’t see a response to the
treatment, then I’ll probably discon-
tinue it.

Lin: I have two questions related to
vibrating mesh nebulizers; the first is
one of your charts about costs put all
the cost to the device itself, and in your
data about the delivery effectiveness of
the drug, there is more drug delivery
using the vibrating mesh nebulizers.
As the cost for the vibrating mesh neb-
ulizer begins to come down, do you
see a point where we’ll be able to get
patients out of the hospital faster be-
cause we’re delivering more drug
through the vibrating mesh nebulizer,
where we would begin to transition to
using that preferentially rather than an
MDI or small-volume nebulizer just
because it’s a more effective way to
deliver drugs? And if the patient re-
ally needs it and they get the drug
more effectively, then they presum-
ably should get better faster.

Berlinski: I think that vibrating
mesh nebulizers are advantageous for
the patient who is hospitalized in the
ICU setting and receiving invasive me-
chanical ventilation. The advantage of

the device is that it has no flow, so it
doesn’t disrupt the V., therefore de-
creasing barotrauma. The use of a jet
nebulizer requires practitioners to de-
crease the V. of the ventilator to lower
the risk of barotrauma. On the other
hand, if the Vi is not set back at the
prescribed setting once the treatment
is completed, the patient will be un-
derventilated. We made a cost com-
parison based on what we pay at our
hospital.! And if you are using it for
28 d at 4 times/d, it costs about the
same. I think that there are things that
matter more than cost, but cost has to
be incorporated into your variable, be-
cause if you are broke you don’t have
a hospital. In that paper,! we also
looked at what happens if instead of
giving 2.5, we give 5 or 7.5?7 So we
have data that allow you to look at a
conventional nebulizer placed in the
back of the dry side of the humidifier
that is inefficient, but by adding more
drug, you would probably do better.
The question again is how much drug
do you need? I don’t think we know.
I think there’s a tendency to give too
much, especially in the emergency de-
partment. Everybody starts with 5 mg
of albuterol 3 times 20 min apart, and
that’s probably too much.

Walsh: What’s the right mass me-
dian aerodynamic diameter (MMAD)
for our sized patients? From neonates
to adults. We talk about 2 to 5 wm
being in the adult respirable range, but
I feel like it would be much smaller in
neonates, yet we don’t tend to modify
our studies to reflect that.

Berlinski: There are some data that
I showed when I talked about trans-
nasal delivery that give you a hint that
maybe a smaller MMAD would be
better. The only example we have of
that in our current practice is inhaled
corticosteroids. There are 2 formula-
tions that are 1.2 to 1.3 wm; then you
wonder, do you have to use that? The
problem is when you get to more ef-
ficient devices, you run the risk of tox-
icity. Do we use the inefficiency of
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the system to normalize the drug de-
livery when we vary the size of the
patient? We don’t change the amount
of drug when we go from a 2- to 10-
y-old patient, we give them the same
nebulizer, and we let their breathing
pattern and their airway anatomy take
care of the difference. Once we start
getting very efficient, then I think we
run the risk of toxicity and giving them
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more than they actually need. There is
no good answer to the ideal MMAD
question, but there are some authors
who claim that smaller particle sizes
for toddlers and younger children
might be better for delivery. Then
again, you're going to have to start
accounting for reducing the dose, so
they don’t have these toxic effects.
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