
Clinical Controversies in Aerosol Therapy for Infants and Children

Robert M DiBlasi RRT-NPS FAARC

Introduction
Differences in Aerosol Drug Delivery Between Pediatric and Adult Patients
Clinical Considerations and Age-Appropriate Administration Practices

Patient-Related Factors
Aerosol Device Selection
Interface Selection

Clinical Controversies
Drug Delivery in Crying Versus Resting Infants
Blow-By
Jet Nebulizer Versus Pressurized Metered-Dose Inhaler/Spacer for Bron-
chodilators
Continuous Nebulization
Noninvasive Respiratory Support
Optimizing Nebulizer Performance During Mechanical Ventilation

Conclusions

Pediatric patients are different from adult patients with respect to airway anatomy and breathing
patterns. They are also incapable of following commands and often reject breathing treatments. For
these reasons, aerosol drug delivery is one of the most technically challenging aspects for clinicians
providing respiratory care to young children. Improvements in nebulizer technology have provided
better delivery options for pediatric patients. This review highlights research related to pediatric
nebulizer and interface devices and how they can be used to provide the safest and most efficient
treatments with the array of treatment delivery options. Also addressed are clinical controversies
and debates in pediatric aerosol science, including drug delivery in crying versus resting infants,
pressurized metered-dose inhalers and small-volume nebulizers for bronchodilator administration,
continuous nebulization, noninvasive drug delivery options, and optimization of nebulizer perfor-
mance during infant and large pediatric conventional and high-frequency ventilation.
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Introduction

Aerosolized drugs are frequently administered to pedi-
atric patients to alleviate bronchospasm, reduce airway

inflammation, facilitate mucus clearance, improve pulmo-
nary blood flow, and prevent or treat infection. The ma-
jority of aerosolized drugs that are provided to pediatric
patients are used off-label, meaning that: (1) the drug ei-
ther has not been cleared for aerosolization, (2) it has been
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cleared in a different patient population (adults), or (3) it
is being used with a different delivery device than that
cleared by the United States FDA. Drug manufacturers
very seldom perform dose range and efficacy studies in
infants and children, and doses may or may not be adjusted
based on weight. Nonetheless, many of these drugs are
life-saving or have had some impact on outcomes in pa-
tients.

On the surface, drug delivery to patients appears simple
and safe and is often perceived as effective because the
nebulizer produces an aerosol plume and the patient is
inhaling. However, it is likely that very little of the drug is
actually delivered to the targeted site (ie, peripheral air-
ways). Assessing the efficacy of a breathing treatment can
be confusing to pediatric clinicians because there is virtu-
ally no available objective measurement to determine clin-
ical efficacy, especially in younger children. There are
many different challenges and complex issues associated
with aerosol delivery in children that are not present in
adults. Where definitive data are lacking for children, aero-
sol practices have been derived by extrapolating data from
adult studies. Novel in vivo and in vitro pediatric studies
have shed new light on some of the major clinical contro-
versies that have been at the center of debate among cli-
nicians and researchers for years.

Over the last few decades, a proliferation of novel re-
spiratory support devices have been introduced to the clin-
ical arenas. This has resulted in many different treatment
delivery options. In the continuum of care for critically ill
children, it is not uncommon for a patient to receive mul-
tiple inhaled drugs with several different delivery options
during the course of a hospital stay. These options include
aerosol masks or mouthpieces, heated high-flow nasal can-
nulas, noninvasive positive-pressure devices, and/or me-
chanical ventilators. Clinicians have found ways to adapt
to this dynamic clinical environment by integrating nebu-
lizers into ventilators and oxygen delivery systems, often
with very little evidence to support safe or efficacious use
in pediatric patients. The purpose of this timely review is
to provide clinicians with an in-depth review of the pedi-
atric aerosol literature with an emphasis on patient safety
and outcomes, clinical controversies, and novel advances
in aerosol treatment approaches.

Differences in Aerosol Drug Delivery Between
Pediatric and Adult Patients

Pulmonary deposition of aerosol particles is generally
lower in pediatric patients than in adults, with infants re-
ceiving significantly smaller amounts of drug in the pe-
ripheral airways compared with older pediatric patients.
This is especially true in children � 3–4 y old and even
more so in infants � 18 months old, who may have a large
majority of the drug deposited in the upper airways.1

In vivo comparative studies evaluating aerosol deposi-
tion within different regions of the human respiratory tract
in infants, young children, and adults are lacking. A recent
study2 evaluating drug deposition using a 3-dimensional
model rendering from computed tomography scans of
healthy infants, children, and adults showed that substan-
tial variability exists in airway morphology, air-flow dy-
namics, and regional aerosol deposition among subjects of
different ages.

Poor drug delivery in children can be attributed to rapid
and often variable breathing frequencies, low tidal vol-
umes (VT), and high resistance due to the small cross-
sectional diameter of the airways. High resistance and short
inspiratory time result in short residence time for an aero-
sol to deposit in the airways. Inspiratory-expiratory ratios
are shorter in pediatric patients compared with adult pa-
tients, resulting in potentially greater drug loss during ex-
halation, especially when using a device that nebulizes
drug throughout the entire respiratory cycle. Some of these
effects may be offset by low inspiratory flow in relation to
the constant and relatively high (6–8 L/min) flow of some
nebulizers, which may result in less air entrainment from
the surrounding environment.1 As such, each breath may
deliver a proportionally higher dose (more concentrated
aerosol bolus) per breath to young children compared with
adults.

Infants are considered obligate nasal breathers due to
the proportionally large tongue size to small oral volume
and the proximity of the larynx and epiglottis to the base
of the tongue. Younger patients have smaller nostrils, a
shorter turbinate region, a narrower nasopharynx, a nar-
rower pharynx-larynx, and a relatively larger anatomic
dead space than do adults, making drug delivery a chal-
lenge.2 Nasal airway resistance accounts for nearly half of
the respiratory resistance in healthy infants,3 and turbulent
flow in this region likely accounts for a large amount of
impactive drug loss in the upper airways. Interestingly,
nasal breathing for aerosol delivery to the distal airways is
similar to, or more efficient than, mouth breathing in in-
fant and toddler models,4 contrary to what is observed in
older children and adults, who have more well-developed
nasal turbinates and less complex airway structures. How-
ever, infants are extremely vulnerable to spontaneous na-
sal obstruction5 from secretions, inflammation, or nasal
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airway interfaces, placing them at another unique disad-
vantage for drug delivery.

Perhaps the largest challenge with drug delivery is re-
lated to behavioral and emotional aspects that are unique
to pediatric patients. Infants and toddlers do not have the
cognitive or physical abilities to coordinate breathing ef-
forts with the treatment. Many will not accept a mouth-
piece treatment, and a tightly fitting aerosol mask is poorly
tolerated, usually resulting in squirming, thrashing, and
crying.

Despite the many limitations of inhaled drug delivery in
children, in vivo studies have shown that measureable quan-
tities of drug can be delivered to the lungs of these small
patients. Experimental data obtained from in vivo studies
during spontaneous unassisted breathing have demonstrated
that � 3% of the nominal dose of aerosolized drugs is
delivered to the lungs of infants,6-9 1.6–4.4% to those of
young children,8,10,11 and 10–58% to those of adults.12-14

The majority of these studies were conducted using older-
generation jet nebulizers and spacers, and in vivo mea-
surements in patients using newer drug delivery devices
and techniques are virtually nonexistent due to concerns
related to the expense and risk of using inhaled radiola-
beled isotopes in children. Inconsistencies in scintigraphy
methods used to provide qualitative and quantitative data
on aerosol drug deposition in the lungs and lack of clinical
monitoring also are problems in this population.15

Although drug delivery efficiency appears low in pedi-
atric patients, the lung dose may be appropriate when the
weight-adjusted dose is considered. As such, the weight-
adjusted dose is similar between pediatric and adult pa-
tients.16 This does not imply similar risk or treatment ef-
ficacy between these vastly different patient populations.
Additionally, pharmacodynamics and pharmacokinetics of
inhaled agents are poorly understood in pediatric patients.

Clinical Considerations and Age-Appropriate
Administration Practices

There are many clinical and age-appropriate factors that
clinicians and other caregivers need to consider when choos-
ing an appropriate aerosol delivery device or strategy in
children. An aerosol strategy, aerosol device, and delivery
interface should be chosen based on: (1) availability of
high-quality evidence obtained from human, animal, or
bench studies; (2) device/interface efficiency; (3) ability of
the patient to tolerate and coordinate respiratory effort
with drug delivery; (4) patient preference; (5) cost of drug
delivery; (6) whether the drug is approved to be used with
a certain device or not; and (7) whether the device can be
used safely with the form of respiratory support that the
patient is receiving.17,18

Patient-Related Factors

In addition to aerosol device selection, clinicians serve
a vital role in educating patients and caregivers about neb-
ulizer therapy in a variety of settings. This can ultimately
have a major impact on drug delivery to the lungs and
reduce infection risk. The quality of education or instruc-
tion may mean the difference between a patient being
readmitted to the hospital or not. As such, health-care
providers, patients, and family members must demonstrate
competency with the proper technique and instruction of
aerosol delivery systems.17 Differences in the physical and
cognitive abilities and age of patients to effectively use a
mouthpiece or mask seal or coordinate breathing efforts
typically guide selection of the device and interface that
will be used to deliver drug (Table 1).

Clinicians within the health-care setting must be able to
recognize ways to optimize drug delivery that go beyond
placing the device on a patient. Promoting a strong cough
in patients who have retained secretions, coaching deep
breathing, and sitting patients upright during a treatment
are a few simple solutions that may promote better drug
delivery to the lung. It is also important to assess patients’
pulmonary condition to see if they are responding to their
inhaled medication regimen. This can be done using spi-
rometry in older patients, with fewer choices in young
children. If the patient does not appear to be responding to
the treatment, then using a new delivery system may be an
option or discontinuing the treatment may be more bene-
ficial than exposing patients to unnecessary adverse ef-
fects from the drugs.

Clinicians must be willing to listen to patients and fam-
ily members when they prefer a particular treatment op-
tion. Acceptance of a treatment may ultimately reflect ad-
herence and potentially better efficacy. Finally, clinicians
need to consider all of the potential delivery options used
when combining nebulizers with different pediatric respi-

Table 1. Age Guidelines for Use of Aerosol Delivery Device Types

Aerosol Device and Interface Age

Small-volume nebulizer with mask or hood Infant
Small-volume nebulizer with mask � 3 y
Small-volume nebulizer with mouthpiece � 3 y
pMDI with valved holding chamber/spacer and mask � 4 y
pMDI with valved holding chamber/spacer � 4 y
DPI � 4 y
MDI � 5 y
Breath-actuated MDI (eg, Autohaler) � 5 y
Breath-actuated nebulizer � 5 y

From Reference 17.
pMDI � pressurized metered-dose inhaler
DPI � dry powder inhaler
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ratory support devices. They should never assume that a
particular nebulizer treatment or strategy given with one
treatment modality (eg, aerosol mask) will provide similar
therapeutic effects or safety as another modality (eg, ven-
tilator). Clinicians should always use a device that delivers
drugs safely and efficiently while minimizing potential
risks that can arise due to infection, airway occlusion, and
inadvertent pressurization of the lungs; equipment mal-
function; and poor triggering of different ventilator de-
vices.

Aerosol Device Selection

There is currently no clinical consensus guiding the de-
cision for aerosol device selection in most children. The
vast majority of nebulizers used in adults are also used in
children. Optimal particle size for most inhaled medica-
tions to achieve deposition in the periphery of the lung is
1–5 �m.18 Thus, an aerosol device should be chosen based
on whether it can provide particles within this range. Aero-
sol devices that produce highly variable drug delivery or
particles of � 5 �m should be avoided because they may
be more likely to deposit in children’s upper airways, re-
sulting in systemic absorption and potentially greater ad-
verse effects (tachycardia).

Bronchodilator delivery with jet nebulizers and pressur-
ized metered-dose inhalers (pMDIs) has been shown to be
very low (0.33% and 0.13%, respectively) in infants with
respiratory distress.6 Infants with viral bronchiolitis repre-
sent a large subset of these patients admitted to pediatric
hospitals. Bronchodilators have not been shown to be ef-
fective in the routine management of bronchiolitis,19 and it
is not known whether the lack of bronchodilator effect
observed is related to poor deposition from airway ob-
struction or the fact that inefficient nebulizers were used in
these early studies. Moreover, objective studies to measure
bronchodilator response in this population require sedation
and are costly and very difficult to perform. Future studies
using novel pediatric-specific pMDI/spacers and vibrating
mesh nebulizers would be useful to determine bronchodi-
lator response in infants with bronchiolitis and other infant
lung diseases. Evaluating nebulizer efficiency is important
for delivery of not only bronchodilators but also other
inhaled drugs that are delivered to infants and small chil-
dren, including pulmonary vasodilators, corticosteroids, an-
tibiotics, and hypertonic saline.

The most common delivery devices used with pediatric
patients include pMDIs with valved holding chambers
(pMDI/VHC) or spacers, dry powder inhalers, jet or gas-
powered nebulizers, breath-actuated nebulizers, ultrasonic
nebulizers, vibrating mesh nebulizers, and small-particle
aerosol generators. The vibrating mesh nebulizer and
pMDI/VHC represent 2 nebulizer devices that have revo-
lutionized drug delivery in children due to ease of use,

patient acceptance, and ability to integrate into a ventilator
system. They are also some of the most expensive forms of
drug delivery. The most common nebulizers used in the
pediatric clinical setting are small-volume nebulizers, in-
cluding jet, vibrating mesh, and breath-actuated nebuliz-
ers. These nebulizers can produce most forms of medica-
tion, whereas a pMDI/VHC cannot. An in-depth discussion
of pMDI/VHC and interfaces is provided in the clinical
controversies section.

The dry powder inhaler and breath-actuated nebulizer
can be used in many pediatric patients but are generally
reserved for patients who are able to generate sufficient
force to activate a valve that releases the medication. Breath-
actuated nebulizers are particularly attractive because, un-
like other nebulizer devices, they nebulize only during
inhalation, which reduces aerosol waste but extends the
treatment time. Ultrasonic nebulizers and small-particle
aerosol generators are typically approved to deliver spe-
cialty medications and are generally bulky or large, so they
are not used frequently in the clinical setting.

Disposable jet nebulizers are simple to use and rela-
tively inexpensive, but drug delivery is extremely ineffi-
cient and variable owing to the highly variable particle
size and large residual volume of drug left behind in the
nebulizer cup at the end of the treatment.20 In some cases,
residual loss can account for nearly 50–75% of the drug
placed in the nebulizer.21,22 Moreover, there are differ-
ences in drug delivery related to nebulizer flow and gas
composition and whether the device is being powered by
a compressor or pressurized gas source.23 Integrating jet
nebulizers into a ventilator circuit or respiratory support
device may inadvertently increase pressure and volume
and affect triggering due to the additional flow.

The vibrating mesh nebulizer is unique in that it does
not require a gas source, making it extremely safe and
effective during noninvasive or invasive mechanical ven-
tilation. The high efficiency of this nebulizer is based on a
very low residual drug volume (�0.1 mL) remaining in
the medication reservoir following a treatment. Several
investigators have evaluated differences in drug delivery
between different small-volume nebulizers. In one study,24

bronchodilator drug delivery by a breath-actuated nebu-
lizer (AeroEclipse, Monaghan Medical, Plattsburgh, New
York) and 2 other jet nebulizers equipped with face masks
was compared in a spontaneously breathing toddler air-
way/lung model. The breath-actuated nebulizer configured
with breath activation on provided less inhaled drug mass
(� 1%) than the other devices (5.7–10.8%). The
AeroEclipse requires a tight-fitting mask for effective
treatment and may not be preferable in small children
because the generated flows are too low to activate the
one-way valve to consistently provide aerosolized drug
to the patient, and the treatment time could be upwards
of 40 min. Although the manufacturer suggests manual
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activation with this breath-actuated nebulizer when the
patient cannot open the valve appropriately, a signifi-
cant lag time may prevent small patients from receiving
drug during inhalation.

Jet nebulizers were found to provide greater drug de-
livery compared with vibrating mesh nebulizers in a lung
model using different-size realistic pediatric airway mod-
els affixed with an array of different airway interfaces.23 In
a number of testing conditions with the vibrating mesh
nebulizers, there was no detectable drug on the test lung
filter because supplemental oxygen flow is required to
facilitate the movement of the aerosol plume toward the
patient. Another study25 was designed to compare drug
delivery between jet and vibrating mesh nebulizers us-
ing 3 different mask interfaces in a spontaneously breath-
ing pediatric lung model. There were no differences in
the amount of drug delivered to a filter between 2 com-
monly used vented aerosol masks, but the delivery was
nearly 2-fold greater with the vibrating mesh nebulizer
than the jet nebulizer when a valved aerosol mask was
used.

An investigational next-generation vibrating mesh neb-
ulizer (eFlow, PARI Medical, Starnberg, Germany) de-
signed specifically for premature infants showed nearly
20-fold greater drug delivery to a neonatal model com-
pared with jet nebulizers and pMDIs/VHCs.26 This may
have important clinical implications for patients who are
receiving aerosolized artificial surfactant or who do not
respond to bronchodilators using standard approaches (ie,
bronchiolitis). Although these findings are interesting from
a research standpoint, it is unreasonable from a cost stand-
point to suggest vibrating mesh or ultrasonic nebulizers
over jet nebulizers for routine delivery of drugs (ie, bron-
chodilators).

Interface Selection

The most effective inhaled drug treatment in older spon-
taneously breathing pediatric patients has been shown to
be via a mouthpiece.26 In fact, a mouthpiece may provide
twice as much drug as a simple aerosol face mask.25 A
slow deep inhalation followed by an occasional breath-
hold may also help improve aerosol delivery to the lungs.
Most infants do not have the ability to open the mouth on
command and close it around a nebulizer mouthpiece to
get an adequate seal, nor do they have the ability to breathe
deeply and hold their breath on command. In the event that
a mouthpiece cannot be used with a nebulizer, a properly
fitted mask should be used in infants, toddlers, or unco-
operative pediatric patients. Optimal mask/face seal is im-
portant in maximizing aerosol delivery, and all efforts
should be made to avoid leaks by providing a tight fit (Fig.
1).10,27-30 Minimizing leaks not only prevents the drug from
entering the atmosphere and provides more drug to the

lung but also prevents the drug from getting to the face and
eyes and causing irritation to the patient.10

The face mask design is an important aspect of medi-
cation delivery in smaller children, regardless of the neb-
ulizer device being used.31 The mask should be soft, warm,
and constructed with flexible material.32 Generally, smaller
patients require smaller masks because with less dead space,
the more likely it is that a greater proportion of the dose
coming from the device will be inhaled into the lungs.33,34

This is especially true when using vibrating mesh nebu-
lizers and pMDIs/VHCs or other devices that do not add
gas to the system. Mask design is particularly important in
gas-powered jet nebulizers because flows range from 6 to
10 L/min, resulting in high-flow velocities, particle inertia,
and deposition within the mask.

Several in vitro studies showed that a front-loaded mask
(Bubbles the Fish II mask, PARI Respiratory Equipment,
Midlothian, Virginia) provided greater aerosol mass to
a lung model and lower eye and facial aerosol deposi-
tion compared with bottom-loaded mask designs.35-38

One study39 showed the opposite effect in a pediatric
lung model, wherein a standard bottom-loaded aerosol
mask resulted in greater drug delivery than a front-
loaded design. It is important to note that a common
nebulizer was not used with each of the different face
masks during the testing, so it is unclear if these results
were based solely on the mask or the nebulizer being
used. Bottom-loaded face mask designs are believed to
direct aerosol to the upper portion of the mask, whereas
front-loaded masks direct aerosol toward the oronasal

Fig. 1. Drug deposition of radiolabeled salbutamol in a young child.
A: Inhaling with a pressurized metered-dose inhaler (pMDI)/spacer
through a loosely fitted face mask. B: Inhaling with a nebulizer
through a loosely fitted face mask. C: Inhaling with a pMDI/spacer
through a tightly fitted face mask and screaming during inhalation.
D: Inhaling with a nebulizer through a tightly fitted face mask and
screaming during inhalation. E and F: Inhaling with a pMDI/spacer
through a tightly face mask and quietly inhaling. G and H: Inhaling
with a nebulizer through a tightly fitted face mask and quietly
inhaling. From Reference 10, with permission.
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area. Moreover, the front-loaded mask design used in
these studies (Bubbles the Fish II) has smaller entrain-
ment ports on the sides of the mask and may provide a
better seal compared with the other masks.

Recent advances in mask technology have introduced
specialized masks that are placed over the nasal airway
opening during an aerosol treatment. These delivery
interfaces may be especially useful in infants because
they are considered obligate nasal breathers. Based on
data obtained from an in vitro study23 using anatomi-
cally accurate upper airway models of an infant and a
young child, drug delivery was more efficient with a jet
nebulizer using an aerosol face mask than with nasal
masks. In the same study, drug delivery was similar
between the nasal delivery systems and the aerosol mask
in a newborn nasal airway model. The efficiency was
very poor using nasal masks with the vibrating mesh
nebulizer likely because a supplemental gas source was
not used to move the aerosol plume through the mask
dead space to the airway opening. Amirav et al40 used a
specialized pacifier/nasal mask (SootherMask, InspiRx,
Somerset, New Jersey) attached to a pMDI/VHC charged
with radiolabeled isotopes in 10 infants. All of the sleep-
ing infants readily accepted the transnasal mask treat-
ment with little difficulty and had between 2.38% and
6.33% of the nominal dose delivered to the lungs.4

Treatments provided by a jet nebulizer attached to an
infant hood may be less likely than a face mask to
agitate infants and make them cry. Amirav et al41 com-
pared radiolabeled bronchodilator delivery between a
jet nebulizer attached to an aerosol mask or a clear
plastic infant hood in 14 wheezing infants. Drug deliv-
ery was similar, with mean lung drug depositions of
2.6% and 2.4% with the hood and mask, respectively.
Another study42 assessed positional effects of drug de-
livery with a hood and found that the face-side position
had less facial-ocular deposition than the face-up posi-
tion while still achieving similar lung delivery efficiency.
Moreover, treatment time and discomfort were shown to
be lower in infants with chronic lung disease using the
hood.43 In one study,44 respiratory scores were not dif-
ferent in infants with bronchiolitis receiving broncho-
dilators via an infant hood or a face mask, and parents
preferred the hood over the mask for their babies. A
hood represents a feasible option in children who will
not tolerate a mouthpiece or mask treatment.

Clinical Controversies

Drug Delivery in Crying Versus Resting Infants

Effective delivery of aerosolized drugs and getting a
patient to take a treatment are 2 of the most technically
challenging aspects of pediatric respiratory care. Infants

and small children may not tolerate a jet nebulizer attached
to a face mask because it can be noisy, cold, and irritating,
and the treatment time can be lengthy (�8–10 min). Pa-
tients with acute lung disease are typically distressed and
irritable. Placing a tight-fitting mask over the face may
cause them to feel suffocated or scared, especially if this is
their first time taking a treatment or the caregiver is un-
familiar to them. Although the face mask is a critical in-
terface between the aerosolized drug and the small patient,
it is often poorly tolerated, resulting in crying, screaming,
tantrums, and, almost always, mask rejection. This can be
extremely frustrating for everyone involved.

Previously, it was believed that screaming and crying
resulted in effective drug delivery because the patient was
able to take large VT and thus receive more of the drug
into the lungs. Frustrated clinicians could often be ob-
served holding the mask tightly to the screaming child’s
face for a long period of time. Although the clinician may
feel that this is doing some good, it can create a very
confusing and uncomfortable emotional environment for
the clinician, family, and, most importantly, the patient.
Infants who are distressed or crying have larger and more
variable VT, shorter inspiratory times, higher inspiratory
flows, more prolonged expiratory times, and greater air-
way obstruction than at rest.45,46 These factors may result
in aerosolized drug depositing on the face and upper air-
ways or being swallowed and absorbed into the gastroin-
testinal tract. Several investigators have evaluated drug
delivery in infants at rest and under emotional distress.

One study47 showed a nearly 4-fold increase in drug
delivery in calm versus distressed infants with chronic
lung disease. Erzinger et al10 delivered radiolabeled iso-
topes by nebulizer and pMDI/spacer via a tight-fitting face
mask in infants 18–36 months old. Lung deposition mea-
sured with scintigraphy was 0.6% and 1.4% with the
pMDI/spacer and nebulizer, respectively, during scream-
ing and 5.2–7.4% and 4.8–8.2% with the pMDI/spacer
and nebulizer, respectively, during quiet restful breathing.
The authors also showed that screaming resulted in a pro-
portionally larger amount of drug deposition on the face
and stomach, with substantially less in the lung than dur-
ing quiet breathing (see Fig. 1). Results from a similar
study11 showed drug deposition with a pMDI/VHC to be
� 0.35% of the nominal dose in crying infants, which is
nearly 5-fold lower than when infants were calm or sleep-
ing. Another study48 showed a nearly 5-fold greater in-
crease in drug deposition in sleeping infants than crying
infants, and crying infants had more drug deposited in the
central airways, whereas, sleeping infants tended to have
better distribution into the distal airways.

Studies using bench models30 configured with previ-
ously recorded respiratory flows obtained from awake and
sleeping infants showed that budesonide delivery with a
pMDI/VHC with mask was greater with the sleeping breath-
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ing patterns than the awake breathing patterns (6.5 � 3.2%
vs 11.3 � 3.9%, respectively). Nikander et al39 evaluated
inhaled corticosteroid delivery via a pMDI/VHC and 2
small-volume nebulizers with masks in an anatomic rep-
lica of a 1-y-old child oral airway attached to a lung model
that was configured for quiet breathing and crying. Crying
reduced the inhaled drug mass from 1.3–4.6% to � 1% for
the small-volume nebulizers, and that for the pMDI/spacer
was � 1% for crying and quiet breathing. Based on these
studies, it is preferable that a child is either sleeping or
calm while providing a treatment. This can often be ac-
complished by waiting for the child to fall asleep or by
having the parent hold the child and deliver the treatment
so that patient can be soothed. However, studies4 in infants
have shown that 70% of infants awaken during the place-
ment of a mask treatment, and 75% of those become dis-
tressed or uncooperative. Nonetheless, efforts to minimize
disturbances or wait until the patient is asleep may result
in better drug deposition.

Blow-By

Blow-by aerosol therapy is accomplished using a gas-
powered jet nebulizer placed within a reasonable distance
from the patient, and the aerosol plume is directed toward
the oral or nasal airway opening with an aerosol mask or
T-piece with one end occluded. Anecdotal reports suggest
that blow-by therapy is an attractive treatment option in
infants who do tolerate a mouthpiece or mask treatment
because it less likely to cause distress or crying. It is
important to note that blow-by cannot be accomplished
with a pMDI/VHC or breath-actuated nebulizer because a

poor mask seal results in lack of valve opening. Moreover,
it cannot be used with a vibrating mesh nebulizer without
supplemental gas flow. Proponents of blow-by claim that
research supports use of blow-by via T-piece or corrugated
tubing held half-an-inch (1.27 cm) or less from the face as
a technique in those infants for whom a mask is not prac-
tical.49 Opponents of blow-by maintain that “blow-by is a
waste of time, a waste of money, and an unnecessary
irritation for the distressed child.”50 The American Asso-
ciation for Respiratory Care Clinical Practice Guideline
for Aerosol Delivery Device Selection states that blow-by
“is ineffective and should be discouraged.”17

There have been no published in vivo studies that have
specifically addressed this highly controversial therapy.
One in vivo study10 reported that drug delivery was neg-
ligible (0.3%) in a calm infant receiving radiolabeled aero-
sols with a jet nebulizer and a large face mask leak (similar
to blow-by). It has been speculated that the nebulizer de-
vice performance and interface design may play a large
role in the effectiveness of blow-by drug delivery. The
majority of research comparing these different systems has
been in carefully designed bench tests, which are summa-
rized in Table 2.

In a bench model study, Everard et al51 provided 20 mg
of 1% cromoglycate with a jet nebulizer and face mask
(bottom-loaded) attached to a spontaneously breathing lung
affixed with a rubber face cone model and at several dis-
tances from the airway opening. Moving the face mask
away from the face model resulted in a 50% reduction in
drug delivery at a distance of 1 cm and a 85% reduction at
2 cm. Nikander et al39 measured the in vitro effects of
blow-by in a spontaneously breathing infant oral airway

Table 2. Infant Blow-By Studies With Jet Nebulizers and Different Airway Interfaces at Different Distances

Reference Study Type Interfaces Used Airway Model

Lung or Filter Deposition (% Nominal Dose)

Directly on
Face or Filter

� 2 cm From
Face or Filter

2 cm From
Face or Filter

4 cm From
Face or
Filter

Everard et al51 In vitro Facemask (bottom-loaded)
and T-piece

Rubber cone 100* 40* 14* NA

Restrepo et al52 In vitro Facemask (bottom-loaded)
and T-piece

None (filter) Facemask: 2.88 Facemask: 1.61 Facemask: 1.30 NA
T-piece: 4.14 T-piece: 3.77 T-piece: 3.45

Erzinger et al10 In vivo Facemask Human NA 0.3 NA NA
Nikander et al39 In vitro Facemask (front-loaded) Face (oral airway only) 100* 105* 71* 26*
Lin et al34 In vitro Facemask (bottom- and

front-loaded)
Face (oral airway only) 2.18–3.67 1.45–2.92 0.92–2.26 NA

Mansour and
Smaldone38

In vitro Facemask (3 types) Face (oral airway only) 1.14–5.33 0.2–2.60 0.14–1.48 0.10–1.45

El Taoum
et al23

In vitro Facemask (front-loaded)
and T-piece

Anatomically accurate
nasal/oral airway
model

Facemask: 1.52 NA Facemask: 0.73 NA
T-piece: 0.83

* Values are expressed as a percent of the dose provided to the filter when the mask was placed directly on the model.
NA � not applicable
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model with a jet nebulizer and resuscitation mask held on
the face model and at multiple distances. Interestingly,
there was a 5% increase in drug delivery when the mask
was moved from the face model by 1 cm. However, sub-
stantial reductions in drug delivery were observed when
the nebulizer was moved away from the airway model,
especially at distances � 3 cm (see Table 2). Mansour and
Smaldone38 evaluated drug delivery at different distances
using 3 different jet nebulizer/mask systems and the same
infant oral airway model as used by Nikander et al.39 With
the mask held tightly to the face, the inhaled mass for the
PARI nebulizer system was greater compared with the
other systems, and when these systems were held 4 cm
from the face, the inhaled mass decreased by more than
half, and facial and eye deposition on the model also var-
ied depending on the system being used. Lin et al35 mea-
sured drug delivery using a lung model affixed to a spon-
taneously breathing infant oral airway model. A common
nebulizer was used with 2 bottom-loaded masks and the
Bubbles the Fish II mask at several distances. There were
significant differences in inhaled mass at 0 and 2 cm (see
Table 2), and the Bubbles the Fish II mask provided greater
inhaled mass compared with the other masks at all 3 dis-
tances. Restrepo et al52 compared a blow-by technique
using a bottom-loaded standard aerosol face mask and a
T-piece with one port occluded with a jet nebulizer held at
different distances from an oral airway face model and
filter. The T-piece connector provided 2-fold greater drug
mass than the face mask (1.3% vs 3.45%) and greater
fine-particle mass when the jet nebulizer was given blow-by
at 2 cm from the inhalation filter.

These in vitro studies highlight not only the importance
of a tight-fitting face mask, but also that, depending on the
distance, blow-by may result in a 50–85% lower dose
than when the mask is held tightly to the face. These data
also suggest that a T-piece or the Bubbles the Fish II mask
(front-loaded mask) may facilitate a more direct stream of
aerosol delivered to the airway compared with bottom-
loaded masks during blow-by. Although in vitro studies
represent a suitable controlled environment to test differ-
ences in blow-by device performance, they do not take
into account other important patient factors, such as pa-
tient head movement, respiratory pattern variability, air-
way humidification, and acceptance of the blow-by tech-
nique being used. It is important to note that these studies
were limited by the use of simple airway model designs,
many of which had large circular oral airway openings and
a direct route for aerosol to deposit on the filters.35,36,37,52

As mentioned previously, infants and young children
are obligate nasal breathers, and the upper airways repre-
sent a major area for drug particles to deposit, making
therapeutic aerosol delivery to the lungs very difficult. El
Taoum et al23 measured drug deposition during blow-by
using anatomically accurate 3-dimensional neonatal and

infant airway models attached to a breathing simulator
with different interfaces. Regardless of the interface used,
the vibrating mesh nebulizer provided no aerosol when the
T-piece or aerosol mask was held 2 cm from the newborn
and infant models. Drug delivery in the infant model was
reduced by approximately half when the interface was
moved from the face to a distance of 2 cm, but there
was no appreciable difference in drug delivery between
the T-piece and face mask at 2 cm (see Table 2). Drug
delivery in the neonatal model was similar between the
different distances and interfaces used. These in vitro in-
fant airway models23 showed a good correlation with in vivo
data,10 but rendered lung doses severalfold lower than ob-
tained in previous studies that used simplified oral airway
models or filters.

Based on limited information from human data10 and
one in vitro study that used realistic anatomic infant air-
ways,23 it appears that regardless of the nebulizer or in-
terface, blow-by provides negligible drug delivery to the
lungs. As such, blow-by cannot be suggested as an alter-
native to a tight-fitting mask with a small-volume nebu-
lizer or pMDI/VHC. An infant hood may be a better al-
ternative for delivering inhaled medications to young
children who cannot tolerate a face mask treatment.

Jet Nebulizer Versus Pressurized Metered-Dose
Inhaler/Spacer for Bronchodilators

Inhaled bronchodilators are one of the most frequently
prescribed medications for children admitted to the hospi-
tal with respiratory disorders. Historically, jet nebulizers
have been the most common method of administration. Jet
nebulizer treatments can be lengthy, noisy, cold on the
face, and irritating. They are highly inefficient due to re-
sidual drug loss in the tubing and medication cup. More-
over, because drug is provided throughout the respiratory
cycle, significant loss occurs on exhalation. Jet nebulizers
also require a gas source or compressor, making them less
portable and expensive to operate.

Common misconceptions about pMDI/spacers are that
they are inefficient due to the large residual volume of
drug remaining in the spacer chamber after pMDI actua-
tion. Earlier spacer systems designed for adults had rela-
tively large volumes, and infants were incapable of gen-
erating sufficient volumes to clear the chamber of drug.
These aerosol devices are often perceived as being diffi-
cult to use because small patients are unable to coordinate
inhalation with medication delivery, or the valves are not
sensitive enough to open and provide drug to the patient.

Major advances in pediatric spacer technology have made
it so that even small infants can use a pMDI for effective
drug delivery. Small-volume spacers with well-fitting low-
dead-space masks and low-resistance valves have over-
come problems of coordination, and timing of pMDI ac-
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tuation to inhalation is less of a problem. Depending on
patient size, infants can clear drug from a chamber in a
fraction of the time it takes to take a jet nebulizer treatment
(�4 to 5 breaths or 20–30 s). A major advantage to the use
of a pMDI/VHC is that it is small and portable and does
not rely on a gas source or electricity. Recent improve-
ments in face mask and spacer technology have also pro-
vided VHCs that produce large quantities of fine-particle
mass. Visual observation of a flap-valve indicator signals
successful inhalation through the valve via the silicone
face mask and confirms a good mask-to-face seal. Baffling
systems are designed to trap large particles, thereby re-
ducing oral impaction and minimizing systemic adverse
effects. There are also audible indicators if inhalation force
is excessive.

Most holding chambers are now produced from non-
conducting or charge-dissipative materials (eg, polycar-
bonate or polyester) intended to minimize electrostatic
charge, which may result in aerosol particles impacting on
the sides of the chamber, thereby reducing the delivered
dose.53,54 Chambers constructed with this material have
been shown to provide greater pMDI drug delivery than
those that are made from non-charge-dissipative mate-
rial.55,56 Most children can master the technique of using a
pMDI. Minai et al57 demonstrated that a systematic ap-
proach to teaching pMDI use to children resulted in sus-
tained improvements in technique. Furthermore, pediatric
subjects and families who had previously used small-vol-
ume nebulizers to administer bronchodilators overwhelm-
ingly preferred pMDIs/VHCs after using them for a short
time.58

There have been a few studies in non-intubated infants
and children that have evaluated drug delivery via jet neb-
ulizers and pMDIs/spacers. Unfortunately, these studies
compared jet nebulizers and pMDI using spacers that were
not valved or constructed using charge-dissipative mate-
rials. Fok et al59 investigated radioaerosol deposition of
salbutamol in 13 infants with bronchopulmonary dysplasia
using a pMDI/VHC (non-charge-dissipative material) and
a jet nebulizer with a mask. Lung deposition was highly
variable. When lung deposition was expressed as a per-
centage of the initial nebulizer dose, 2 puffs of salbutamol
via a pMDI/VHC provided greater drug than the jet neb-
ulizer administering the same drug over 5 min.

Tal et al11 evaluated bronchodilator delivery in 15 spon-
taneously breathing young children (mean age of 21 months,
range of 3–60 months) with airway obstructions from
asthma, cystic fibrosis, or bronchopulmonary dysplasia.
They were administered one puff of radiolabeled techne-
tium-99m via a pMDI with a 145-mL holding chamber
constructed of non-charge-dissipative material and a face
mask. Mean aerosol deposition was 1.97% in the lungs,
1.28% in the oropharynx, and 1.11% in the stomach. The
remainder of the drug was trapped in the spacer. In a

spontaneously breathing young child model (2 y old) with
an attached face model, we found that with a pediatric-
specific small-volume VHC (AeroChamber Mini, Trudell
Medical, London, Ontario, Canada) constructed from
charge-dissipative material, bronchodilator drug delivery
to a filter was 13.4% of the label claim.60

There is an emerging large body of clinical evidence
that indicates that a pMDI/spacer is at least as effective
as a small-volume nebulizer for bronchodilator delivery
in infants and children.59,61-68 A recent Cochrane re-
view69 assessed outcomes from randomized trials re-
garding bronchodilator use with a pMDI/spacer or a
small-volume nebulizer in adults and children (� 2 y
old) with asthma. A total of 1,897 children and 729
adults in 39 trials were included. Thirty-three trials were
conducted in the emergency room and equivalent com-
munity settings, and 6 trials were with in-patients with
acute asthma (207 children and 28 adults). The method
of bronchodilator delivery did not result in a significant
difference in hospital admission rates, but stay in the
emergency department was significantly shorter with
the pMDI/spacer than with the jet nebulizer (103 vs
33 min) in children. Lung function was also similar with
the 2 delivery methods. Heart rate was lower with the
spacer in children, as was the risk of developing trem-
ors.

Historically, the major controversy between these 2 mo-
dalities has been related to the cost of therapy. Salyer
et al70 conducted a hospital-wide conversion from jet neb-
ulizers to pMDIs/VHCs for pediatric subjects (� 2 y old).
pMDI/spacer use increased from 25 to 77% in all non-
intensive care patients receiving albuterol and from 10 to
79% in patients with asthma. Hospital stay was unchanged
after conversion to pMDIs/VHCs for subjects with asthma.
These investigators also realized a 21% reduction in total
cost per treatment with pMDIs/VHCs compared with jet
nebulizers and a 50% reduction in labor costs. At the time
of this publication, the price of a single albuterol pMDI
canister was $2.45. Following the federal ban of chloro-
fluorocarbon-based albuterol pMDIs, the comparative cost
of albuterol hydrofluoroalkane pMDIs has nearly doubled
or tripled at some institutions. This has caused many in-
stitutions to reconsider using small-volume nebulizers as a
more cost-effective solution until a generic formulation for
albuterol hydrofluoroalkane pMDIs is available.

Continuous Nebulization

Patients with status asthmaticus require high-dose bron-
chodilators to reverse airway obstruction from bronchoc-
onstriction. Continuous nebulizers are typically provided
with large-volume gas-powered jet nebulizers attached to
a pediatric aerosol mask with aerosol tubing. Critically ill
patients can also receive this form of therapy through a
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ventilator and some noninvasive devices. This approach is
intended to provide uninterrupted high-dose bronchodila-
tor delivery to patients who have not responded to therapy
with a small-volume nebulizer or pMDI/spacer. A contin-
uous nebulizer with 30 mg delivered over 1 h is roughly
equivalent to twelve 2.5-mg nebulizers/h. Previous stud-
ies71,72 reported that continuous inhaled bronchodilator ad-
ministration is safe, effective, and less time-consuming
than intermittent nebulization in patients with severe
asthma.

Continuous nebulizers are most commonly used in emer-
gency departments or pediatric ICUs. Regardless of pa-
tient location, continuous heart rate monitoring is preferred
because high-dose bronchodilator delivery may result in
tachycardia. One meta-analysis74 evaluated 8 trials and
included a total of 461 subjects (229 subjects with contin-
uous and 232 subjects with intermittent bronchodilator de-
livery), many of whom were children. Continuous bron-
chodilator administration was favored over small-volume
nebulizers and resulted in fewer hospital admissions, greater
improvements in peak flows, and greater percent-of-pre-
dicted FEV1 compared with jet nebulizers.

Only one study has evaluated outcomes in pediatric sub-
jects with moderate-to-severe asthma receiving continuous
bronchodilators. Kim et al73 evaluated clinical asthma
scores in children supported by oxygen or a helium-oxy-
gen mixture (heliox) during continuous nebulization. There
were no differences in mean change in asthma scores from
baseline to 240 min, but emergency room discharge was
6.67 for the heliox group compared with 3.33 for the ox-
ygen group. Eleven (73%) subjects in the heliox group
were discharged from the hospital in � 12 h compared
with 5 (33%) subjects in the group that received standard
care with oxygen. There were no reported differences in
adverse events between the 2 groups.

Continuous nebulization may be administered for sev-
eral hours or even days. The treatment can be noisy and
cold to the patient. Younger patients do not tolerate this
treatment and typically reject the mask treatment. As such,
patients must be continuously supervised to make sure that
they are receiving drug. There is interest in using devices
such as breath-actuated nebulizers and pMDIs/spacers as
an alternative to continuous nebulization in patients with
moderate-to-severe bronchoconstriction. Unlike continu-
ous nebulizers, these devices provide pure drug only dur-
ing inhalation, and because treatment times are shorter,
they may be better tolerated. Levitt et al74 compared out-
comes in subjects � 18 y of age with acute bronchospasm
who received bronchodilators via high-dose pMDIs/spac-
ers and continuous nebulizers. They found that the
pMDI/spacer (� 24 puffs depending on the peak-flow re-
sponse) was equally effective as the continuous nebulizer
(15 mg/h). Future studies evaluating similar outcomes with
breath-actuated and continuous nebulizers in pediatric sub-

jects are needed. These studies should also evaluate the
cost and treatment duration of the 2 approaches.

Bronchodilators are frequently administered continu-
ously during mechanical ventilation with a drip system
using an intravenous pump, a syringe of albuterol (diluted
with normal saline solution), and a vibrating mesh nebu-
lizer. Most institutions will use a double-filter system to
protect the ventilator expiratory valve from aerosol parti-
cles during nebulization. Filters can quickly become sat-
urated with the albuterol/saline mixture, thus increasing
expiratory resistance and placing patients at greater risk
for developing high intrinsic PEEP (also known as auto-
PEEP). Even with filters placed in series, the expiratory
valve systems may become corroded or gummed up with
residue (Fig. 2), resulting in ventilator dysfunction and
increased risk to the patient. Studies are under way to
evaluate whether pure drug (no saline) may mitigate some
of these risks. Clinicians may also consider high-dose
pMDI/spacer treatment in line or during manual ventila-
tion as a potentially safer alternative to continuous nebu-
lization.

Noninvasive Respiratory Support

There are several forms of pediatric noninvasive respi-
ratory support used in the critical care setting to avoid
intubation in patients or to facilitate weaning attempts fol-
lowing extubation. Historically, nebulizer therapy has not

Fig. 2. Crystallization on the ventilator expiratory valve diaphragm
due to continuous nebulization of albuterol. A double-filter system
was being used on the expiratory circuit. The accumulated debris
resulted in ventilator expiratory valve malfunction and circuit oc-
clusion alarms.
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been administered using these devices in infants because
there are few inhaled drugs that have been shown to be
useful in this patient population. Many of these devices
use a single-limb system with complicated gas-flow path-
ways and integrated leak valves. There are also several
safety concerns related to triggering and volume delivery
with these devices in infants, especially when using a jet
nebulizer. As such, many infants and children are removed
from noninvasive devices to provide inhaled medications.
The advent of the vibrating mesh nebulizer and several
novel inhaled medications (eg, aerosolized surfactant) has
renewed interest in providing aerosolized drugs via heated
and humidified high-flow nasal cannula (HFNC), nasal
CPAP, and noninvasive positive-pressure devices (nonin-
vasive ventilation [NIV] or bi-level positive airway pres-
sure).

The use of HFNC has increased over the last decade in
pediatric patients. It has been speculated that HFNC is
better tolerated than nasal CPAP in infants due to the more
comfortable nasal airway interface. Several anecdotal re-
ports have suggested that young asthmatic patients may
tolerate inhaled drug delivery better during HFNC than
during face mask aerosol treatments. Multiple in vitro stud-
ies have evaluated drug delivery using different HFNC
systems, flows, or gases.75-78 Only one study77 used real-
istic pediatric anatomic airway models to compare drug
delivery between an HFNC system and an aerosol face
mask treatment. The authors noted substantially greater
drug delivery using the aerosol mask compared with HFNC
with a vibrating mesh nebulizer. This was not surprising
considering that HFNC provided 98–100% relative hu-
midity, and the face mask treatment used a dry gas (1.4–
8.5% relative humidity). The flow-pathway resistance be-
tween these 2 devices and leak also play a vital role in
drug loss. Little is known about the safety and efficacy of
drug delivery using HFNC. There are concerns related to
the condensate from drug and humidity accumulating in
the cannula and becoming aspirated into the nasal airway
opening (Fig. 3). Anecdotal reports have also shown sig-
nificant skin irritation from impacted bronchodilators run-
ning down the nose and face during this combined therapy.

Initial attempts to integrate jet nebulizers into nasal CPAP
flow generators (Infant Flow CPAP, CareFusion, San Di-
ego, California) were described by Smedsaas-Löfvenberg
et al79 when they modified flow channels within a fluidic-
flip pressure generator attached to short bi-nasal prongs to
provide epinephrine, salbutamol, budesonide, acetylcys-
teine, natural surfactant, and ribavirin to sick infants. This
approach never resulted in an actual product, and it is
unclear if the flow from the jet nebulizer affected CPAP
levels in infants.

More recent studies have addressed bronchodilator de-
livery in CPAP systems using a vibrating mesh nebulizer.
Sunbul et al80 compared bronchodilator drug delivery us-

ing a vibrating mesh nebulizer placed proximal to the pa-
tient interface and on the dry side inlet of the humidifier
via HFNC, sigh intermittent mandatory ventilation
(SiPAP), and bubble CPAP. They used a spontaneously
breathing lung model affixed with a realistic low-birth-
weight anatomic nasal airway cast. All devices were ad-
justed to obtain similar baseline pressures using proprie-
tary nasal airway interfaces. Medication delivery to the
lung model filter was quite low (� 1.5%) with all testing
conditions. Overall, SiPAP provided lower drug mass com-
pared with HFNC and bubble CPAP, likely due to drug
loss in the nasal pressure generator. There were also no
differences between the nebulizer circuit positions for
HFNC and SiPAP, but during bubble CPAP, nebulizer
placement at the humidifier provided greater drug delivery
than when placed proximal to the subject.

Farney et al81 showed greater delivery of technetium-
99m-labeled diethylenetriaminepentaacetic acid via a vi-
brating mesh nebulizer placed 32 cm from nasal CPAP
prongs then when placed before the humidifier (21% vs
0.3%) during simulated neonatal CPAP (Infant Flow SiPAP
[CPAP setting], CareFusion). Residual impactive aerosol
losses were characterized within the delivery pathways
between the different nebulizer locations. The resulting
losses when the nebulizer was placed before the humidifier
and proximal to the nasal prongs occurred in the nebulizer
cup (10 � 4% vs 33 � 13%), exhalation limb (9 � 17%
vs 26 � 30%), and generator tubing (21 � 11% vs
19 � 20%). Placing the nebulizer close to the humidifier
resulted in 59 � 8% of the aerosol being deposited in the

Fig. 3. Fluid accumulation within the walls of a heated high-flow
nasal cannula (arrows) in an anatomic airway model during vibrat-
ing mesh nebulization. Fluid was jetting from the cannula into the
nasal airway opening and then leaking out onto the face model.
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inhalation tubing along the heater wire and � 0.5% to the
lung model.

It would be difficult to compare the findings and make
assumptions based on nebulizer position in the patient cir-
cuit in the studies by Farney et al81 and Sunbul et al80

because CPAP was provided with different devices and
settings. Moreover, Sunbul et al80 used a realistic anatomic
airway cast, and Farney et al81 did not. It appears that
nebulizer efficiency is similar between the 2 positions dur-
ing HFNC: greater during single-circuit variable-flow
CPAP when placed proximal to the patient and greater
when placed before the humidifier in the dual-limb circuit
with constant-flow bubble CPAP.

NIV or bi-level positive airway pressure devices used in
children outside of the neonatal setting incorporate a sin-
gle-limb patient circuit with an integrated leak port exha-
lation valve to purge the circuit of exhaled carbon dioxide.
Studies using adult lung models82,83 have shown that plac-
ing the jet nebulizer after the leak and as close to the
patient mask as possible results in the greatest drug deliv-
ery. However, until very recently, many of the pediatric
oronasal mask interfaces were prepackaged with the leak
exhalation port integrated into the mask, making it phys-
ically impossible to place a nebulizer between the leak and
the mask. Also, the weight and awkwardness of placing
available aerosol delivery devices in series close to the
patient may add tension to the mask, resulting in greater
leakage and lower drug delivery to the patient. Because of
these factors and the fact that triggering may be affected
by a jet nebulizer, many clinicians have not provided this
controversial therapy.

The lightweight NIVO vibrating mesh nebulizer (Philips
Respironics, Murrysville, Pennsylvania) represents a suit-
able new noninvasive nebulizer technology that obviates
many of the previous concerns related to pediatric drug
delivery during NIV. One study84 showed greater albuterol
mass delivered to a spontaneously breathing pediatric air-
way/lung model with the NIVO nebulizer integrated into
the mask compared with the Aeroneb Solo vibrating mesh
nebulizer (Aerogen, Mountain View, California) placed at
multiple locations in the circuit. When the vibrating mesh
nebulizer was placed before the exhalation leak valve,
greater drug delivery was observed when the nebulizer
was placed closer to the leak valve than when placed be-
fore the humidifier. Based on these findings, it seems that
clinicians should avoid placing the nebulizer before the
humidifier to avoid aerosol impaction within the circuit. If
the NIVO vibrating mesh nebulizer is unavailable, a vi-
brating mesh nebulizer should be placed as close to the
patient as possible and after the exhalation leak valve.
Also, children using nebulizers with nasal masks may have
large oral leaks that may result in less drug delivery. Chin
straps may help provide a better oral seal and alleviate
some of these issues.

Optimizing Nebulizer Performance During
Mechanical Ventilation

Inhaled bronchodilators still remain the most widely
used inhaled drugs in mechanically ventilated patients.
They are routinely administered to toddlers and older chil-
dren. Inhaled bronchodilator therapy in preterm and term
infants may improve compliance and VT and decrease pul-
monary resistance, especially in infants with chronic lung
disease.85-87 Figure 4 shows ventilator airway graphics be-
fore and following 4 puffs of a bronchodilator in a 25-
week former preterm infant with bronchopulmonary dys-
plasia.

Over the last decade, several inhaled prostacyclins (pros-
taglandin I2) have been administered to infants with per-
sistent pulmonary hypertension during mechanical venti-
lation.88-90 Improvements in nebulizer performance and
artificial lung surfactant formulations have provided im-
proved outcomes in mechanically ventilated preterm ani-
mal models and are likely to be used more frequently in
the clinical setting in the coming years.91 Inhaled hyper-
tonic saline, as well as corticosteroids and mucolytics, are
also administered through the ventilator circuit at some
pediatric institutions.

Experimental data obtained from in vivo studies have
demonstrated poor aerosol delivery to ventilated patients,
with �1% of the nominal dose being delivered to the
peripheral airways of infants.16 Data on older pediatric
patients are lacking. There are several practical issues com-
plicating the efficacy of drug delivery during mechanical
ventilation, including the patient’s lung mechanics, venti-
lator brand, ventilation mode, aerosol generator, heating
and humidification of the inspired gas, position of the
aerosol generator in the ventilator circuit, timing during
the respiratory cycle, endotracheal tube (ETT) size, VT,
inspiratory flow, and bias-flow setting.92

There is no consensus for choosing a nebulizer device,
and practices vary widely from one institution to the next.
A survey from 1996 showed that 85% of neonatal ICUs
never used a pMDI for bronchodilator administration and
relied more on jet nebulizers (unpublished data).63 A sur-
vey from 2002 showed that 57% of neonatal ICUs used
pMDIs/spacers, and 31% of the centers surveyed provided
spacers in-line with the ventilator, and 56% removed the
patient and provided a pMDI with a spacer using a manual
resuscitator.63 A survey of large pediatric patients has never
been conducted, but it is likely that there are large varia-
tions in practice.

There are concerns about clinical deterioration when
removing patients from the ventilator for inhaled drug ad-
ministration. Frequent breaks in the circuit may increase
the risk for colonization and consequent ventilator-acquired
pulmonary infections. Manual resuscitation is frequently
associated with excessive VT and iatrogenic lung injury.94
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Collapsible in-line spacers placed into the inspiratory limb
of a ventilator can be used for pMDI administration to
reduce the risk of interrupting the circuit. Short-term de-
livery has been shown to be efficient with in-line spacers;
however, once visible condensate occurs, drug delivery
efficiency can be decreased by �50%.95

There has been some speculation that children with se-
vere airway obstruction may benefit from being removed
from the ventilator so that emergent treatments provided
with a manual resuscitator can be given. Grigg et al96

found that 3 puffs of cromoglycate via a pMDI/spacer and
manual resuscitation and 20 mg delivered to ventilated
infants via a ultrasonic nebulizer during mechanical ven-
tilation resulted in lung delivery of 1.7% and 1.3%, re-
spectively. However, the spacer used was not valved or
constructed using charge-dissipative materials. In one
in vitro study,60 bronchodilator delivery with a pMDI/pe-
diatric-specific VHC constructed of charge-dissipative ma-
terial was 4.2% and 11.9% during mechanical and manual
ventilation, respectively, in a newborn lung model and
4.7% and 11.1%, respectively, in a 2-y-old child model.
VT and breathing frequencies were similar during testing,
but the major increase in drug delivery observed during
manual ventilation was thought to be related to the fact
that a humidifier was not used. Previous studies have shown
that medication delivery administered within a humidified
ventilator circuit (100% body temperature and pressure
saturated) can be reduced by as much as 40% compared
with that administered within a non-humidified circuit un-
der room ambient conditions.97,98 Clinical conditions that
warrant timely and efficient drug administration of bron-

chodilators (ie, status asthmaticus) may respond well to a
pMDI/VHC with manual ventilation due to the lack of
humidity, but this would need to be studied using in vivo
models. These findings also raise the question, for an on-
going clinical debate, about whether active humidifiers
should be turned off intermittently or bypassed while aero-
solized drugs are being administered through the ventilator
system. Although this practice cannot be routinely recom-
mended at this time, it encourages additional research.
New devices that circumvent the issues of drug loss re-
lated to the humidified environment during mechanical
ventilation are under development.99 Finally, children who
require chronic ventilation at home and do not tolerate jet
nebulizers placed in line commonly receive pMDI/VHC
treatments with a manual resuscitator.

There has been only one in vivo study that has evaluated
differences in drug delivery between a pMDI/spacer and a
jet nebulizer in mechanically ventilated children. Fok et al59

evaluated scintigraphy of aerosol deposition in 1–4-kg ven-
tilated neonates with a jet nebulizer, reporting deposition
ranging from 0.2 to 0.6% of the nominal dose. Lung de-
position with the pMDI/spacer was greater compared with
the nebulizer (0.98 � 0.19% vs 0.22 � 0.08%). There was
huge inter-subject variability in lung deposition. Studies in
mechanically ventilated small animals100-102 have also
shown that jet nebulization is highly inefficient (� 1%)
during infant conventional ventilation. Another study88

found that 20 mg delivered to ventilated infants via an
ultrasonic nebulizer during mechanical ventilation resulted
in 1.3% of the emitted dose. In another animal study, Fok

Fig. 4. Pressure-volume and flow-volume loops during mechanical ventilation in a 25-week former preterm infant with chronic lung disease
before (black line) and after (red line) bronchodilator therapy. Reductions in airway resistance resulted in changes in tidal volume and
curvature in the expiratory flow-volume loop. Paw � airway pressure.
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et al101 showed nearly 2-fold greater drug delivery with an
ultrasonic nebulizer than a jet nebulizer.

There has been one in vivo study comparing jet and
vibrating mesh nebulizers in aerosol delivery during infant
ventilation. Dubus et al103 ventilated 4 intubated macaques
(2.6 kg) and nebulized 3 mL containing radiolabeled aero-
sol with a AirLife Misty-Neb jet nebulizer (Allegiance
Healthcare Corporation, McGaw Park, Illinois) and 0.5
mL with an Aeroneb Pro (Aerogen) placed in the inspira-
tory limb and 10 cm from the patient Y-piece. Deposition
was 12.6% (range of 9.6–20.6%) with the vibrating mesh
nebulizer and 0.5% (range of 0.4–1.3%) with the jet neb-
ulizer. It is important to note that no humidification was
used in the ventilator circuit, and these data should be
approached with some trepidation.

In one in vitro study104 evaluating drug delivery with
current-generation microprocessor-controlled ventilators,
vibrating mesh nebulizers were shown to be highly effi-
cient, providing 2–4 times greater drug delivery than jet
nebulizers during pediatric mechanical ventilation. They
also allowed medication to be delivered without having to
disconnect the patient from positive pressure and could
remain in line when not being used. Unlike jet nebulizers,
no flow was added to the patient circuit by the vibrating
mesh nebulizers. The addition of supplemental inspired
gas directly into the ventilator circuit can alter VT delivery
or measurement by some ventilators.105 Avoiding the ad-
dition of extra flow into the circuit may prevent patient-
ventilator asynchrony from ineffective triggering that of-
ten occurs in pediatric patients.

Currently, one of the largest ongoing clinical controver-
sies surrounding inhaled medication delivery during pedi-
atric ventilation is where to place the nebulizer in the
ventilator to minimize hygroscopic growth of aerosols and
reduce impaction within the inspiratory limb of the patient
circuit. Moreover, because most aerosol generators pro-
duce particles throughout the respiratory cycle, bias flow
from the ventilator carries drug to the exhalation limb
during exhalation, resulting in potentially less drug deliv-
ered to the lungs. As such, definitive data are lacking to
suggest that all aerosol-generating devices, using the array
of available ventilators, are safe and effective or whether
different nebulizer locations could provide similar results
in infant, pediatric, and adult patients.

Ari et al106 evaluated jet, vibrating mesh, and ultrasonic
nebulizer efficiency with a bronchodilator at 3 locations
during simulated adult ventilation (comparable to an ado-
lescent). With the exception of the jet nebulizer, medica-
tion delivery was most efficient when the vibrating mesh
and ultrasonic nebulizers were positioned 6 inches from
the patient Y-piece. Under most testing conditions, the jet
nebulizer delivered less aerosolized medication to the lung
model compared with the other devices. Because the jet
nebulizer is the only aerosol generator that uses an exter-

nal pressurized continuous gas source, it is likely that a
significant proportion of the aerosolized particles leave the
patient circuit during exhalation, resulting in less available
medication for delivery during the inspiratory phase, es-
pecially when the nebulizer is placed proximal to the pa-
tient Y-piece. There was a tendency for the jet nebulizer to
become more efficient when positioned farther away from
the patient Y-piece and closer to the ventilator (before the
humidifier). An opposite effect was observed when using
the other 3 devices, which do not add flow to the system
during nebulization. The authors discussed the possibility
that the inspiratory limb becomes charged with aerosol
particles with a jet nebulizer during the expiratory phase,
acting as an aerosol reservoir, which likely results in greater
medication delivery during inhalation. In this particular
study, the authors chose to disable the flow trigger and
hence bias flow. It is quite possible that the vibrating mesh
and ultrasonic nebulizers would have been more efficient
when placed before the humidifier if bias flow was present
to facilitate movement of the drug bolus down the venti-
lator circuit.

Ari et al104 confirmed this finding when they designed a
study to address the effects of bias flow and medication
delivery using jet and vibrating mesh nebulizers at 2 po-
sitions in a humidified circuit during simulated adult and
pediatric mechanical ventilation. The vibrating mesh neb-
ulizer provided nearly 2-fold greater drug delivery than the
jet nebulizer. The placement of the jet nebulizer in this
study was similar in location to 2 of the positions in a
study that used an adult test lung model.106 The most
intriguing finding from these 2 studies was the nearly 3-fold
increase in medication delivery that was observed using a
vibrating mesh nebulizer with bias flow of 2 L/min versus
no bias flow. Based on these data, it appears reasonable to
assume that the delivery of medication is augmented by
bias flow when the vibrating mesh nebulizer is placed at
the ventilator, similar to how the efficiency of the jet neb-
ulizer increased the farther it was moved away from the
patient Y-piece.106 The authors mentioned that in most
cases, the aerosol bolus formed by the vibrating mesh
nebulizer remained in the vicinity of the aerosol generator
when bias flow was not used. Therefore, it appears that the
movement of the bolus is facilitated farther into the in-
spiratory limb of the ventilator with bias flow during ex-
halation to produce a ventilator breath that is possibly
charged with more aerosolized particles. Although this
reservoir-like effect is the most likely reason for explain-
ing the large increases in drug delivery with a vibrating
mesh nebulizer placed proximal to the humidifier, these
effects are likely minimized in ventilators that incorporate
bias flow for triggering or that have low bias flows.

Berlinski and Willis107 compared bronchodilator drug
delivery at multiple locations via a vibrating mesh nebu-
lizer, an ultrasonic nebulizer, and 2 different jet nebulizers
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during simulated pediatric ventilation. They found that the
vibrating mesh nebulizer was also superior to the 2 other
jet nebulizers under all tested conditions and to the ultra-
sonic nebulizer when placed at either the humidifier or
ventilator. The authors also showed significantly greater
drug delivery when the vibrating mesh nebulizer was placed
between the ventilator and humidifier compared with on
the inspiratory limb and proximal to the patient airway
during simulated pediatric ventilation. It is worth noting
that they used a larger circuit, larger VT, and longer ex-
halation time compared with Ari et al.104 This may also
help explain why they observed 2-fold greater amounts of
drug delivered to the filter with a vibrating mesh nebulizer
than did Ari et al.104

Optimizing drug delivery during neonatal ventilation
becomes further complicated due to the use of small cir-
cuits, ETTs, short inspiratory times, and low VT. Our lab-
oratory evaluated inhaled iloprost drug delivery with a
vibrating mesh nebulizer placed proximal to the patient
Y-piece and between the ventilator and humidifier during
simulated neonatal ventilation.108 Low VT (24 mL), rapid
breathing frequencies (60 breaths/min), and humidification
were used with the ventilator attached to a realistic neo-
natal test lung. Drug delivery was greater with the nebu-
lizer placed proximal to the airway than back on the dry
side of the humidifier (10.74% vs 2.96%). This is the first
neonatal aerosol study to ever report double-digit drug
delivery during mechanical ventilation with an ETT.

A similar study by Parker et al109 evaluated a vibrating
mesh nebulizer with inhaled treprostinil (United Thera-
peutics, Denver, Colorado) at 2 circuit locations (before
the humidifier and before the patient Y-piece) during sim-
ulated neonatal, pediatric, and adult mechanical ventila-
tion. Greater drug delivery was observed with the nebu-
lizer placed before the humidifier during adult ventilation,
but there were no significant differences between the 2
positions during neonatal and pediatric ventilation. Of note,
the ventilator used in this study provided a bias flow of
0.5 L/min during neonatal ventilation and 1.5 L/min dur-
ing pediatric and adult ventilation, and the other study108

used a ventilator that provided a bias flow of 2 L/min.
These conflicting infant testing data support the hypothe-
sis that higher bias flows (�2 L/min) may result in greater
impactive drug loss and shorter dwell times in the inspira-
tory circuit than neonatal ventilators that use low bias
flows (�0.5 L/min). Table 3 provides a potentially useful
compendium of data to guide clinicians when using the
array of small-volume nebulizers with varying bias flows
and nebulizer circuit locations.

Assuming similar bias flows and ventilator designs, the
best explanation for differences in drug delivery between
neonates and larger simulated pediatric and adult patient
models is the proportionately smaller volumes, shorter in-
spiratory times, and faster rates. Assuming that a ventilator

uses a bias flow of 2 L/min, this equates to 33 mL/s
moving through the circuit during exhalation. For a large
pediatric (adult) circuit, at a rate of 15 breaths/min with a
1-s inspiratory time, the 3 s between inspirations can move
part of the aerosol bolus (100 mL) down the circuit and
into the expiratory limb, reducing the inhaled dose. As-
suming a 10-mm inner diameter infant circuit with a 180-mL
inspiratory circuit volume, a VT of 20 mL requires
�9 breaths to move a bolus of aerosol from the ventilator
to the patient airway when the nebulizer is placed before
the humidifier. With a bias flow of 2 L/min, the drug bolus
will move from the ventilator position through the 10-mm
circuit at 33.3 mL/s. With a VT of 20 mL, the aerosol bolus
moves 53.3 mL with each breath, taking 4 breaths (and
3.3 s) for aerosol to travel from the nebulizer to the patient
airway. The transition from baseline to peak inspiratory
flow creates turbulence and results in impactive losses,
whereas the 3.3-s residence time of aerosol in the 10-mm
inner diameter circuit leads to losses from gravitational
sedimentation. Placing the nebulizer in the inspiratory limb
proximal to the airway during neonatal ventilation may
result in some movement of drug toward the exhalation
limb during exhalation, but overall, the aerosol spends less
time in the inspiratory limb of the circuit, and a greater
proportion of the aerosol bolus is thus delivered to the
airway.

Based on previous studies and clinical experience, it
appears that the vibrating mesh nebulizer represents a po-
tentially safer and more efficient drug delivery system
than the jet nebulizer during pediatric ventilation. How-
ever, the cost of this drug delivery system may not be
feasible for many institutions. There are so many variables
affecting drug delivery during mechanical ventilation that
it is impossible to suggest a single nebulizer or circuit
location with the array of different nebulizers, drugs, ven-
tilators, and patient sizes. Standard jet nebulizers should
be avoided during infant ventilation due to poor triggering,
inaccurate volume monitoring, and concerns related to vol-
ume and pressure delivery to the lungs. Some jet nebuliz-
ers can be operated at low flows (�2 L/min). It is unclear
how these devices impact triggering and other safety out-
comes. In most cases, it may be challenging to place a
nebulizer in series between the ETT and patient Y-piece
due to dead space and unnecessary torque on the airway
during pediatric ventilation. Based on recent data, the vi-
brating mesh nebulizer should be placed in the inspiratory
limb and proximal to the patient Y-piece and not before
the humidifier to optimize drug delivery during neonatal
ventilation. Future studies are needed to determine the
exact volume, inspiratory time/rate setting combination,
circuit size, and bias flow that result in differences in
medication delivery between the different locations. More-
over, new research must focus on drug delivery and neb-
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ulizer performance with existing and new iterations of
mechanical ventilator platforms.

Recently, a novel multi-channel neonatal patient Y-piece
device (AFECTAIR, Discovery Labs, Warrington, Penn-
sylvania) (Fig. 5) was developed as part of an aerosolized
lung surfactant administration system to be used with
AEROSURF (lucinactant), a form of inhaled lung surfac-
tant. The AFECTAIR design uses fluidic principles to ef-
fectively decouple ventilator bias flow from nebulizer flow
pathways and provide a more direct route into the airway.
Not only does this result in less drug being delivered into
the expiratory circuit, but by providing a more direct route
and hence laminar flow to the airway, less drug impaction
may occur in the artificial airways. This can be used only
with a nebulizer that provides supplemental flow. It is
unclear if the separate pathways may mitigate the effects
of poor trigger response and drug accumulation on a neo-
natal proximal-flow sensor. This device is approved for
use of an aerosol surfactant delivery system. Mazela et al110

evaluated bronchodilator aerosol delivery with an AirLife
Misty Finity jet nebulizer (Cardinal Health, Dublin, Ohio)
at 2 L/min delivered through the AFECTAIR and at 20 cm
from the patient Y-piece during simulated neonatal venti-T
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Fig. 5. A novel multi-channeled neonatal patient Y-piece device
(AFECTAIR) developed as part of an aerosolized lung surfactant
administration system to be used with AEROSURF (lucinactant), a
form of inhaled lung surfactant. The AFECTAIR uses fluidic prin-
ciples to effectively decouple ventilator bias flow from nebulizer
flow pathways and provide a more direct route into the airway. Not
only does this provide less drug delivered into the expiratory cir-
cuit, but by providing a more direct route and hence laminar flow
to the airway, less drug impaction may occur in the artificial air-
ways. IMV � intermittent mandatory ventilation. Courtesy Discov-
ery Labs.
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lation. They observed greater nebulizer efficiency with the
AFECTAIR adapter than when the nebulizer was placed
into the ventilator circuit at the different ventilator settings
(1.8–11.3% vs 0.1–1.2%, respectively).

Many infant and some adult ventilators require proxi-
mal-flow sensors to be placed at the airway during normal
operation. Medication condensate from a nebulizer treat-
ment can accumulate within these sensitive flow sensors,
affecting patient triggering, quality of airway graphics, VT

accuracy, and ventilator operation. Also, the effectiveness
of a treatment may be compromised in patients when the
nebulizer is placed in series with a flow sensor. High
resistance, dead space, and variable temperatures may re-
sult in virtually no drug delivery to the patient. This may
be dependent on the type of flow sensor being used (ie, hot
wire vs fixed orifice). As such, the proximal-flow sensor is
typically removed for a short-term nebulizer treatment, or
patients are moved to a larger pediatric or adult setting on
the ventilator. This may impact patient triggering and vol-
ume measurements as well as other safety issues in pa-
tients, especially if they are receiving continuous nebulizer
treatments or a drug that has a tendency to produce sticky
residue.

Inhaled drug delivery during pediatric high-frequency
ventilation has been highly controversial. Many clinicians
forego its use because it is unclear if any drug makes it to
the lungs due to extremely short inspiratory times, high
bias flows, and extremely low VT. Using a pMDI with a
holding chamber placed at the airway, Garner et al111 re-
ported negligible delivery of albuterol to a filter placed
distal to the ETT. Sood et al112 evaluated drug delivery
efficiency using a low-flow jet nebulizer with prostaglan-
din E1 during neonatal conventional and high-frequency
ventilation. They reported 32–40% of the nominal dose
and only 0.1% during conventional and high-frequency
ventilation, respectively. Their model had a major limita-
tion in that they collected the drug as condensate at the end
of the ETT deposited in a closed bottle. In contrast, in our
study,108 the vibrating mesh nebulizer placed at the airway
delivered only one third of the drug reported by Sood
et al,112 but 3-fold more drug was observed with high-
frequency oscillatory ventilation (HFOV) than with con-
tinuous mandatory ventilation. Sood et al113 also compared
aerosol delivery using a low-flow jet nebulizer during con-
ventional, high-frequency, and high-frequency jet ventila-
tion in an infant test lung model. In this model, the distal
tip of the ETT was placed in a sponge open to the atmo-
sphere. The authors reported greater deposition with con-
ventional ventilation than with high-frequency jet ventila-
tion and HFOV.

Our laboratory reported greater drug delivery with the
nebulizer placed proximal to the patient compared with at
the humidifier during simulated neonatal conventional and
high-frequency ventilation.108 There was a nearly 3-fold

greater increase in drug delivery during HFOV compared
with conventional ventilation at the proximal location
(29.74% vs 10.74%). We conducted a similar study109 that
quantified inhaled treprostinil delivery using a vibrating
mesh nebulizer during simulated infant, small pediatric,
and adult (also known as large child) ventilation with both
conventional and high-frequency ventilators. There was
nearly 2-fold greater drug delivery with HFOV compared
with conventional ventilation in the infant and small pe-
diatric lung model filters, but this relationship was oppo-
site in the adult model.

During HFOV, the placement of the aerosol generator at
the humidifier may dilute the aerosol with the high bias
flow (20 L/min) and reduce aerosol delivery due to im-
paction within the expiratory limb. The complex gas-flow
mechanisms that govern HFOV may be a likely explana-
tion for the double-digit recovery observed in this study.108

The combination of much shorter inspiratory times, higher
frequencies, and active exhalation during this form of ven-
tilation may make it less likely for the drug to be delivered
to the expiratory limb, resulting in greater delivery to the
lung than during conventional ventilation. Moreover, the
only place to integrate a nebulizer during HFOV is be-
tween the ETT and patient Y-piece. This placement likely
increases mechanical dead space, but drug delivery may be
optimized because the aerosol plume is relatively unaf-
fected by bias flow.

Conclusions

Pediatric patients have differences in airway anatomy,
breathing frequencies, VT, and inspiratory times that result
in delivery of less inhaled drug to the lungs. Improvements
in nebulizer technology have provided better delivery op-
tions for pediatric patients. A resting non-distressed pa-
tient is more likely to receive an effective treatment than a
patient who is crying or screaming. Nebulizer treatment
should be provided with a well-fitted front-loaded face
mask in patients who do not tolerate a mouthpiece. Blow-by
therapy is ineffective in infants, but a jet nebulizer with an
infant hood is a good alternative. pMDIs with VHCs are as
efficient as jet nebulizers and have provided similar out-
comes in infants and children but with wider acceptance
and potentially fewer side effects.

HFNC delivery of aerosolized drugs may be effective,
but there are differences in drug delivery related to the
system being used. Its safety needs to be assessed in hu-
mans. Infant nasal CPAP administration of inhaled agents
remains a challenge, with only minimal drug deposited
in vitro. Placement of the nebulizer in these systems is
device-dependent. New vibrating mesh nebulizer devices
can be integrated into full face masks during pediatric
NIV. If these nebulizers or masks are unavailable, a vi-
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brating mesh nebulizer should be placed as close to the
patient as possible and after the exhalation valve.

Vibrating mesh nebulizers represent a safer and more
efficient alternative for drug delivery during infant and
small pediatric ventilation, but are far more costly than
gas-powered jet nebulizers. Nebulizers appear to be more
efficient placed at the humidifier during pediatric mechan-
ical ventilation. However, the nebulizer may be more ef-
ficient placed proximal to the patient Y-piece than before
the humidifier during infant ventilation, especially with a
ventilator bias flow of � 2 L/min. Studies from in vitro
lung models have shown that drug delivery with a vibrat-
ing mesh nebulizer is greater during HFOV than during
conventional neonatal and pediatric mechanical ventila-
tion.
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Discussion

Berlinski: I’ll try to be brief, but
I’ll start with acknowledging the real-
ity of some data you showed about
cost that would probably not hold true
today. The reason for that is that in
2005, pMDIs were dirt cheap, and to-
day they are very expensive, so it’s a
conundrum. We know that we ask pa-
tients to use a pMDI with a spacer at
home, but when they come to the hos-
pital and are sick, we give them a neb-
ulizer with albuterol because it’s less
expensive. This is the reality, I think,
in every single hospital today in the
pediatric world. I would challenge you
to redo your numbers with today’s
costs, and you’ll find that it’s ex-
tremely expensive. The other day, I
was buying some MDIs for my lab,
and when I saw the bill, I was really
surprised. I wasn’t aware of how ex-
pensive they had become. So that’s
something we’ll have to acknowledge,
that it probably works well and is con-
sistent with what we tell patients to do
at home, but the reality is going to be
that you might not be able to imple-
ment that because of cost issues. Also,
you talked about different masks, and
as we’ve said already, a nebulizer is
not a nebulizer is not a nebulizer—the
same goes for masks. The configura-
tion of the masks, whether it’s a bot-
tom- or front-loading aerosol, is very
important, and it makes a difference. I
have always been a skeptic about us-
ing blow-by or some aerosol to the
face; I said we don’t have the right
model. At the last American Thoracic

Society meeting, we presented data us-
ing an anatomically correct model with
a front-loaded face mask placed 2 cm
from the face, and to my surprise, we
found some drug delivery. So, I think
that now we might need to reconsider
some of the things we always said will
work. However, a bench study is just
a bench study; a patient moves and
doesn’t sit and wait for the stream to
be aligned. The other thing that we
noticed was that minimum variations
of the stream to the face made a sig-
nificant difference in the amount of
drug delivered.

DiBlasi: Yes, we continue to ad-
minister 90% of our intermittent
inhaled bronchodilators with a
pMDI/spacer. We have decent out-
comes, and the patients and families
seem happy to use a device they are
familiar with, tolerate better, and is
potentially more effective than a small-
volume neb. The price of albuterol is
ridiculous. I would love to revisit our
cost models using albuterol hydrofluo-
roalkane (HFA). Cost drives major de-
cisions these days, and we have often
thought about switching back to small-
volume nebs. Regarding your other
question about blow-by and different
masks, it’s very difficult to mimic ex-
actly what’s going on clinically with a
bench test. Anatomically accurate face
and airway models, as well as new
face mask designs, have introduced a
whole new list of research questions
for me. Science is iterative, so it is
worth repeating studies using the lat-
est research technology. I think that,

especially with our lung models now-
adays, we might want to mimic erratic
breathing. We have the ability to con-
figure these test lung models to do
just about anything: cough, panic,
forced exhalation, hyperpnea, and hy-
popnea. So it might be nice to look at
these factors and other factors within
the environment. I have always no-
ticed that smaller kids move around a
lot during treatments. I have attached
one of my head models to an oscillat-
ing fan to mimic this scenario. Our
next step is to compare different types
of large-volume continuous nebuliz-
ers with other devices out there like
the Aerogen, with a continuous albu-
terol drip hooked up to it, using these
realistic models.

Willson: Rob [DiBlasi], thank you.
I’m convinced that Richmond is the
asthma capital of the world. Working
in the pediatric ICU (PICU), we have
a large number of kids coming in, and
the criteria for coming into the PICU
is continuous nebulized albuterol.
Those are the ones who have to come
to the PICU, and after your presenta-
tion, I’m wondering several things.
Are there more efficient ways to do
that than giving the continuous jet
aerosol? Would the Aerogen, for ex-
ample, be a better way to deliver more
drug more quickly? The other con-
cern—and it’s more theoretical, I sup-
pose—is we think we’re delivering
aerosol into the airway when we’re
taking care of these kids in the ICU.
The limiting factor for albuterol is
heart rate, really. We’ll jack up
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however much we’re giving until their
heart rate goes up. Are we getting sys-
temic absorption and therefore really
not doing what we think we’re doing?
Would intravenous salbutamol, for ex-
ample, which is available in Europe,
do just as well? Or are we really get-
ting an effect on the airways? So, 2
questions: first, what is the most effi-
cient way to deliver albuterol? This is
an everyday common problem, at least
where I practice. Second, are we fool-
ing ourselves into thinking we’re de-
livering the aerosol into the airways
and having a direct effect on the small
airways, or are we just getting sys-
temic absorption?

DiBlasi: Excellent question. I think
there are other ways to provide high-
dose albuterol to patients. One thing I
mentioned is breath-actuated nebuliz-
ers. You don’t have to do it as fre-
quently; there’s the potential for less
systemic absorption. I think that the
high heart rate you’re seeing really
has a lot to do with oral impaction.
There are inconsistencies in the parti-
cle size in the different devices, and
it’s likely that they’re providing larger
particles, and that’s probably why
we’re seeing the heart rates jacked way
up to 210 beats/min in 8- and 9-year
olds, which scares me a little bit. We
should also compare particle size and
deposition with the Aerogen in con-
tinuous administration mode for pa-
tients. In theory, a device that delivers
more particles within the respirable
particle range would be better because
less oral impaction may result in less
systemic absorption. But these kids
stay on continuous nebulizers for
hours, so we may never know for sure
the cause of their tachycardia. I think
that would definitely be a good de-
pendent variable to assess and address
as we move forward with conducting
studies and enrolling subjects.

Willson: Are we affecting actual di-
rect airway �-agonist [receptors], or
are we basically getting systemic ab-
sorption and the effect that way?

DiBlasi: I think that’s difficult to
tell because there aren’t any objective
data we can obtain from patients other
than some really nice radiographic
techniques (scintigraphy). It’s very
difficult to do a pulmonary function
test (PFT) on a kid who’s receiving
bronchodilators continuously. They
have poor lung function and aren’t re-
ally going to coordinate with or toler-
ate PFTs, so I think it’s very difficult
to answer that question. It’s likely that
patients in the emergency department
are not getting much albuterol deliv-
ered where it needs to be during con-
tinuous nebulization. I think a lot of
that also has to do with the fact that,
again, you’re providing drug through-
out the entire respiratory cycle, and
the particle size needs to be investi-
gated further and compared with other
devices that have potential in these
acute situations.

Willson: Would it be better to give
these kids—rather than have them
come up on continuous albuterol—
frequent MDIs?

DiBlasi: We discussed that in our
emergency department because our
nurses know how to give pMDIs with
spacers, and nurses are sometimes the
first ones there to provide rescue drugs.
We know it’s an effective way to give
bronchodilators, so then what dose
would we use? That’s the question that
always comes up. Do we give 10 puffs?
Twenty puffs? It’s hard to compare
apples to oranges, with one being
pMDIs with spacers and the other be-
ing continuous nebulizers. How much?
You give them as much as possible. I
do believe that a pMDI with a spacer
at a high dose could be as effective if
not slightly more effective than a con-
tinuous nebulizer and better tolerated
with fewer adverse effects.

Berlinski: I think the trick with con-
tinuous albuterol is to really have a
good interface with the patient. That’s
really what makes a significant differ-
ence. For somebody who is extremely

sick, I would probably not use a pMDI,
and I would say that we use a lot of
pMDIs at my institution. If you think
about respiratory therapy time, you’re
going to give 10 puffs, which is about
15 min of work, at least. The data we
were talking about earlier—mask leaks
and loss of drugs—are for pMDIs, and
people are extrapolating them to neb-
ulizers. Nebulizers are a continuous
burst of aerosol, so if you remove your
mask for 5 seconds, you lose those
5 seconds. If you remove your mask
from the pMDI and spacer when it is
actuated, you lose that puff. You have
to think in that regard, and for severe
patients, I consider continuous albu-
terol to probably be a better choice. In
fact, at Rob’s institution, the asthma
pathway has continuous albuterol for
the more severe patients from the get-
go, which we don’t do at ours because
the cost is higher compared with a
small-volume nebulizer.

DiBlasi: With all due respect, pro-
viding continuous nebulization to chil-
dren requires a patient to tolerate a
mask that is kept in place during the
continuous treatment. For someone
who may not be standing down there
holding the mask on their face for
the aerosol treatments, this may sound
easy. For me, as a therapist who may
actually be down there doing this, it
sounds so much easier and attractive
to use an intermittent high-dose pMDI/
spacer with a face mask in these pa-
tients. It really does. I think that we
definitely need to investigate these
treatment options because it’s easier,
and frankly, you can have job satis-
faction as a result.

O’Malley: Thank you for your pre-
sentation. You now have more pMDI
use in your institution, so what is your
policy for wait time between actua-
tions? Do you have one?

DiBlasi: Yes. We usually wait
30 seconds.
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O’Malley: So 30 seconds between
every puff?

DiBlasi: We wait 30 seconds. I think
that if you look at the American As-
sociation for Respiratory Care Clini-
cal Practice Guideline, they suggest
waiting 30 seconds between actua-
tions.

O’Malley: I thought the recommen-
dation is 1 minute for albuterol.

† Fink: That was partially because
of the chlorofluorocarbons (CFCs) that
cooled the canister with each dose, re-
quiring some time to warm back up.
With the new HFAs, it’s less of an
issue. But there was a paper in 1996
where we looked at priming and ac-
tuation, and we found that as long as
you wait at least 15 seconds (this is
with the old CFCs), we didn’t have a
change in particle size.

O’Malley: Was that published?

† Fink: Yes.

Berlinski: The reality is that the
package insert says 1 minute. It says
1 minute for all of them. There was a
study a couple years ago presented in
Europe that showed some changes in
small-particle size when you vary the
time between actuations. This summer,
we are doing a similar study in our lab
and looking at different intervals be-
tween pMDIs. But I think what Cathy
[O’Malley] is really alluding to is the
time it takes you to give 10 puffs and
being able to present that as a finan-
cial advantage as opposed to using a
mask with a nebulizer. I think a lot of
places are asking for the data. I don’t
think we can extrapolate CFC data
to HFA because these are not the
same.

† Fink: Good point. Arzu’s group
(one of her students) came up with a
study1 looking at simulating infant
breathing with aerosol delivered via a
mask with a jet nebulizer or pMDI
versus administration of aerosol dur-
ing HFNC with a mask and pMDI over
the cannula. They reported a huge re-
duction in aerosol with the mask com-
pared with HFNC. That partially
makes sense because you’re giving
high-flow O2, and it’s blowing gas and
aerosol out of this obligate nose breath-
er’s nose. That is one of the reasons
that for HFNC, if you can get aerosol
in through the cannula and you don’t
have to interrupt the pressure and the
flow, it might have some advantages.

DiBlasi: I wonder, in these studies,
have you observed a tremendous
amount of fluid condensate building
up on the inner walls of these cannu-
las that could potentially go down into
the lung and be aspirated? We’ve had
issues on the floor with kids being
treated with HFNC without nebuliz-
ers, and there’s a tremendous amount
of—depending on your humidifier set-
tings and the device you’re using–juice
that gets into the cannula. We had a
near-sentinel event that occurred be-
cause a kid had a bunch of fluid that
was thrown down into the nasophar-
ynx, it occluded his airway, and he
was very unstable. My question is,
when you do these aerosol studies, ob-
viously you’re looking at the inter-
faces, and are there differences in fluid
accumulation from aerosols between
them?

† Fink: Great question. In fact, one
of the reasons that we started putting
the nebulizer before the humidifier was
to rain out the big particles from the
aerosol. That doesn’t necessarily take
care of the condensate if you’re not
using a heated wire that’s really well
controlled. Our criterion is that we like

to get it set so that we don’t have
more than a little blurp of water com-
ing out of the cannula more than about
once per minute. The folks in North
Carolina who developed their system
for patients with cystic fibrosis actu-
ally don’t add humidity. They use
about 2 L/min and really reduce aero-
sol rainout pre-cannula so that they
don’t have any of those droplets com-
ing up, and they’ve got it down to one
every couple of minutes.

DiBlasi: You mentioned the humid-
ifier acting as a potential filter for the
larger particles. With ventilators, there
are differences in locations in the ven-
tilator circuit. Is there the potential to
study that and place the nebulizer in
different locations during HFNC? Has
that been done?

Ari: Yes, one of our graduate stu-
dents at Georgia State University com-
pared aerosol delivery via HFNC, bub-
ble CPAP, and SiPAP in a simulated
spontaneously breathing premature in-
fant model using 2 different nebulizer
positions: (1) proximal to the patient
and (2) before the humidifier. The find-
ings of our study showed that place-
ment of the mesh nebulizer before the
humidifier increased aerosol drug de-
livery with all devices tested in the
study. Recently, our paper was ac-
cepted for publication by Pediatric
Pulmonology.

† James B Fink PhD RRT FAARC,
James B Fink LLC, San Mateo, Cal-
ifornia, and Division of Respiratory
Therapy, Georgia State University, At-
lanta, Georgia, representing Aerogen.
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