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Abstract

For safe and effective therapy of respiratory disorders in children, delivering the medication at the site of

disease i.e. directly into the respiratory tract via aerosolized medication is critical. But, the anatomical and

physiological differences in the respiratory tract of infants/children and adults make the delivery of aerosolized

medication complicated. This review article give an overview of the delivery of inhaled medication in children

and discuss the pharmacological and specific clinically relevant aspects of medication delivery using nebulizers,

pressurized metered dose inhalers (MDIs), and dry powder inhalers (DPIs) in children. As a physician, one

should always keep in mind the various factors like properties of the device, aerosol particle, patient factors

such as disease state, ventilatory pattern, and administration technique that can affect drug deposition via

aerosol delivery devices.
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Introduction

The health of children is very precious for their parents.
In recent times, a surge in respiratory disorders has been
noted in infants and children. For safe and effective therapy
of respiratory disorders including asthma, it may be
prudent to deliver the medication directly into respiratory
tract via aerosolized medication. Drugs commonly
used for respiratory disorders like bronchodilators,
antibiotics, glucocorticoids and mucolytic agents can be
easily administered via aerosol using a range of aerosol-
generating devices (1-4). Also, the indications for aerosol
therapy will broaden in future as novel macromolecular
medications will be delivered via the respiratory tract for
the treatment of both pulmonary and systemic disorders
(5, 6). But, the anatomical and physiological differences
in the respiratory tract of infants/children and adults
make the delivery of aerosolized medication complicated
(7-9). Hence, a thorough knowledge of the correct usage
and limitations of the various aerosol delivery systems,
and anatomical considerations affecting aerosol delivery
in infants and children becomes critical (10, 11). To
assess the information related to pharmacological and

practical issues of delivery of inhaled medication in
children, the articles were searched on Pubmed, Embase,
Web of Science, Google Scholar, and DOAJ databases
from December 20, 2023 to December 31, 2023. The
keywords and their MeSH words were used in the
search, which included aerosols (all fields), respiratory
system abnormalities (MeSH), children (MeSH), and
acrosol delivery system (all field). The search was done
in the advanced mode using the Boolean operator “OR”
and “AND”. The free full-text of articles written in
English language was used to extract the information.
This review article gave an overview of the delivery of
inhaled medication in children and specific clinically
relevant aspects of medication delivery using nebulizers,
pressurized metered dose inhalers (MDIs), and dry
powder inhalers (DPIs).

Lung Diseases Managed Using Aerosol Therapy

A wide range of pediatric disorders can be treated
effectively using aerosol therapy as a central component
of management. Examples include: a) Obstructive airway
diseases, including asthma, congenital emphysema,
bronchiectasis, and bronchiolitis; b) Processes that
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result in acute upper airway obstruction, usually croup
or postextubation upper-airway edema; c) Chronic
lung diseases, including bronchopulmonary dysplasia
and cystic fibrosis; d) Infectious diseases, including
Pneumocystis jirovecii (previously carinii) pneumonia
(treatment and prophylaxis), respiratory syncytial
virus infection, and some pulmonary fungal infections
(12-15). Less common indications for aerosol therapy
include intractable cough, which may respond to inhaled
lidocaine, and administration of analgesia in the setting
of palliative care, using inhaled morphine (16, 17). In the
future, aerosol delivery of gene constructs could be an
important component of therapy for genetic diseases (5).

Properties of an Ideal Aerosol Therapy Device

The ideal aerosol delivery device varies depending
upon the medication to be administered and the clinical
situation. To maximize the advantages of inhaled
medications described above, the device selected should
be: a) Deliver an adequate dose of medication to the lungs;
b) Minimize oropharyngeal deposition; c¢) Minimize
systemic side effects; d) Match the needs of the patient;
¢) Be simple for the patient to use; f) Cost effective.

Types of Aerosol Delivery Devices

Three types of aerosol delivery devices (Figure 1) are
widely employed in the management of children with

respiratory disease: a) Nebulizers, which use a jet flow
of driving gas, ultrasound, or vibrating membrane to
acrosolize medications; b) Pressurized metered dose
inhalers (MDIs); c¢) Dry powder inhalers (DPIs). The
comparison between the various aerosol delivery
devices are mentioned in Table 1. The advantages and
disadvantages of commonly available aerosol devices are
mentioned in Table 2.

Choosing the Best Aerosol Device by Age

The nebulizer or pMDI with valved holding chambers
(VHC) is the best aerosol therapy in infants <4 years
old. Although nebulizers are more tolerable than pMDI,
breath-actuated nebulizers, breath-actuated pMDIs, or
DPIs are not reliable in this group age. With nebulizers
and pMDIs, the mask is preferable than in children
younger than 3 years of age. During aerosol therapy, when
nebulizers are used, a hood may provide comparable
efficacy compared with face mask. High-flow nasal
cannula (HFNC) is an alternative way in children who
cannot tolerate a mask. The greater inhaled drug dose is
delivered when infants are settled and breathing quietly.
For children aged 4 years or more, the method of using
pMDI or DPI is applicable. A broader range of aerosol
devices can be mastered in children between 6 and 12
years of age including pMDI with or without VHC, DPI,
and breath-actuated pMDIs. The choices of delivery in
different age groups have been depicted in Figure 2.

Figure 1. Common modes of aerosol delivery
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pMDI: pressurized metered-dose inhaler; DPI: dry powder inhaler.
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Table 1. Comparison of pressurized metered dose inhalers with holding chamber (pMDI/HC), dry powder

inhalers (DPIs), and nebulizers as aerosol delivery devices.

pMDI/HC DPIs Nebulizer

Performance

Majority of aerosol particles <5 micrometers in size + + +
High pulmonary deposition + + +
Low mouth deposition + + -
Reliability of dose + + +
Not compromised by humidity +w - +
Physical and chemical stability + + +
Breath actuated - + —
Low risk of contamination + + —
Convenience

Lightweight, compact + + —
Multiple doses + + _
Dose counter + + —
Easy and quick operation + + -
Suitable for all ages + _ +

pMDI: pressurized metered-dose inhaler; HC: holding chamber; DPI: dry powder inhaler.

Table 2. Advantages and disadvantages of various aerosol devices.

Type

Advantages

Disadvantages

Jet nebulizer

Patient coordination not required

High doses possible

May be more expensive than pMDI
More time required
Contamination possible

Device preparation required before
treatment

Not all medications available

Less efficient than other devices
(dead volume loss)

March 2024;12(1)
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Table 1. Continued

Type

Advantages

Disadvantages

Mesh nebulizer
(eg, Aecroneb, eFlow, Omron MicroAir,
I-neb)

Ultrasonic nebulizer
(eg, OPTI-NEB, Beetle Neb, Lumiscope,
MiniBreeze)

Pressurized metered dose inhaler (pMDI)

pMDI with holding chamber

Dry powder inhaler (DPI)

Soft mist inhaler (SMI)

Patient coordination not required
High doses possible

Quiet

Faster delivery than jet nebulizer
Portable, battery operated
Patient coordination not required
High doses possible

Small dead volume

Quiet

No drug loss during exhalation

Faster delivery than jet nebulizer

Convenient

May be less expensive than neb-
ulizer

Portable
More efficient than nebulizer
No drug preparation required

Difficult to contaminate

Less patient coordination re-
quired

Less pharyngeal deposition

Less patient coordination re-
quired

Convenient

Propellant not required

Portable

Breath-actuated

Higher lung deposition than pM-
DIs or jet nebulizers

Less pharyngeal deposition than
pMDIs

Longer duration of spray
Low risk of contamination

Propellant not required

Expensive
Contamination possible

Device preparation required before
treatment

Cleaning required after dose

Not all medications available

Expensive
Contamination possible
Prone to malfunction

Device preparation required before
treatment

Cannot use with medications in sus-
pension (eg, budesonide)

Patient coordination essential
Patient actuation required
High pharyngeal deposition
Difficult to deliver high doses

Not all medications available

More expensive than pMDI alone

Less portable than pMDI alone

Requires moderate to high inspira-
tory flow

Some units are single dose and need
daily loading

Can result in high pharyngeal depo-
sition

Not all medications available

Cannot be used effectively in me-
chanically ventilated patients

Requires actuation by patient

Needs coordination between breath-
ing and actuation*®

Requires loading of cartridge into
inhaler before first use

Not all medications available

Cannot be used effectively in me-
chanically ventilated patients

*The relatively slower moving and longer duration spray from a SMI makes it easier for a patient to coordinate breathing and actuation compared to a pMDI.
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Figure 2. Choices of different aerosol delivery as per age groups.
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Factors affecting drug deposition via Aerosolized Drug
Delivery

A number of factors influence the ultimate amount of
medication delivered to the appropriate anatomic region
within the lung. Some of the important factors are: a)
Properties of the device: Devices vary greatly in their
efficiencies in delivering particles to the lungs. From 6
to 60 percent of the total dose of medication is delivered
to the peripheral airways when these devices are used
optimally (18). b) Aerosol properties: Aerosol particles
are characterized by their mass median aerodynamic
diameter (MMAD) (19, 20). The particles with MMAD
less than 0.8 micrometers generally are exhaled. Particles
with MMAD of 0.8 to 2 micrometers are optimal for
alveolar deposition, which occurs largely as a result of
gravitational sedimentation (7, 21). Particles with a
MMAD between 2 and 5 micrometers are optimal for
deposition in the lower airway and are deposited largely
by inertial impaction with airway structures. Particles
with a MMAD greater than 5 micrometers are deposited
largely in the oropharynx. c) Properties of medication to
be delivered: The ultimate effect of the dose is dependent
upon the site of deposition of the drug within the lung,
the rate of drug clearance from the airway, and the site of
action of the medication (18). To be effective, drugs must

March 2024;12(1)

be able to withstand the shear forces required to generate
the aerosol and often must penetrate the mucus layer and
airway mucosa to reach their target receptors or cells (5).
d) Disease state and ventilatory pattern: Anatomic and
pathologic factors, as well as ventilatory patterns, alter the
efficiency of aerosolized drug delivery. Aerosol particles
may be deposited in the central, rather than lower,
airways in diseases that are associated with decreased
airway caliber such as asthma. In a study of infants with
acute bronchiolitis, only 1.5 percent of aerosolized drug
released from the nebulizer was deposited in the lung
and 0.6 percent penetrated to the peripheral airways (22).
Partly for this reason, bronchodilators are not routinely
recommended for treatment of bronchiolitis. However,
most of this information is based upon studies of inhalers
containing  chlorofluorocarbon (CFC) propellants.
Penetration into peripheral airways appears to be better
with the hydrofluoroalkane propellants (HFAs) that
have replaced CFCs, even in patients with significant
obstructive airway disease (23). Diseases causing mucus
plugging or atelectasis, such as cystic fibrosis, may lead
to reduction and marked heterogeneity in the distribution
of particle deposition. Other factors such as tidal volume,
breath-holding time, respiratory rate, and nose versus
mouth breathing can dramatically alter the deposition
of aerosolized particles in the lungs (7, 24). ¢) Patient

jpc.tums.ac.ir 51



Delivery of Inhaled Medication in Children

technique, acceptance, and preference: Improper
technique is a common cause for a suboptimal response
to aerosolized medication, and poor understanding or
acceptance may lead to noncompliance. Rapid inspiration
from metered dose inhalers (MDIs) may increase inertial
impaction of droplets in the central airways and decrease
lung delivery (24). Patient education is essential for
the effective use of any aerosol delivery device (1).
Furthermore, patient factors such as weakness, severe
arthritis or contractures, and altered mental status may
mandate the use of specific delivery devices.

Advantages of Aerosolized Drug Delivery

There are several advantages to delivering drugs by
aerosol rather than systemically: a) Delivery of agents
directly to their sites of action decreasing the dose
required for therapeutic effect; b) Faster onset of action
(compared with intravenous delivery) of bronchodilator
agents, allowing more rapid reversal of acute
bronchoconstriction; ¢) Reduced systemic bioavailability
minimizing side effects.

Special Considerations in Infants and Young

The deposition of medication in peripheral airways
and alveoli is reduced in infants and young children,
presumably due to their smaller airways, faster respiratory
rates, and lower tidal volumes, which combine to lower
the resident time of small particles in the airway (7-9, 25,
26). Following are few special clinically relevant factors
related to acrosol therapy in infants and young children: a)
Dose: Data suggest that drug deposition in children older
than five to six years of age is similar to that observed in
adults, and identical doses in children and adults result
in similar plasma concentrations (18, 27). Thus, aerosol
doses generally do not need to be decreased, except
possibly in very young children. However, it is probable
that variability exists based upon the specific medication
used, drug delivery technique (tidal volume breathing
compared with inspiratory breath hold), and delivery
device employed. The output of the aerosol-generating
device may exceed inspiratory flow rate in children
younger than six months of age, resulting in the loss of
air entrainment (mixing of inspired air with nebulizer
output) and a higher concentration of drug delivered (26).
Overall, this effect can lead to a higher inhaled dose per
kilogram of body weight in the infant younger than six
months of age, increasing the possibility of side effects,
although increased side effects have not been reported in
this age group, nor are there recommendations to decrease
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any drug dose because of this effect.

b) Respiratory pattern: Normal tidal breathing results
in the most efficient delivery to the airways. Crying
markedly reduces aerosol delivery to the lungs; therefore,
in general, acrosols should not be administered to crying
children (28, 29). An alternative in these infants and
children is to administer aerosols while they are sleeping
(30). However, lung deposition of aerosolized drugs
may be reduced in a nose-breathing sleeping infant (31).
Furthermore, a “real-life” feasibility study of aerosol
delivery via metered dose inhaler (MDI) and masked
holding chamber to sleeping infants and young children
found that aerosol delivery during sleep offered no
advantage for most children due to frequent awakenings
associated with poor cooperation and difficulty with the
proper placement of the mask due to sleep position (32).
Thus, aerosol administration during sleep may be tried
for uncooperative infants and children, but parents should
be informed that the success rate may be low. Breath-
actuated devices and dry powder inhalers (DPIs) should
be avoided in infants and toddlers due to their inability
to generate an adequate inspiratory flow rate to reliably
acrosolize the medication (18).

c) Interface: The interface between the aerosol-
generating device and the patient is an important, and
often overlooked, component of effective therapy.
Administration of aerosols by a mouthpiece rather
than a facemask is generally preferred due to improved
drug delivery to the lungs by as much as two-fold (33).
However, most children will not be able to reliably
breathe through a mouthpiece until approximately four
years of age, and patient technique with a mouthpiece
must be assessed prior to switching from a facemask
(34). In addition, delivery by facemasks or mouthpieces
has been shown to provide similar clinical responses
when administering bronchodilators in children with
acute asthma (35) or nebulized budesonide in chronic
asthma (36). Finally, delivery of fluticasone propionate
via an MDI with an antistatic valved holding chamber is
similar when using either a mouthpiece or facemask in
children up to nine years of age, and both are associated
with higher delivery compared with direct actuation into
the mouth (37). These devices may be associated with
higher systemic concentrations of glucocorticoids and
an increased risk of side effects, particularly with higher
drug doses. Thus, doses should be adjusted to the lowest
that maintains asthma control. Poor patient cooperation
leads many parents to use blow-by techniques for aerosol
delivery. However, removing the facemask just 1 cm from
the face may reduce the inspired dose by approximately
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50 percent, and a 2 cm distance results in an 80 percent
reduction (24). When a facemask is used either with a
spacer or nebulizer, it should be placed snugly and tightly
fitted over the face, as even a small leak may reduce the
inhaled mass of drug to <0.5 percent of the total dose (38).
The nose is an efficient filter for particles in aerosol. Thus,
when using a facemask, any nose breathing is associated
with increased deposition in the upper airway (24, 39).
This may lead to more systemic side effects due to greater
drug absorption from the upper airway. In addition, this
can reduce drug efficacy because of decreased deposition
in the lower respiratory tract (1, 35).

Minimally invasive surfactant therapy (MIST)

Minimally invasive surfactant therapy (MIST) is used to
deliver exogenous surfactant to preterm neonates with
respiratory distress syndrome (40, 41). Various studies
have shown that use of MIST improved respiratory
outcomes in moderate to late preterm neonates with
respiratory distress syndrome (42-45).

Conclusion

Aerosol therapy devices will be the future mode of
drug delivery for respiratory disorders. Presently, there
are three main types of aerosol delivery devices used
for optimal delivery of drugs in the management of
children with respiratory disease: nebulizers pressurized
metered dose inhalers (MDIs), and dry powder inhalers
(DPIs). As a clinician, we should always keep in mind
the various factors like properties of the device, acrosol
particle, patient factors such as disease state, ventilatory
pattern, and administration technique that can affect drug
deposition via aerosol delivery devices. Some clinically
relevant points worth noting are: a) Dose of aerosol need
not be decreased except possibly in very young children.
b) Crying markedly reduces aerosol delivery to the lungs,
it is better to give the aerosolized drug while they are
sleeping in children who tend to cry with administration.
¢) Administration of aerosols by a mouthpiece rather
than a facemask is generally preferred in children due
to improved drug delivery to the lungs. Due to the
advancement in technology, even for genetic diseases,
aerosol delivery of gene constructs could be a potential
component of therapy in the future.
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