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Abstract

Background: Different types of nebulizers, interfaces, and flow rates are used to
deliver aerosolized medications to children. The purpose of this study was to
determine the effect of nebulizer type, delivery interface, and flow rate on aerosol
drug delivery to spontaneously breathing pediatric and infant lung models.
Methodology: A teaching mannequin was attached to a sinusoidal pump via a collecting
filter at the bronchi to simulate a spontaneously breathing child (Vt: 250 mL, RR: 20 bpm
and Ti: 1 second) and infant (Vt =100 mL, RR = 30 bpm, Ti: 0.7 seconds). Albuterol sulfate
was nebulized with jet (Misty Max 10; Cardinal Health) and mesh (Aerogen Solo; Aerogen)
nebulizers using a low-flow nasal cannula (LFNC; Hudson), a high-flow nasal cannula
(HFNGC; Fisher & Paykel), face mask (FM; Hudson), and mouthpiece (MP; Cardinal Health).
While all interfaces were used in the pediatric study, only LFNC, HFNC, and FM were
tested in the infant study. The mesh nebulizer was tested at 2, 4, and 6 L/min with LFNC, 4
and 6 L/min with HFNC, and 6 L/min with FM and MP. The jet nebulizer was operated at 6
and 8 L/min with FM and 6 L/min with LFNC, HFNC, and MP (n = 5). The drug was eluted
from the filter and analyzed by spectrophotometry. Factorial analysis of variance and post
hoc comparisons were used for data analysis. P<.05 was considered statistically
significant.

Results: Delivery efficiency of mesh nebulizers is two to fourfold more than jet nebulizers
used with HFNC, FM, and MP. No statistical difference was found between jet and mesh
nebulizers used with LFNC in infants (P =.643) and pediatrics (P =.255). Aerosol delivery
with MP was the best compared to other interfaces used in pediatrics (P <.05). As the
second-best interface in aerosol drug delivery, the delivery efficiency of FM was greater
than HFNC (P =.0001) and LFNC (P =.0001). Increasing flow rate with LFNC and HFNC
decreased aerosol delivery with the mesh nebulizer in both infants and pediatrics.
Conclusion: The type of nebulizer, delivery interface, and flow rate used in the
treatment of children affect aerosol drug delivery.
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1 | INTRODUCTION

Jet and mesh nebulizers are commonly used for aerosol drug
delivery to children. Jet nebulizers (JN) are traditional nebulizers
generating aerosols throughout the subject’s respiratory cycle,
wasting aerosol during expiration.!® There are several issues
associated with JNs during aerosol therapy. For instance, they
have a bulky nebulizer design requiring a compressor or
pressurized gas to operate. More preparation is required to set
up the device and they are inefficient in aerosol drug delivery.
Previous research reported that the delivery efficiency of JNs
among different brands and units of the same brands also
varies.*” Therefore, new nebulizer technologies, such as mesh
nebulizers, were designed to increase the efficiency of aerosol
therapy. Mesh nebulizers are portable handheld nebulizers that
are used to deliver suspensions, solutions, proteins, and liposomal
formulations. Since they produce aerosols with a high fine-
particle fraction and have minimal residual medication volume,
mesh nebulizers are more efficient than JNs in aerosol delivery.
Both jet and mesh nebulizers are combined with an interface such
as a mouthpiece (MP), face mask (FM), or high-flow nasal cannula
(HFNC) to deliver aerosolized medications to children.®

The interface used for aerosol drug delivery may impact the
efficiency of jet and mesh nebulizers.®** Because small children
cannot use a MP effectively, a FM is commonly utilized as a
patient interface during aerosol therapy. Previous studies have
noted the importance of the FM seal for efficient drug delivery to
children.'>*® However, when the FM is used to deliver
aerosolized medications, clinicians may fail to achieve a good
FM seal. Further, when clinicians attempt to have a tight seal
between the face and the mask, young children may fuss and cry
during therapy. Crying causes either high variability in drug
delivery or no aerosol deposition in the lungs.

Given these challenges, drug delivery to children and infants
needs to be improved. Although young children tend to be
preferential nose breathers, little attention has been focused on
the nasal delivery of aerosols to this patient population. Clearly,
choosing the right type of nebulizer, interface, and flow rate play
an important role in the efficiency of aerosol therapy in children.
Since there is no study quantifying aerosol drug delivery with jet
and mesh nebulizers using different interfaces in children, the
purpose of this study was to determine the effect of nebulizer
type, delivery interface, and flow rate on aerosol drug delivery to

spontaneously breathing pediatric and infant lung models.

2 | METHODS

2.1 | Experimental design

Figure 1 shows the experimental design of this study tested jet and
mesh nebulizers with a HFNC, a low-flow nasal cannula (LFNC), FM,
and MP at different flow rates using simulated, spontaneously

breathing pediatric and infant lung models.

2.2 | Lung models and breathing parameters

An in vitro lung model was constructed to simulate spontaneously
breathing pediatrics and infants using teaching mannequins with
anatomical face and upper airways that were attached to a collecting
filter at the level of the bronchi to a breathing simulator (Figure 2).
The breathing parameters that were used in this study included: Vt:
250 mL, RR: 20 bpm, and Ti: 1 second for a simulated spontaneously
breathing pediatric and Vt = 100 mL, RR = 30 bpm, Ti: 0.7 seconds for
the infant lung model.

2.3 | Nebulizers

Jet (Misty Max 10; CareFusion) and mesh (Aerogen Solo; Aerogen
Ltd, Galway, Ireland) nebulizers were compared in terms of aerosol
drug delivery in infants and pediatrics. While the JN was run until
sputter, the mesh nebulizer was operated until the end of

nebulization.

2.4 | Interfaces

The HFNC (Fisher & Paykel, Auckland, New Zealand), LFNC (Hudson
RCI; Teleflex Medical, Research Triangle, NC), FM (Devilbiss
Healthcare, Port Washington, NY), and MP (CareFusion, Yorba Linda,
CA) were tested with jet (Misty Max 10; Carefusion, Yorba Linda, CA)
and mesh (Aerogen Solo; Aerogen, Galway, Ireland) nebulizers using
the pediatric lung model. Since infants cannot use MP, only HFNC,
LFNC and FM (OxyKid Mask; SouthMedic, Barrie, Ontario, Canada)
were compared in the infant lung model. Figure 3 shows the
experimental setups used with LFNC and HFNC.

2.5 | Flow rates

Regardless of the lung model used in this study, aerosol delivery with
the mesh nebulizer was quantified with LFNC at 2, 4, and 6 L/min;
HFNC at 4 and 6L/min; and FM and MP at 6 L/min. Delivery
efficiency of the JN was determined with LFNC, HFNC, and MP at
6 L/min, as well as with FM at 6 and 8 L/min using the infant and

pediatric lung models.

2.6 | Data collection

Albuterol sulfate is the most commonly used drug in children as it
represents up to 90% of treatments in the hospital and has been
shown to be a good surrogate for other approved drug solutions.
Therefore, albuterol sulfate (2.5 mg/3 mL) was delivered with jet
and mesh nebulizers to the infant and pediatric lung models used
in this study. After each treatment, aerosol delivery was
measured through a collecting filter, which was placed at the
distal tip of the bronchi of the mannequin. The inhaled dose was
collected on a filter during each experiment and analyzed via
spectrophotometry (276 nm). The sample size of this study is five
(n=5).
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FIGURE 1 Experimental design of the study using jet and mesh nebulizers with different interfaces in spontaneously breathing pediatric and

infant lung models. FM, face mask; HFNC, high-flow nasal cannula; LFNC, low-flow nasal cannula; MP, mouthpiece

2.7 | Data analysis

The amount of drug depositing in the filter was expressed as the total
fraction of the nominal dose placed in each nebulizer. Differences in
means between inhaled dose for the interfaces used in jet and mesh
nebulizers at various flow rates were compared with the factorial
analysis of variance and post hoc comparisons. The significance level

was set at .05.

3 | RESULTS

3.1 | Aerosol delivery to pediatrics and infants

Table 1 and Table 2 show percent of the nominal dose delivered
distal to the trachea of the pediatric and infant lung models,
respectively. Aerosol delivery ranged from 1.49% to 29.67% in the
pediatric lung model while it was between 1.0% to 7.2% in the
infant lung model depending on the nebulizer, interface, and flow

rate used in this study. Differences on aerosol drug delivery to

pediatrics and infants were statistically significant with the mesh
nebulizer using LFNC at 2L/min (P=.001), 4L/min (P=.004),
6 L/min (P=.007), HFNC at 4 L/min (P=.002), 6 L/min (P=.003),
and the FM at 6 L/min (P =.023). While no significant difference
was found between pediatrics and infants using JN with LFNC at
6 L/min (P=0.178), the findings of this study showed that aerosol
drug delivery to pediatrics was up to twofold greater than infants
when HFNC (P =.0001) or the FM (P =.004) is utilized for aerosol
therapy.

3.2 | Delivery efficiency of jet and mesh nebulizers

There was no significant difference between the jet and mesh
nebulizers when LFNC is used for aerosol drug delivery to the
pediatric (P=.255) and infant lung model (P=.643). Delivery
efficiency of JNs was significantly less than mesh nebulizers using
HFNC, FM, and MP (P=.001, P=.007, and P =.0001, respectively) in
pediatrics. According to the findings of the infant study, aerosol

deposition obtained with JNs were significantly less efficient than
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mesh nebulizers when they are combined with HFNC (P =.012) and
FM (P=.002) at 6 L/min.

33 |
6 L/min

Delivery efficiency of different interfaces at

When the mesh nebulizer is used with the pediatric lung model, aerosol
delivery with the MP was significantly greater than LFNC (P =.0001),
HFNC (P=.0001), and the FM (P=.0001). Similarly, the delivery

EXPERIMENTAL SET UP WITH LFNC
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Mesh
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High Flow Nasal

efficiency of the JN was better with the MP than LFNC (P =.0001),
HFNC (P=.0001), and the FM (P =.021) used with the pediatric lung
model. The FM was the second-best interface in terms of aerosol drug
delivery compared to LFNC and HFNC in jet (P=.0001 and P=.001,
respectively) and mesh nebulizers (P=.0001 and P=.0001, respec-
tively). The findings of this study showed that aerosol delivery to infants
significantly increased with the FM compared to LFNC and HFNC using
jet (P=.0001 and P=.0001, respectively) and mesh nebulizers
(P=.0001 and P=.0001, respectively). Aerosol deposition obtained
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FIGURE 3 Experimental set up used with LFNC and HFNC. HFNC, high-flow nasal cannula; LFNC, low-flow nasal cannula
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TABLE 1 Percent of the nominal dose delivered distal to the trachea of pediatric lung model using jet and mesh nebulizers with a low-flow
nasal cannula (LFNC), a high-flow nasal cannula (HFNC), face mask, and mouthpiece

Interfaces LFNC HFNC Face mask Mouthpiece
Flow rates 2L/min 4L/min 6 L/min 4 L/min 6 L/min 6 L/min 8L/min 6 L/min

Mesh nebulizer ~ 3.38%+0.3% 241%+0.3% 1.87%+0.2% 8.64%+1.2% 537%+07% 11.26%+1.9% - 29.67% +0.1%
Jet nebulizer - - 149%+0.5% - 246%+0.1% 576%+0.1% 6.70%+0.2% 6.67%+0.2%

TABLE 2 Percent of the nominal dose delivered distal to the trachea of infant lung model using jet and mesh nebulizers with a low-flow nasal
cannula (LFNC), a high-flow nasal cannula (HFNC), face mask, and mouthpiece

Interfaces LFNC HFNC Face mask

Flow rates 2L/min 4 L/min 6 L/min 4 L/min 6 L/min 6 L/min 8 L/min
Mesh nebulizer 1.77% +0.2% 1.20% +0.2% 1.1%+0.1% 3.27% +0.4% 2.35% +0.3% 7.20% +0.6% 6.72% +0.4%
Jet nebulizer - - 1.0% +0.2% - 1.45% +0.1% 3.83% +0.5% 4.49% +0.3%

with HFNC was significantly greater than LFNC used with jet and mesh
nebulizers in infants (P=.035 and P =.002, respectively) and pediatrics
(P=.019 and .014, respectively).

3.4 | Aerosol delivery at different flow rates

Regardless of the type of lung model used in this study, increasing
flow rate with LFNC and HFNC decreased aerosol delivery with the
mesh nebulizer. Drug delivery with LENC at 2 L/min was significantly
greater than 4 and 6L/min using mesh nebulizers in pediatrics
(P=.031 and P =.015, respectively) and infants (P =.010 and P =.001,
respectively). There was no significant difference between 4 and
6 L/min using LFNC in the pediatric (P=.104) and infant (P =.790)
lung model. Aerosol delivery with HFNC significantly decreased
(P =.007) when the flow rate increased from 4 to 6 L/min with mesh
nebulizers both in pediatrics (P=.008) and infants (P =.007). While
aerosol deposition obtained with the FM at 6 and 8 L/min were not
statistically significant with jet (P=.209) and mesh (P=.452)
nebulizers used with the infant lung model, drug delivery with a
FM at 8 L/min was significantly higher than 6 L/min (P =.002) in the
pediatric lung model when using JNs.

4 | DISCUSSION

in the
treatment of children, there is no consensus about which device

Although aerosolized medications are commonly used

and interface to use at which flow rates in this patient population.
The findings of this study showed that the type of nebulizer, delivery
interface, and flow rate used in the treatment of pediatrics and
infants affect aerosol drug delivery. While delivery efficiency of the
MP was best compared to the other interfaces used in pediatrics,
aerosol deposition obtained with the FM was greater than LFNC and
HFENC in infants. Regardless of the type of nebulizer and flow rate
used in this study, drug delivery with LFNC was less than other

interfaces tested in the infant and pediatric lung models. Decreasing

flow rate increased aerosol delivery with HFNC and LFNC in infant
and pediatric lung models and aerosol delivery with mesh nebulizers
was two to fourfold more compared to JNs in all conditions tested in
this study except when LFNC was used with the infant lung model.

Aerosolized medications can be delivered via different interfaces
such as the MP, FM, or HFNC. Previous research reported that

delivery efficiency of a JN with the MP was greater than the FM1%1”

For instance, Nikander et al'” showed that aerosol delivery with a
MP ranged from 8.9% to 12.2% as opposed to a FM that has a
delivery efficiency between 5% and 6.9% in pediatrics. The findings
of this study are consistent with Nikander’s. Kishida et al*® evaluated
the clinical efficacy of the FM compared to the MP in children with
asthma and found that aerosol therapy with the MP results in
significant improvement in forced expiratory volume in the first
second compared to FM. Therefore, using a MP for aerosol drug
delivery to pediatrics may be a good choice if the child can use the
MP comfortably and reliably during aerosol therapy.

While the MP is to be more efficient than a FM, it is hard to use it
in infants, small children less than 3 years of age, and pediatrics who
are uncooperative due to dyspnea or illness during treatment. In this
case, aerosolized medications are administered via a FM. However, it
is important to have a tight seal between the face and mask to avoid
aerosol loss and drug deposition in the eyes when a FM is used
during aerosol therapy.'**¢1%22 Also, aerosol delivery to children
varies based on the type of FM used during therapy.”*! Previous
evidence showed that front-loaded FM configuration was more
efficient than the bottom-loaded mask configuration®®> and using a
valved mask substantially increases aerosol drug delivery to children
due to one-way valves that keep aerosols in the mask during
inhalation and allow the exit of exhaled gas during expiration.?®** In
this study, we used a standard aerosol mask with the pediatric and
infant lung models. We found that aerosol deposition with a FM
attached to a JN operated at 6 and 8 L/min was 5.76% and 6.70% in
pediatrics, respectively, while it was 3.83% at 6 L/min and 4.49% at

|23

8 L/min in infants. Restrepo et al= quantified aerosol delivery with

T-piece and aerosol mask at different distances (0, 1, and 2 cm) away
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from the collecting filter. The mean inhaled mass as a percentage of

|23

nominal dose at Ocm was 2.88% in the Restrepo et al“® study as

I?* compared the effect of

opposed to 3.83% in our study. Lin et a
different designs of FM such as the dragon, aerosol, and fish masks at
0, 1, and 2 cm away from the face of the infant lung model. Similar to
Restrepo et al,?® they also reported 2.18% with the aerosol mask at
0 cm. Both studies used a tidal volume of 60 ml and a respiratory rate
of 20 bpm, while the breathing parameters that were used in our
study, including a tidal volume of 100 mL and respiratory rate of
30 bpm that explain differences in our findings. Lower tidal volume
and minute ventilation lead to a decrease in aerosol drug delivery to
patients.

For children who cannot tolerate the FM during therapy, using
HFNC for aerosol drug delivery may be a good alternative. For instance,
delivery of aerosolized medications via HFNC can achieve good
cooperation during treatment, which in turn will lead to improved drug
delivery and more efficacious treatment in children. Therefore, the
administration of aerosolized medications via HFNC is a promising
therapy for the management of young children with pulmonary
diseases. Everard et al?® found approximately 50% reduction in lung
deposition with nasal inhalation, which is consistent with the findings of
this study. Aerosol drug delivery through HFNC has gained popularity
over the years and the performance of HFNC on aerosol delivery has
been investigated in previous research.?263! Similar to previous

evidence, 283032

we also found that decreasing flow rate with HFNC
and LFNC increases aerosol drug delivery in infants and pediatrics
because of a reduction in turbulent and transitional flow. The findings of
this study also showed LFNC is the least efficient delivery interface
compared to the MP, FM, and HFNC in children. No studies
investigating the impact of LFNC on aerosol drug delivery to children
were found to compare with the data in this study.

According to previous evidence, mesh nebulizers are more efficient
than JNs.2%%338 Due to their small residual volume, silent operation, easy
to use and clean, use of mesh nebulizers for aerosol therapy has gained
popularity over the years. In our previous research, we compared aerosol
delivery with jet and mesh nebulizers using different FMs in the infant
lung model and showed that drug delivery with the aerosol mask was
4.08% and 4.56% with jet and mesh nebulizers, respectively.1° Although
we found similar efficiency (3.83%) with the JN attached to an aerosol
mask, delivery efficiency of the mesh nebulizer (6.72%) that we obtained
in this study is greater than our previous research. Differences in our
findings are due to variation in configurations used with the mesh
nebulizer in both studies.

This study illustrates the effects of nebulizer type, delivery
interface, and flow rate on aerosol drug delivery to infants and
pediatrics. The primary limitation of this study is that only one set of
breathing parameters was used despite children having a wide range
of breathing parameters. Although the mannequins we used in this
study have anatomically accurate nasal airways, several researchers
put extensive effort into developing accurate anatomical infant and
pediatric nasal airways that will be appropriate to use in future

studies.®?*® While the use of LFNC is not a common practice in

aerosol therapy, it was tested in this study to better understand its
impact on aerosol deposition in infant and pediatric lung models
used. As an in vitro study, the findings of this study may overestimate
aerosol drug delivery in vivo. Therefore, further research is needed
to determine the clinical efficacy of different delivery interfaces and
their impact on patient outcomes.

5 | CONCLUSION

Type of nebulizer, delivery interface, and flow rate used in the
treatment of children affect aerosol drug delivery. Delivery efficiency
of mesh nebulizers is two to fourfold more than the JNs used with
HENC, FM, and MP. While aerosol delivery with FM was greater than
HFNC and LFNC in infants, the delivery efficiency of MP was the best
compared to other interfaces used in pediatrics. Increasing flow rate
with LFNC and HFNC decreased aerosol delivery with the mesh

nebulizer in infants and pediatrics.

ACKNOWLEDGMENT

This study was presented at the International Respiratory Care

Convention organized by the American Association for Respiratory Care.

CONFLICT OF INTEREST

Dr. Ari discloses her relationship with the CHEST Foundation, Bayer

Pharmaceuticals, Aerogen Ltd, ARC Medical, and Sunovion Pharma-

ceuticals.

ORCID

Arzu Ari http://orcid.org/0000-0002-3126-8144
REFERENCES

1. Ari A. Jet, mesh, and ultrasonic nebulizers: an evaluation of nebulizers
for better clinical practice. Eurasian J Pulmonol. 2014;16:1-7.

2. Ari A, Restrepo RD. Aerosol delivery device selection for sponta-
neously breathing patients: 2012. Respir Care. 2012;57(4):613-626.

3. Ari A, Fink J. Aerosol therapy in children: challenges and solutions.
Exp Rev Respir Med. 2013;7(6):665-672.

4. Alvine GF, Rodgers P, Fitzsimmons KM, Ahrens RC. Disposable jet
nebulizers. How reliable are they? Chest. 1992;101(2):316-319.

5. Berlinski A, Willis JR. Albuterol delivery by 4 different nebulizers
placed in 4 different positions in a pediatric ventilator in vitro model.
Respir Care. 2013;58(7):1124-1133.

6. Ho S, Kwong W, O'Drowsky L, Coates A. Evaluation of four breath-
enhanced nebulizers for home use. J Aerosol Med. 2001;14(4):467-475.

7. Rau JL, Ari A, Restrepo RD. Performance comparison of nebulizer
designs: constant-output, breath-enhanced, and dosimetric. Respir
Care. 2004;49(2):174-179.

8. Ari A. Drug delivery interfaces: A way to optimize inhalation therapy
in spontaneously breathing children. World J Clin Pediatr. 2016;5(3):
281-287.


http://orcid.org/0000-0002-3126-8144

ARI

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

Lin HL, Harwood RL, Fink JB, Ari A. In vitro comparison of aerosol
delivery using different face masks and flow rates with a high-flow
humidity system. Respir Care. 2014;60(9):1215.

Ari A, de Andrade AD, Sheard M, AlHamad B, Fink JB. Performance
comparisons of jet and mesh nebulizers using different interfaces in
simulated spontaneously breathing adults and children. J Aerosol Med
Pulm Drug Deliv. 2015;28(4):281-289.

Lin HL, Wan GH, Chen YH, Fink JB, Liu WQ, Liu KY. Influence of
nebulizer type with different pediatric aerosol masks on drug
deposition in a model of a spontaneously breathing small child.
Respir Care. 2012;57(11):1894-1900.

Amirav |, Newhouse MT. Aerosol therapy with valved holding
chambers in young children: Importance of the Facemask Seal.
Pediatrics. 2001;108:389-394.

Esposito-Festen J, Ates B, van Vliet F, Hop W, Tiddens H. Aerosol
delivery to young children by pMDI-spacer: Is facemask design
important? Pediatr Allergy Immunol. 2005;16(4):348-353.

Janssens HM, Tiddens HA. Facemasks and aerosol delivery by
metered dose inhaler-valved holding chamber in young children: a
tight seal makes the difference. J Aerosol Med Pulm Drug Deliv.
2007;20(suppl 1):559-S63.

Smaldone GC, Sangwan S, Shah A. Facemask design, facial deposition,
and delivered dose of nebulized aerosols. J Aerosol Med Pulm Drug
Deliv. 2007;20(suppl 1):566-575.

Smaldone GC, Berg E, Nikander K. Variation in pediatric aerosol
delivery: importance of facemask. J Aerosol Med Pulm Drug Deliv.
2005;18(3):354-363.

Nikander K, Agertoft L, Pedersen S. Breath-synchronized nebuliza-
tion diminishes the impact of patient-device interfaces (face mask or
mouthpiece) on the inhaled mass of nebulized budesonide. J Asthma.
2000;37(5):451-459.

Kishida M, Suzuki |, Kabayama H, et al. Mouthpiece versus facemask
for delivery of nebulized salbutamol in exacerbated childhood
asthma. J Asthma. 2002;39:337-339.

Hayden J, Smith N, Woolf D, Barry P, O’Callaghan C. A randomised
crossover trial of facemask efficacy. Arch Dis Child. 2004;89(1):72-73.
Nikander K, Berg E, Smaldone GC. Jet nebulizers versus pressurized
metered dose inhalers with valved holding chambers: effects of the
facemask on aerosol delivery. J Aerosol Med Pulm Drug Deliv.
2007;20(suppl 1):546-S55.

Esposito-Festen JE, Ates B, van Vliet FJ, Verbraak AF, de Jongste JC,
Tiddens HA. Effect of a facemask leak on aerosol delivery from a
pMDI-spacer system. J Aerosol Med Pulm Drug Deliv. 2004;17(1):1-6.
Harris KW, Smaldone GC. Facial and ocular deposition of nebulized
budesonide: effects of face mask design. Chest. 2008;133(2):482-488.
Restrepo RD, Dickson SK, Rau JL, Gardenhire DS. An investigation of
nebulized bronchodilator delivery using a pediatric lung model of
spontaneous breathing. Respir Care. 2006;51(1):56-61.

Lin HL, Restrepo RD, Gardenhire DS, Rau JL. Effect of face mask
design on inhaled mass of nebulized albuterol, using a pediatric
breathing model. Respir Care. 2007;52(8):1021-1026.

Everard ML, Hardy JG, Milner AD. Comparison of nebulised aerosol
deposition in the lungs of healthy adults following oral and nasal
inhalation. Thorax. 1993;48(10):1045-1046.

Reminiac F, Vecellio L, Bodet-Contentin L, et al. Nasal high-flow
bronchodilator nebulization: a randomized cross-over study. Ann
Intensive Care. 2018;8(1):128.

Réminiac F, Vecellio L, Heuzé-Vourch N, Petitcollin A, Respaud R,
Cabrera M. Aerosol therapy in adults receiving high flow nasal cannula
oxygen therapy. J Aerosol Med Pulm Drug Deliv. 2016;29:134-141.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

7
‘) WILEY—
Reminiac F, Vecellio L, Loughlin RM, et al. Nasal high flow
nebulization in infants and toddlers: an in vitro and in vivo
scintigraphic study. Pediatr Pulmonol. 2017;52(3):337-344.
Bhashyam AR, Wolf MT, Marcinkowski AL, et al. Aerosol delivery
through nasal cannulas: an in vitro study. J Aerosol Med Pulm Drug
Deliv. 2008;21(2):181-188.
Ari A, Harwood R, Sheard M, Dailey P, Fink JB. In vitro comparison of
heliox and oxygen in aerosol delivery using pediatric high flow nasal
cannula. Pediatr Pulmonol. 2011;46(8):795-801.
Dailey P, Walsh K, Fink J, Harwood R, Ari A. Aerosol delivery through
adult high flow nasal cannula: an in-vitro comparison with heliox and
oxygen. Respir Care. 2009;54(11):1522.
Perry SA, Kesser KC, Geller DE, Selhorst DM, Rendle JK, Hertzog JH.
Influences of cannula size and flow rate on aerosol drug delivery
through the Vapotherm humidified high-flow nasal cannula system.
Ped Crit Care Med. 2013;14(5):e250-e256.
Johnson JC, Waldrep JC, Guo J, Dhand R. Aerosol delivery of
recombinant human DNase I: in vitro comparison of a vibrating-mesh
nebulizer with a jet nebulizer. Respir Care. 2008;53(12):1703-1708.
Kurosaka F, Nishio H. Comparison of the bronhodilative effects of
salbutamol delivered via three mesh nebulizers in children with
bronchial asthma. Allergol Int. 2009;58(4):529-535.
Ari A, Areabi H, Fink JB. Evaluation of position of aerosol device in
two different ventilator circuits during mechanical ventilation. Respir
Care. 2010;55(7):837-844.
Ari A, Atalay OT, Harwood R, Sheard MM, Aljamhan EA, Fink JB.
Influence of nebulizer type, position, and bias flow on aerosol drug
delivery in simulated pediatric and adult lung models during
mechanical ventilation. Respir Care. 2010;55(7):845-851.
Rubin BK. Air and soul: the science and application of aerosol
therapy. Respir Care 2010;55(7):911-921.
Dolovich MB, Dhand R. Aerosol drug delivery: developments in
device design and clinical use. Lancet. 2011;377(9770):1032-1045.
Golshani L, Noga M, Finlay WH. Deposition of inhaled micrometer-
sided particles in oropharyngeal airway replicas of children at
constant flow rates. J Aerosol Sci. 2012;49:21-31.
Golshani L, Noga M, Thompson R, Finlay WH. In vitro deposition
measurement of inhaled micrometer-sized particle in extrathoracic
airways of children and adolescents during nose breathing. J Aerosol
Sci. 2011;42:474-488.
Golshani L, Vehring R, Noga M, Finlay WH. In vitro deposition of
micrometer-sided particles in the extrathoracic airways of children
during tidal oral breathing. J Aerosol Sci. 2013;57:14-21.
Javaheri E, Golshani L, Finlay WH. An idealized geometry that mimics
average infant nasal airway deposition. J Aerosol Sci. 2013;55:137-148.
Janssens HM, de Jongste JC, Fokkens WJ, Robben SG, Wouters K,
Tiddens HA. The Sophia anatomical infant nose-throat (Saint) model:
a valuable tool to study aerosol deposition in infants. J Aerosol Med
Pulm Drug Deliv. 2001;14(4):433-441.

How to cite this article: Ari A. Effect of nebulizer type,
delivery interface and flow rate on aerosol drug delivery to
spontaneously breathing pediatric and infant lung models.
Pediatr Pulmonol. 2019;1-7.
https://doi.org/10.1002/ppul.24449



https://doi.org/10.1002/ppul.24449



