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Abstract: There are variations in the values reported for aerosol drug delivery across in vitro experi-
ments throughout the published literature, and often with the same devices or similar experimental
setups. Factors contributing to this variability include, but are not limited to device type, equipment
settings, drug type and quantification methods. This study assessed the impact of head model choice
on aerosol drug delivery using six different adults and three different paediatric head models in
combination with a facemask, mouthpiece, and high-flow nasal cannula. Under controlled test condi-
tions, the quantity of drug collected varied depending on the choice of head model. Head models
vary depending on a combination of structural design differences, facial features (size and structure),
internal volume measurements and airway geometries and these variations result in the differences
in aerosol delivery. Of the widely available head models used in this study, only three were seen to
closely predict in vivo aerosol delivery performance in adults compared with published scintigraphy
data. Further, this testing identified the limited utility of some head models under certain test condi-
tions, for example, the range reported across head models was aerosol drug delivery of 2.62 ± 2.86%
to 37.79 ± 1.55% when used with a facemask. For the first time, this study highlights the impact of
head model choice on reported aerosol drug delivery within a laboratory setting and contributes to
explaining the differences in values reported within the literature.

Keywords: head model; aerosol drug delivery; facemask; mouthpiece; high flow nasal cannula;
vibrating mesh nebuliser; adult; paediatric; inhalation

1. Introduction

In vitro experiments play a hugely valuable role in predicting and characterizing
aerosol drug delivery across a range of device and interface combinations. The information
and data reported are vital in the optimisation of device design, and a device’s clinical
application. A wide range of head models is reported within the literature as a means to
assess aerosol delivery to simulated spontaneously breathing adult and paediatric patients.
Detailed information on make, model and material is often descriptive, but limited [1–3].
Reported head models for benchtop experiments vary between teaching mannequins with
anatomical face and upper airways [1], airway management trainer models [4], nasal cast
models [5,6], and anatomically correct face/airway models derived from CT scans [7–9].

It is generally accepted that 3D printed head models, generated from an individual
CT scan are valuable in estimating aerosol dose delivery. Moreover, the availability of
realistic airway management head models, also based on real life CT Dicom data, may
further advance the sophistication of head models available in estimating aerosol drug
delivery. In comparison to 3D printed head models, realistic airway management head
models developed by companies, such as TruCorp (TruCorp®, Craigavon, Ireland) and
Nasco Healthcare (Nasco Healthcare, Saugerties, NY, USA) feature anatomical landmarks,
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such as the teeth, tongue, nasal mucus, and skin-like surface material to closer resemble
“real-life” humans. In addition, other representative head models, such as CPR and head
simulation models are commonly available and utilised for aerosol drug delivery experi-
ments. It has been our group’s experience that with the range of options available, a head
model choice can be a significant contributing factor to the range of results reported across
the published literature.

Despite similar experimental designs, variations exist in reports relating to aerosol
drug delivery. For example, Bennett et al. [8] reported a higher respirable drug mass
compared to Reminiac et al. [6] when using the same vibrating mesh nebuliser type in
combination with a nasal cannula for equivalent normal and distressed breathing patterns
at 30 LPM (9.63% vs. 6.70% and 15.02% vs. 10.30%), 45 LPM (6.20% vs. 3.50% and 9.88% vs.
6.70%) and 60 LPM (4.58% vs. 3.00% and 7.65% vs. 5.10%).

Contributing factors for reported variations in aerosol dose delivery include but are not
limited to device type [1,6,10–14], supplemental gas flow rates [11,15–17], equipment [16],
breath profiles [6,8,14], and patient interface [13,18–22]. The aim of this study was to assess
the impact of adult and paediatric head model choice on reported aerosol drug delivery.
Six adult and three paediatric head models were examined. The drug was delivered to
each head model using a vibrating mesh nebuliser in combination with either a facemask,
mouthpiece, or high flow nasal cannula. Additional factors with the potential to impact
aerosol delivery, such as equipment type, dose quantification methodology, breath profiles,
device settings and drug type were controlled throughout.

2. Materials and Methods
2.1. Head Models

The head models included in this study are presented and described both in Figure 1
and Table 1 and consist of real-life airway management trainer models, 3D Printed head
models and resuscitation and CPR models. Adult head models include two airway man-
agement trainer head models, one 3D Printed anatomically correct adult head model as
previously described by Golshahi et al. [23], two CPR training head models and one head
simulation model. Paediatric head models include one airway management trainer model
and a 3D printed anatomically correct nasopharyngeal and oropharyngeal head model.
For ease of comparison, and consistent with some reports in the literature, the head models
were assigned names, see Figure 1.

External head model characteristics were assessed based on the physical characteris-
tics and overall “real-life” representation. Factors taken into consideration include head
model design and purpose, airway geometries, internal volume measurements and surface
anatomical landmark dimensions, see Table 1. Measurement capabilities were subject to the
structure of each head model. Nasal measurements were not recorded for the 3D printed
paediatric oropharyngeal head model due to occlusion of the nasal cavity. The width of
the nasal orifice was not recorded for head models ADAM or FRANK due to the lack of a
nasopharyngeal airway. Oral measurements were omitted for the 3D printed adult head
model due to the lack of an oral cavity.

The size, volume and structures (internal and external) varied across the different
head models. The adult airway management trainer and 3D printed head models con-
tained intricate and anatomically correct geometries. These head models offered a more
“real-life” representation compared to CPR and head simulation head models (ANNE,
ADAM, FRANK) which contained a single oropharyngeal airway with a simple cylindrical
airway geometry.

The 3D printed paediatric nasopharyngeal and oropharyngeal head models also
contained singular airways due to the lack of oral and nasal cavities. However, these
airways were anatomically correct in contrast to the simplistic airways observed in the CPR
and head simulation head models.
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Figure 1. (A) TruCorp AirSim Advance X (AA91100X, TruCorp®, Craigavon, Ireland); (B) LUCY 
(Life/form® Adult Airway Management Trainer, Head Only, SKU: LF03603, Nasco Healthcare, Sau-
gerties, NY, USA); (C) 3D Printed anatomically correct head model generated from an individual 
CT scan; (D) ANNE (Resusci Anne® QCPR, Laerdal medical, Stavanger, Norway); (E) FRANK 
(Model HSM-A 1550, Michigan Instruments, Kentwood, MI, USA); (F) ADAM (Adult #2000, Simu-
laids, INC, Saugerties, NY, USA); (G) TruCorp AirSim Child X (AC 10006X, TruCorp®, Craigavon, 
Ireland); (H) 3D Printed anatomically correct oropharyngeal (Male 5 years) generated from an indi-
vidual CT scan; (I) 3D printed anatomically correct nasopharyngeal (1688) head model generated 
from an individual CT scan. 

The 3D printed paediatric nasopharyngeal and oropharyngeal head models also con-
tained singular airways due to the lack of oral and nasal cavities. However, these airways 
were anatomically correct in contrast to the simplistic airways observed in the CPR and 
head simulation head models. 

Figure 1. (A) TruCorp AirSim Advance X (AA91100X, TruCorp®, Craigavon, Ireland); (B) LUCY
(Life/form® Adult Airway Management Trainer, Head Only, SKU: LF03603, Nasco Healthcare,
Saugerties, NY, USA); (C) 3D Printed anatomically correct head model generated from an individual
CT scan; (D) ANNE (Resusci Anne® QCPR, Laerdal medical, Stavanger, Norway); (E) FRANK (Model
HSM-A 1550, Michigan Instruments, Kentwood, MI, USA); (F) ADAM (Adult #2000, Simulaids, INC,
Saugerties, NY, USA); (G) TruCorp AirSim Child X (AC 10006X, TruCorp®, Craigavon, Ireland);
(H) 3D Printed anatomically correct oropharyngeal (Male 5 years) generated from an individual
CT scan; (I) 3D printed anatomically correct nasopharyngeal (1688) head model generated from an
individual CT scan.



Pharmaceutics 2022, 14, 24 4 of 12

Table 1. Head Model Characteristics.

Head Model Design Internal
Geometry

Internal
Volume

Dorsum
Nasi (L) 1

Nasal
Orifices

(w) 1

Oral
Opening

(w) 1

A
du

lt

LUCY
Airway

management
trainer model

Nasal and oral
anatomical landmarks 212 cm3 3.5 cm 2.2 cm 4.5 cm

TruCorp AirSim
Advance X

Airway
management
trainer model

Nasal and oral
anatomical landmarks 318 cm3 4.5 cm 3.5 cm 5.0 cm

ANNE CPR Trainer Model Simple single airway 52 cm3 4.3 cm 2.0 cm 5.0 cm

ADAM CPR Adult
Manikin Simple single airway 77 cm3 4.3 cm N/A 4.5 cm

FRANK Head
Simulation Model Simple single airway 27 cm3 4.3 cm N/A 4.5 cm

3D printed Adult
Head Model

3D printed
generated from

individual CT scan

Anatomically correct
geometry 84 cm3 3.5 cm 2.5 cm N/A

Pa
ed

ia
tr

ic

TruCorp AirSim
Child X

Airway
management
trainer model

Anatomically correct
geometry 76 cm3 3.4 cm 2.2 cm 4.0 cm

3D printed
Paediatric

oropharyngeal
head model

3D printed
generated from

individual CT scan

Single
anatomically correct

oropharyngeal airway
25 cm3 N/A N/A 3.5 cm

3D printed
nasopharyngeal

head model

3D printed
Generated from

individual CT scan

Single
anatomically correct

nasopharyngeal airway
21 cm3 2.0 cm 2.3 cm N/A

1 Nasal surface measurements represent the length of the Dorsum Nasi (L) and width of the lateral openings (W)
of the nasal and oral orifices.

The 3D printed head models have exact replicas of nasal and airway geometries,
however, they lacked additional anatomical markers, such as teeth, tongue and external
facial features present on the airway management head models, LUCY (Nasco Life/form®

Adult Airway Management Trainer, Head Only, SKU: LF03603, Saugerties, NY, USA) and
the TruCorp AirSim Advance X (AA91100X) and TruCorp AirSim Child X (AC 10006X).
Similarly, the internal geometry of the airway management trainer models were gener-
ated from individual CT scans. Despite the anatomical correctness, these head models
varied in shape, size and internal volume, which may be expected considering real life
population heterogeneity.

The head model used depended on its compatibility with the different aerosol delivery
interfaces; facemask, mouthpiece, and nasal cannula. The head models FRANK, ADAM
and ANNE were not used for high flow nasal cannula testing due to the absence of a
nasopharyngeal airway along with complete occlusion of the nasal cavity in FRANK and
ADAM. Furthermore, ADAM was not used for mouthpiece testing due to the lack of
protrusion and partial occlusion of the oral opening. The 3D printed adult head model was
not structurally suitable for the attachment of a facemask and for this reason was omitted
from testing using this interface. The 3D printed paediatric (Male 5 years) oropharyngeal
head model was used for facemask and mouthpiece testing only due to complete occlusion
of the nasal opening while the 3D printed paediatric nasopharyngeal head model was used
for high flow nasal cannula testing only due to occlusion of the oral cavity. The LUCY,
TruCorp AirSim Advance X and the TruCorp AirSim Child X head models were tested
across all three patient interfaces considered in the study. To ensure consistency across
test set-ups, the oral cavity of the TruCorp AirSim Advance Child X was occluded to align
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with the 3D printed nasopharyngeal (1688) paediatric head model for the nasal cannula
interface experiments. Similarly, the nasal cavity of the TruCorp AirSim Advance Child X
was occluded to allow for comparison with the 3D printed (Male 5 years) oropharyngeal
head model for facemask and mouthpiece interface testing. Likewise, the oral cavity of
the TruCorp AirSim Advance X, LUCY, and oropharyngeal airway of the 3D printed adult
head model were occluded for the high flow nasal therapy testing whilst the nasal cavity of
these same models was occluded during mouthpiece testing.

2.2. Experimental Design

Figure 2 is an illustration of the experimental setup. Each head model was connected
to a breathing simulator (ASL 5000, Ingmar medical, Pittsburgh, PA, USA) via a capture
filter (303EU, Vyaire, Dublin, Ireland), placed at the level of the trachea. A breath rate
(BR) of 15 breaths per minute (BPM), inspiratory to expiratory ratio (I:E) of 1:1 and tidal
volume (Vt) of 500 mL were utilised to simulate adult breath settings (ISO 27427) [24].
Appropriate settings were also applied to simulate normal paediatric breathing (Vt: 300 mL,
BR: 20 BPM, I:E 1:2).
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Figure 2. Experimental Set-up: Head model set-up in combination with the ASL 5000 breathing
simulator. Aerosol administration provided with the Aerogen Ultra with a facemask or mouthpiece
and the Aerogen Solo/Airvo 2 with Optiflow Nasal cannula at supplemental flow rates of 0, 2 and
6 LPM and high flow gas rates of 10 and 50 LPM respectively.

For all tests, 4000 µg (2 mL of 2 mg/mL) Albuterol Sulfate (GlaxoSmithKline Ltd.,
Dublin, Ireland) was aerosolised using a vibrating mesh nebuliser (VMN) (Aerogen Solo,
Aerogen, Galway, Ireland). Five test runs were completed for each head model and device
interface combination.

The VMN was used in combination with an aerosol holding chamber (Aerogen Ultra,
Aerogen, Ireland) and either a facemask or mouthpiece. The droplet size (VMD, Dv50)
produced by the Aerogen Solo was 4.5 microns and was characterised using laser diffraction
as previously described [25]. Supplemental gas flow rates of 0, 2 and 6 LPM were supplied
to the Aerogen Ultra for both adult and paediatric test set ups. Although the use of the
Aerogen Solo with the Ultra in a paediatric patient at supplemental gas flow rates above
2 LPM or in combination with a mouthpiece is not recommended in the manufacturer’s
instructions for use in certain regions, the set-ups were used for the purposes of the current
tests to investigate the impact of paediatric head model choice on aerosol delivery only.
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For High Flow Nasal Therapy (HFNT) the VMN was placed at the humidifier using
the Optiflow system (AIRVO 2, Fisher and Paykel Healthcare, Auckland, New Zealand).
The appropriate nasal cannula (Adult: OPT946 (large), Paediatric: OPT318) and circuit
(Adult: 900PT501, Paediatric: 900PT531) were used to deliver aerosol at gas flow rates of 10
& 50 LPM for simulated adult and 3, 5 & 10 LPM for simulated paediatric models, respectively.

2.3. Aerosol Quantification

For each test run the aerosolised drug captured on the tracheal filter (hereafter referred
to as ‘tracheal dose’) was eluted from the filter using 10 mL deionised water. The drug mass
was measured using UV spectroscopy at 276 nm and interpolation on a standard curve as
previously described [26]. Results are expressed as a percentage (%) of the nominal dose
placed in the nebuliser’s medication cup (mean ± standard deviation). Data analysis was
performed using the statistical package, Minitab, version 19 (Minitab, University Park, PA,
USA). A one-way ANOVA was completed for each adult test series, facemask, mouthpiece,
and high flow nasal cannula. Student’s t-tests were completed to compare % tracheal dose
between paediatric head models for facemask, mouthpiece, and high flow nasal canula
testing. For all tests, differences were considered statistically significant at p ≤ 0.05.

3. Results
3.1. Adult Head Model Comparisons

Table 2 presents the average (±standard deviation) tracheal dose (%) (n = 5, for a
total of 180 test runs) for each of the adult head models used in this study. The aerosol
was delivered from the Aerogen Ultra to the respective head models using a facemask or
mouthpiece at supplemental gas flow rates of 0, 2 and 6 LPM. Aerosol from the high flow
system was delivered at 10 and 50 LPM. The data presented in Table 2 indicates that choice
of head model has a statistically significant impact on aerosol drug delivery across all test
settings, p ≤ 0.05.

Table 2. Mean ± SD % tracheal dose for Adult head models in combination with the Aerogen Ultra
with a facemask or mouthpiece and the Aerogen Solo/Airvo 2 with Optiflow Nasal cannula at
supplemental flow rates of 0, 2 and 6 LPM and high flow gas rates of 10 and 50 LPM respectively.

Interface
Supplemental

Gas
Flow Rate

TruCorp
AirSim

Advance X
LUCY ANNE ADAM FRANK

3D Printed
Adult

Head Model

p-
Value

Facemask
0 6.35 ± 0.87 22.79 ± 1.84 2.62 ± 2.86 13.02 ± 1.60 37.79 ± 1.55 NT 1 0.000
2 17.48 ± 1.82 29.30 ± 0.95 24.89 ± 3.65 16.61 ± 2.04 35.80 ± 1.26 NT 1 0.000
6 16.75 ± 2.86 23.61 ± 1.73 24.18 ± 3.07 17.55 ± 1.82 31.25 ± 2.54 NT 1 0.000

Mouthpiece
0 32.40 ± 4.42 33.24 ± 1.64 1.93 ± 2.79 NT 1 28.20 ± 1.33 30.53 ± 1.32 0.000
2 36.56 ± 4.13 32.90 ± 2.95 27.94 ± 2.49 NT 1 30.10 ± 1.37 30.54 ± 3.37 0.003
6 22.29 ± 1.42 21.92 ± 1.92 28.11 ± 2.13 NT 1 24.97 ± 1.19 24.96 ± 3.74 0.002

Nasal
Cannula

10 11.85 ± 1.07 15.97 ± 1.84 NT 1 NT 1 NT 1 15.66 ± 0.87 0.001
50 4.13 ± 1.17 2.60 ± 0.21 NT 1 NT 1 NT 1 2.32 ± 0.23 0.003

1 NT = not tested.

3.2. Paediatric Head Model Comparisons

Table 3 presents the average (±standard deviation) aerosol delivered to the level of the
trachea (%) (n = 5, for a total of 90 test runs) for the paediatric head models. Aerosol was
delivered from the Aerogen Ultra at supplemental gas flow rates of 0, 2 and 6 LPM to
the respective models using either a facemask or mouthpiece. Aerosol was delivered
from the high flow system at flow rates 3, 5 and 10 LPM respectively via the appropriate
nasal cannula. All paediatric models were constructed based on real-life CT scans, and
therefore, contained anatomically correct airway geometries. The shape, size and internal
volume measurements varied between head models. The 3D printed oropharyngeal head
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model facilitated more aerosol deposition onto the tracheal filter compared to the TruCorp
AirSim Child X when used in combination with a facemask at 0 LPM (31.86 ± 3.67% vs.
5.24 ± 1.53%). In contrast, the TruCorp AirSim Child X facilitated more aerosol deposition
onto the filter compared to the 3D printed oropharyngeal head model when used in combi-
nation with a mouthpiece at 0 LPM (20.42 ± 3.58% vs. 3.88 ± 0.70%). Both head models,
however, were comparable when used in combination with a facemask/mouthpiece at
2 and 6 LPM. With regards to aerosol dose delivery using the high flow nasal cannula,
both the TruCorp AirSim Child X and the 3D printed nasopharyngeal head model were
comparable at gas flow rates of 3 and 5 LPM. However, at a flow rate of 10 LPM the 3D
printed nasopharyngeal head model delivered a significantly higher percentage tracheal
dose compared to the TruCorp AirSim Child X (6.28 ± 0.22% vs. 4.00 ± 0.63%). Results were
considered statistically significant for p ≤ 0.05.

Table 3. Mean ± SD % tracheal dose for Paediatric Head Models in combination with the Aerogen
Ultra with a facemask or mouthpiece and the Aerogen Solo/Airvo 2 with Optiflow Nasal cannula at
supplemental flow rates of 0, 2 and 6 LPM and high flow gas rates of 3, 5 and 10 LPM respectively.

Interface
Supplemental

Gas Flow
Rate (LPM)

TruCorp
AirSim
Child X

3D Printed
Oropharyngeal
Head Model

3D Printed
Nasopharyn-

geal
Head Model

p-Value

Facemask
0 5.24 ± 1.53 31.86 ± 3.67 NT 1 0.000
2 21.51 ± 4.14 24.05 ± 5.88 NT 1 0.453
6 25.50 ± 4.94 26.94 ± 2.73 NT 1 0.583

Mouthpiece
0 20.42 ± 3.58 3.88 ± 0.70 NT 1 0.000
2 23.43 ± 3.99 26.48 ± 7.76 NT 1 0.457
6 21.18 ± 0.56 24.03 ± 3.62 NT 1 0.120

Nasal
Cannula

3 9.08 ± 2.67 NT 1 6.49 ± 2.46 0.149
5 7.04 ± 1.46 NT 1 5.55 ± 0.98 0.094
10 4.00 ± 0.63 NT 1 6.28 ± 0.22 0.000

1 NT = not tested.

4. Discussion

The current findings demonstrate the impact of head model choice on aerosol drug
delivery using the same device and test parameters and highlight a lack of standardisation
across testing for in vitro studies in this area. Head model variation and on occasion, limited
access to specific head model information impact the ability to accurately compare aerosol
delivery measurements in the published literature. To our knowledge, this is the first study
to assess the impact of head model choice on the assessment of aerosol drug delivery.

4.1. Head Model Interface Comparisons
4.1.1. Facemask

Overall size and large facial features, such as the nose and mandible, influenced inter-
face fit when using the TruCorp AirSim Advance X in combination with a facemask. It is
proposed that this may have influenced the lower aerosol drug delivery measured using
this head model and interface combination. Facemask fit improved and was more easily
managed in smaller airway management head models (LUCY), and CPR and head simula-
tion models (ANNE, ADAM and FRANK) (range at 0 LPM for example was 2.62 ± 2.86%
to 37.79 ± 1.55%).

It is likely that the mask fit combined with both a single simplified airway geometry
and small internal volume contribute to the higher percentage tracheal dose observed in
FRANK when used in combination with a facemask. Aerosol is less likely to get trapped
in the absence of anatomical features, such as the tongue and teeth and in the presence of
simplified cylindrical airway geometries.
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Although, CPR head model ADAM contained a simple airway geometry, the internal
volume in this head model was larger compared to FRANK (77 cm3 vs. 27 cm3) which,
along with occlusion of the nasal cavity may contribute to the lower aerosol drug deliv-
ery observed when using this model in combination with a facemask. Whilst similarly
constructed, the airway geometry for ANNE contained a sharp bend as opposed to an
elongated curvature of the throat as seen in FRANK and other head models. This may have
influenced aerosol delivery in this head model.

In addition to interface fit it is possible that the size, structure, and presence of both
the nasal and oral airways were contributing factors to aerosol dose delivery when using
TruCorp AirSim Advance X and LUCY in combination with a facemask.

For paediatric head models, a small internal volume (25 cm3 vs. 76 cm3) and the
presence of one (oropharyngeal) as opposed to two airways may have also enhanced
aerosol delivery in the 3D printed oropharyngeal head model vs. the TruCorp AirSim
Child X.

4.1.2. Mouthpiece

The mouthpiece interface had a consistently good fit when used in combination with
airway management trainer head models, LUCY, TruCorp AirSim Advance X, TruCorp
AirSim Child X. Placing the mouthpiece directly within the oral cavity enabled direct
aerosol delivery to the airways thus removing airway alignment issues present when using
the facemask interface. It is possible that improved interface fit enhanced aerosol delivery
for the TruCorp AirSim Advance X when used in combination with a mouthpiece compared
to the facemask interface.

The oral cavity for head simulation and CPR head models FRANK and ANNE was
enclosed around a simple cylindrical opening (airway). Furthermore, this opening was
partially sealed and rigid, which created challenges in aligning the mouthpiece, oral
opening and cylindrical airway. Similar to the facemask interface, it is likely that an altered
airway geometry also impacted aerosol delivery for ANNE when used in combination with
a mouthpiece.

The solid oral opening of the 3D printed oropharyngeal paediatric head model was
immobile and smaller in width (3.5 cm vs. 4.0 cm) compared to the adjustable opening
of the TruCorp AirSim Child X. It is possible that alignment of the mouthpiece with
the airway contributed to the low delivered dose observed with this head model and
interface combination when compared to the TruCorp AirSim Child X (3.88 ± 0.70% vs.
20.42 ± 3.58% at 0 LPM). This low dose increased with increasing supplemental gas flow
rates, where the very low and highly variable dose at 0 LPM increased at 2 and 6 LPM and
was closer to the TruCorp Air-Sim Child X. This would support the above hypothesis that
aerosol entry into the oral cavity facilitated larger doses, where here, the supplemental gas
flow carried the aerosol into the oral cavity, making more available for inhalation onto the
tracheal filter. The structure of the 3D printed adult head model allowed direct access to
the airway, which eliminated these challenges.

When considering these models’ ability to predict in vivo performance in spontaneous
breathing patients, there is a paucity of direct comparisons in the literature, and only adult
data is available. However, it should be noted that each of the TruCorp AirSim Advance X,
LUCY and the 3D printed head model all recorded similar delivered doses to that reported
in a comparative scintigraphy imaging trial in healthy adult volunteers that also used the
Aerogen Ultra in combination with a mouthpiece at 0 LPM (32.40 ± 4.42%, 33.24 ± 1.64%
and 30.53 ± 1.32% respectively vs. 34.1 ± 6.0%) [27].

4.1.3. Nasal Cannula

With regards to high flow nasal therapy, the fit of the adult nasal cannula was visibly
tighter in the LUCY and 3D printed adult head models compared to the TruCorp AirSim
Advance X, which measured at least 1 cm larger in length and width of the dorsum nasi
and nasal opening. The width of the nasal orifices for the two paediatric head models was
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similar (3D printed nasopharyngeal head model and TruCorp AirSim Child X) and thus
the nasal cannula was considered a good fit in both models. Whilst the internal volume
for the TruCorp AirSim Child X was larger than that for the 3D printed nasopharyngeal
head model (76 cm3 vs. 21 cm3), aerosol delivery was comparable at gas flow rates of
3 and 5 LPM. The 3D printed nasopharyngeal head model delivered a significantly greater
aerosol dose at a gas flow rate of 10 LPM only.

Again, the TruCorp AirSim Advance X, LUCY and the 3D printed head model all
recorded comparable delivered doses (4.13 ± 1.17%, 2.60 ± 0.21% and 2.32 ± 0.23% re-
spectively, vs. 3.46 ± 1.24%) to that reported in a scintigraphy imaging trial in healthy
volunteers that used the Aerogen Solo and Optiflow system with 50 LPM gas flow rate [28].

4.2. Head Model Material and Design

A degree of variation is expected between head models constructed from individual CT
scans, however, the anatomical correctness of these models helps predict aerosol delivery
in “real-life” scenarios with greater accuracy. Combined with advanced features, such
as teeth, tongue, nostril mucus and “skin”, the airway management models were more
intricately representative of “real-life” patients. Nevertheless, 3D printed head models
remain a reliable resource for estimating aerosol dose delivery. Javaherin et al. compared
an idealised geometry with 10 realistic infant geometries and found agreement between the
different models, which supports the use of an idealised 3D printed model for predicting
aerosol delivery [29]. Additionally, cast models based on the plastination of human airways
as previously described by Durand et al. [30] may further contribute to in vitro aerosol
delivery measurements. As outlined by Le Guellec et al. [31] these cast models may have
an advantage in predicting in vivo transnasal aerosol dose deposition.

Although anatomically correct, the material and construction methods for head models
based on CT scans also varied. The 3D printed head model described by Golshahi et al. [23]
was constructed based on an adult CT scan using a Viper SLA machine and a clear Accura
60 plastic resin material. Airway management head models, such as those available from
TruCorp® (TruCorp®, Craigavon, Ireland) are also based on CT Dicom data, however, these
models are constructed of silicone skin (externally) and latex based airways (internally).
It is possible that the material composition and construction methods may further influence
aerosol delivery through the airways of varying head models.

Not addressed by these models, and consequently by our analysis, are several features
that exist in humans, such as the variable position of the tongue, jaw and glottal aperture.
This, combined with the effect of the airway lining liquids and mucus will impact aerosol
deposition, and ultimately aerosol distribution throughout the airways. Additionally, these
upper airway models, and despite some being derived from CT scans, are not representative
of the entire human adult or paediatric populations. As such, reported aerosol doses should
always be considered indicative and no more. Attempts have been made to address these
limitations in models as tools, but there are still none that meet all the needs of the research
field. For example, the Alberta Idealized Throat model [32] was developed as a composite
from several CT scans, however, it lacks the nasopharynx and face. In paediatric modelling,
the SAINT model of a 9-month-old [33] was derived from a single CT scan and made use of
a bespoke airway coating solution but whilst it has facial features, again it is nasopharyngeal
only. The oropharynx is not included.

Furthermore, as noted above, interface (mask/mouthpiece/cannula) fit against the
face/head model is a critical determinant of aerosol delivery. Whilst not the focus of our
studies, this interface “fit” element is deserving of further investigation in future studies.
This may lead to complexity in interface options, e.g., several sizes need to be designed
or made available, but the resulting improvement in aerosol delivery and the consequent
healthcare outcomes are deserving reasons.

A considerable amount of work is required in order to close these gaps but until that
happens, the commercially available head models, such as those described herein remain a
valuable research tool, albeit with their own limitations.
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5. Conclusions

A range of commercially available head models is described within studies pertain-
ing to aerosol inhalation and drug delivery across the published literature. These head
models vary depending on design, structure, volume, and geometrical complexities and,
thus, impact aerosol measurements when used in combination with a range of interfaces.
With significant variability noted across combinations of head model type, interface and
supplemental gas flow rate, this study highlights the need for increased awareness on the
impact of head model choice on reported aerosol drug delivery. As such, the suitability
of and ability to predict in vivo aerosol performance of the head model under test needs
to be considered carefully. Here, based on limited in vivo data reported in the literature,
we found the TruCorp AirSim Advance X, LUCY and the 3D printed head model the
most predictive of in vivo aerosol delivery performance for both mouthpiece and nasal
cannula in a model of the adult patient. Unfortunately, due to the absence of published
scintigraphy data using the same nebuliser in paediatric patients, we were unable to de-
termine the most predictive of in vivo performance in a model of the paediatric patient.
Comparisons with reported nonhuman primate data where the same nebuliser was used,
for example, Réminiac et al. [20] are not appropriate given the significant anatomical dif-
ferences. This remains a gap in the state of the art, especially when one considers the
variability in dose across the three paediatric head models reported herein. Finally, similar
to breathing pattern, nebuliser type and patient intervention, we recommend that head
model type should be documented clearly and carefully across in vitro benchtop studies
in order to ensure that findings can be both reproduced and interpreted correctly in cases
where a model may have been unsuitable for use under certain test conditions.

Author Contributions: Conceptualization, L.G. and R.M.; methodology, L.G., M.J., B.M. and M.M.G.E.;
formal analysis, L.G.; writing—original draft preparation, L.G.; writing—review and editing, L.G.,
M.J., B.M., M.M.G.E. and R.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Aerogen Limited. The funders had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in
the decision to publish the results.Funding number is 2021_25.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: Lauren Gallagher, Mary Joyce, Barry Murphy, Marc Mac Giolla Eain and Ronan
MacLoughlin are employees of Aerogen Limited. The company had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the
decision to publish the results.

References
1. Ari, A.; De Andrade, A.D.; Sheard, M.; Alhamad, B.; Fink, J.B. 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,
281–289. [CrossRef]

2. Bennett, G.; Joyce, M.; Fernández, E.F.; MacLoughlin, R. Comparison of aerosol delivery across combinations of drug delivery
interfaces with and without concurrent high-flow nasal therapy. Intensive Care Med. Exp. 2019, 7, 20. [CrossRef]

3. Sweeney, L.; McCloskey, A.P.; Higgins, G.; Ramsey, J.M.; Cryan, S.A.; MacLoughlin, R. Effective nebulization of interferon-γ
using a novel vibrating mesh. Respir. Res. 2019, 20, 66. [CrossRef]

4. Moody, G.B.; Ari, A. Quantifying continuous nebulization via high flow nasal cannula and large volume nebulizer in a pediatric
model. Pediatr. Pulmonol. 2020, 55, 2596–2602. [CrossRef] [PubMed]

5. Szychowiak, P.; Gensburger, S.; Bocar, T.; Landel, C.; Philippe, M.; Le Pennec, D.; Cabrera, M.; Mordier, L.; Vecellio, L.; Reminiac,
F.; et al. Pressurized Metered Dose Inhaler Aerosol Delivery Within Nasal High-Flow Circuits: A Bench Study. J. Aerosol Med.
Pulm. Drug Deliv. 2021, 34, 303–310. [CrossRef] [PubMed]

http://doi.org/10.1089/jamp.2014.1149
http://doi.org/10.1186/s40635-019-0245-2
http://doi.org/10.1186/s12931-019-1030-1
http://doi.org/10.1002/ppul.24967
http://www.ncbi.nlm.nih.gov/pubmed/32681768
http://doi.org/10.1089/jamp.2020.1643
http://www.ncbi.nlm.nih.gov/pubmed/33761286


Pharmaceutics 2022, 14, 24 11 of 12

6. Réminiac, F.; Vecellio, L.; Heuzé-Vourc’h, N.; Petitcollin, A.; Respaud, R.; Cabrera, M.; Le Pennec, D.; Diot, P.; Ehrmann, S. Aerosol
Therapy in Adults Receiving High Flow Nasal Cannula Oxygen Therapy. J. Aerosol Med. Pulm. Drug Deliv. 2016, 29, 134–141.
[CrossRef] [PubMed]

7. Velasco, J.; Berlinski, A. Albuterol Delivery Efficiency in a Pediatric Model of Noninvasive Ventilation With Double-Limb Circuit.
Respir. Care 2018, 63, 141–146. [CrossRef] [PubMed]

8. Bennett, G.; Joyce, M.; Sweeney, L.; MacLoughlin, R. In Vitro Study of the Effect of Breathing Pattern on Aerosol Delivery During
High-Flow Nasal Therapy. Pulm. Ther. 2019, 5, 43–54. [CrossRef] [PubMed]

9. McGrath, J.A.; O’Toole, C.; Bennett, G.; Joyce, M.; Byrne, M.A.; Macloughlin, R. Investigation of Fugitive Aerosols Released into
the Environment during High-Flow Therapy. Pharmaceutics 2019, 11, 254. [CrossRef]

10. Eain, M.M.G.; O’Sullivan, A.; Joyce, M.; Macloughlin, R. In vitro evaluation of disposable transport ventilators with combination
aerosol therapy. BMJ Open Respir. Res. 2021, 8, e000739. [CrossRef]

11. 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, 54, 1735–1741. [CrossRef]

12. Adorni, G.; Seifert, G.; Buttini, F.; Colombo, G.; Stecanella, L.A.; Krämer, I.; Rossi, A. Aerosolization Performance of Jet Nebulizers
and Biopharmaceutical Aspects. Pharmaceutics 2019, 11, 406. [CrossRef]

13. Fernández Fernández, E.; Joyce, M.; O’sullivan, A.; Macloughlin, R. Evaluation of Aerosol Therapy during the Escalation of Care
in a Model of Adult Cystic Fibrosis. Antibiotics 2021, 10, 472. [CrossRef]

14. Naughton, P.J.; Joyce, M.; Mac Giolla Eain, M.; O’sullivan, A.; Macloughlin, R. Evaluation of Aerosol Drug Delivery Options
during Adult Mechanical Ventilation in the COVID-19 Era. Pharmaceutics 2021, 13, 1574. [CrossRef]

15. Li, J.; Fink, J.B.; MacLoughlin, R.; Dhand, R. A narrative review on trans-nasal pulmonary aerosol delivery. Crit. Care 2020, 24, 506.
[CrossRef]

16. Perry, S.A.; Kesser, K.C.; Geller, D.E.; Selhorst, D.M.; Rendle, J.K.; Hertzog, J.H. Influences of cannula size and flow rate on aerosol
drug delivery through the Vapotherm humidified high-flow nasal cannula system. Pediatr. Crit. Care Med. 2013, 14, e250–e256.
[CrossRef]

17. Bennett, G.; Joyce, M.; Sweeney, L.; MacLoughlin, R. In Vitro Determination of the Main Effects in the Design of High-Flow Nasal
Therapy Systems with Respect to Aerosol Performance. Pulm. Ther. 2018, 4, 73–86. [CrossRef] [PubMed]

18. Ari, A.; Fink, J.B. Delivered dose with jet and mesh nebulisers during spontaneous breathing, noninvasive ventilation and
mechanical ventilation using adult lung models. ERJ Open Res. 2021, 7, 00027-2021. [CrossRef] [PubMed]

19. Forde, É.; Kelly, G.; Sweeney, L.; Fitzgerald-Hughes, D.; Macloughlin, R.; Devocelle, M. Vibrating Mesh Nebulisation of
Pro-Antimicrobial Peptides for Use in Cystic Fibrosis. Pharmaceutics 2019, 11, 239. [CrossRef] [PubMed]

20. Réminiac, F.; Vecellio, L.; Mac Loughlin, R.; Le Pennec, D.; Cabrera, M.; Vourc’h, N.H.; Fink, J.B.; Ehrmann, S. Nasal high flow
nebulization in infants and toddlers: An in vitro and in vivo scintigraphic study. Pediatric Pulmonol. 2017, 52, 337–344. [CrossRef]

21. MacLoughlin, R.; Telfer, C.; Clark, A.; Fink, J. Aerosol: A Novel Vehicle for Pharmacotherapy in Neonates. Curr. Pharm. Des. 2018,
23, 5928–5934. [CrossRef]

22. Fink, J.; Dunne, P.; MacLoughlin, R.; O’Sullivan, G. Can high efficiency aerosol delivery continue after extubation? Crit. Care 2005,
9, P129. [CrossRef]

23. Golshahi, L.; Tian, G.; Azimi, M.; Son, Y.J.; Walenga, R.; Longest, P.W.; Hindle, M. The use of condensational growth methods for
efficient drug delivery to the lungs during noninvasive ventilation high flow therapy. Pharm. Res. 2013, 30, 2917–2930. [CrossRef]
[PubMed]

24. ISO 27427:2013(en). Anaesthetic and Respiratory Equipment—Nebulizing Systems and Components. Available online: https:
//www.iso.org/obp/ui#iso:std:iso:27427:ed-3:v1:en (accessed on 5 August 2021).

25. Hibbitts, A.; O’mahony, A.M.; Forde, E.; Nolan, L.; Ogier, J.; Desgranges, S.; Darcy, R.; Macloughlin, R.; O’driscoll, C.M.; Cryan,
S.A. Early-Stage Development of Novel Cyclodextrin-siRNA Nanocomplexes Allows for Successful Postnebulization Transfection
of Bronchial Epithelial Cells. J. Aerosol Med. Pulm. Drug Deliv. 2014, 27, 466–477. [CrossRef] [PubMed]

26. MacLoughlin, R.J.; Higgins, B.D.; Laffey, J.G.; O’Brien, T. Optimized Aerosol Delivery to a Mechanically Ventilated Rodent.
J. Aerosol Med. Pulm. Drug Deliv. 2009, 22, 323–332. [CrossRef]

27. Dugernier, J.; Hesse, M.; Vanbever, R.; Depoortere, V.; Roeseler, J.; Michotte, J.B.; Laterre, P.F.; Jamar, F.; Reychler, G. SPECT-CT
Comparison of Lung Deposition using a System combining a Vibrating-mesh Nebulizer with a Valved Holding Chamber and a
Conventional Jet Nebulizer: A Randomized Cross-over Study. Pharm. Res. 2017, 34, 290–300. [CrossRef]

28. Alcoforado, L.; Ari, A.; Barcelar, J.D.M.; Brandão, S.C.S.; Fink, J.B.; De Andrade, A.D. Impact of Gas Flow and Humidity on
Trans-Nasal Aerosol Deposition via Nasal Cannula in Adults: A Randomized Cross-Over Study. Pharmaceutics 2019, 11, 320.
[CrossRef]

29. Javaherin, E.; Golshahi, L.; Finlay, W.H. An idealized geometry that mimics average infant nasal airway deposition. J. Aerosol Sci.
2013, 55, 137–148. [CrossRef]

30. Durand, M.; Pourchez, J.; Louis, B.; Pouget, J.F.; Isabey, D.; Coste, A.; Prades, J.M.; Rusch, P.; Cottier, M. Plastinated nasal model:
A new concept of anatomically realistic cast. Rhinology 2011, 49, 30–36. [CrossRef]

31. Le Guellec, S.; Le Pennec, D.; Gatier, S.; Leclerc, L.; Cabrera, M.; Pourchez, J.; Diot, P.; Reychler, G.; Pitance, L.; Durand, M.; et al.
Validation of Anatomical Models to Study Aerosol Deposition in Human Nasal Cavities. Pharm. Res. 2014, 31, 228. [CrossRef]

http://doi.org/10.1089/jamp.2015.1219
http://www.ncbi.nlm.nih.gov/pubmed/26196740
http://doi.org/10.4187/respcare.05833
http://www.ncbi.nlm.nih.gov/pubmed/29114011
http://doi.org/10.1007/s41030-019-0086-x
http://www.ncbi.nlm.nih.gov/pubmed/32026423
http://doi.org/10.3390/pharmaceutics11060254
http://doi.org/10.1136/bmjresp-2020-000739
http://doi.org/10.1002/ppul.24449
http://doi.org/10.3390/pharmaceutics11080406
http://doi.org/10.3390/antibiotics10050472
http://doi.org/10.3390/pharmaceutics13101574
http://doi.org/10.1186/s13054-020-03206-9
http://doi.org/10.1097/PCC.0b013e31828a7f79
http://doi.org/10.1007/s41030-018-0054-x
http://www.ncbi.nlm.nih.gov/pubmed/32026245
http://doi.org/10.1183/23120541.00027-2021
http://www.ncbi.nlm.nih.gov/pubmed/34262965
http://doi.org/10.3390/pharmaceutics11050239
http://www.ncbi.nlm.nih.gov/pubmed/31108949
http://doi.org/10.1002/ppul.23509
http://doi.org/10.2174/1381612823666170918122136
http://doi.org/10.1186/cc3192
http://doi.org/10.1007/s11095-013-1123-3
http://www.ncbi.nlm.nih.gov/pubmed/23801087
https://www.iso.org/obp/ui#iso:std:iso:27427:ed-3:v1:en
https://www.iso.org/obp/ui#iso:std:iso:27427:ed-3:v1:en
http://doi.org/10.1089/jamp.2013.1045
http://www.ncbi.nlm.nih.gov/pubmed/24665866
http://doi.org/10.1089/jamp.2008.0717
http://doi.org/10.1007/s11095-016-2061-7
http://doi.org/10.3390/pharmaceutics11070320
http://doi.org/10.1016/j.jaerosci.2012.07.013
http://doi.org/10.4193/Rhino09.187
http://doi.org/10.1007/s11095-013-1157-6


Pharmaceutics 2022, 14, 24 12 of 12

32. Stapleton, K.W.; Guentsch, E.; Hoskinson, M.K.; Finlay, W.H. On the suitability of k–ε turbulence modeling for aerosol deposition.
in the mouth and throat: A comparison with experiment. J. Aerosol Sci. 2000, 31, 739–749. [CrossRef]

33. Janssens, H.M.; de Jongste, J.C.; Fokkens, W.J.; Robben, S.G.; Wouters, K.; Tiddens, H.A. The Sophia Anatomical Infant Nose-
Throat. (Saint) model: A valuable tool to study aerosol deposition in infants. J. Aerosol Med. 2001, 14, 433–441. [CrossRef]
[PubMed]

http://doi.org/10.1016/S0021-8502(99)00547-9
http://doi.org/10.1089/08942680152744640
http://www.ncbi.nlm.nih.gov/pubmed/11791684

	Introduction 
	Materials and Methods 
	Head Models 
	Experimental Design 
	Aerosol Quantification 

	Results 
	Adult Head Model Comparisons 
	Paediatric Head Model Comparisons 

	Discussion 
	Head Model Interface Comparisons 
	Facemask 
	Mouthpiece 
	Nasal Cannula 

	Head Model Material and Design 

	Conclusions 
	References

