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Summary
While there has been significant investigation into regional deposition of inhaled drugs in the airways of adults, less is known about where aerosols deposit in children’s lungs. As there are challenges related to performing in vivo deposition measurements using radiolabelled particles in children, other methodologies are needed. To this end, computational models were developed to represent the lungs of girls and boys aged 8, 10 and 12 years. The models were symmetric and followed a single-path numerical approach to calculate aerosol deposition in the airways. Total deposition efficiency calculated by these models was validated against existing in vivo data for children performing controlled breathing patterns and showed agreement for particles ranging from 1 - 3 μm. Regional deposition estimates were further provided for particle deposition in children performing age-adjusted tidal breathing manoeuvres. Differences in deposition between boys and girls were minimal, while age showed a moderate influence. Extrathoracic deposition increased with particle size, while tracheobronchial and alveolar deposition increased initially before peaking between 3 – 5 microns and decreasing thereafter. Comparison against existing regional deposition data from adults showed similar deposition patterns in the central and peripheral airways of adults and children, with lower deposition in these regions in children. It is anticipated that improved understanding of regional deposition in paediatric airways will assist in optimizing regional drug delivery to children in future work. 
Key Message
Multiple airway geometry models were developed in silico and validated to assess aerosol deposition in the lungs of school-aged boys and girls. Regional deposition estimates provided for age-adjusted tidal breathing parameters showed that sex had minimal influence on deposition, whereas age had moderate influence. 
Introduction
The effective treatment of respiratory diseases requires targeted drug delivery to different regions of the airways and lungs. Inhalation delivery devices can provide this focused delivery by administering prescribed drugs directly to the airways of the patient, via oral inhalation. While there has been significant investigation into inhaled drug delivery for adults, the extent to which results for adults translate to children is uncertain. Children form a subject group with specific needs and characteristics in inhaled drug delivery [1, 2]. Since their lungs and breathing capacities are still growing, their airways continuously undergo sizeable changes as they age [3-6]. Additionally, children have comparatively lower lung volumes along with highly variable breathing patterns, which can impact drug deposition patterns in the airways [7, 8].
Guidelines from the European Medicines Agency (EMA) state clearly that in vivo lung deposition studies are inappropriate to conduct in children [9]. It follows to reason then, that in order to characterize the drug dose delivered to children from inhalation delivery devices, other methodologies need to be used. The present research aims to bridge this gap through the development and validation of in silico paediatric airway models to predict the deposition of inhaled aerosols in different regions of the lungs. The predictions provided by these models will allow for safer development and testing of inhalation delivery devices for children, as well as optimization of drug delivery via oral inhalation.
Methods
Six computational models were developed to represent the airways of girls and boys aged 8, 10 and 12 years. The lung models are symmetric and use a single-path numerical approach to calculate aerosol deposition in the airways. Model geometries can be divided into three sections: the extrathoracic (ET), tracheobronchial (TB) and alveolar regions. The ET region in the model is represented by the characteristic oral and laryngeal volumes of children aged 6-14 years [10], with ET deposition determined using a correlation developed for children in the same age group [11]. This is followed by the TB region, which is modelled with the airways in each generation taking the form of cylindrical ducts with characteristic lengths and diameters calculated as a function of age, following the methodology proposed by Hofmann et al [3]. There are 14 airway generations in the TB region, and 9 in the alveolar region. The alveolar region of the model was developed in two sections: the ducts and the airspace volumes. These parameters were determined by calculating a representative scale factor [4] for the ducts and airspace volume in each age group respectively, and applying this scaling to the corresponding alveolar dimensions from an idealized adult model developed by Finlay et al. [12]. The scale factors were calculated using equation (1).
                                                                                   (1)
where the ratio of alveolar duct/air volume is determined from morphometric data [6], t represents the age of the child in years, IC is the inspiratory capacity for the child in that age group [13] and the total adult alveolar duct/air volume is determined from the Finlay adult model [12]. The total volume of the tracheobronchial and alveolar region for each age-dependent model was found to be within the appropriate range of function residual capacity for children in each age group [14].
The probability of deposition in each generation was calculated by combining individual probabilities of inertial impaction [15], gravitational sedimentation [16, 17] and diffusion [18] using an LP norm with a p-value of 3 [19]. Deposition probabilities were then used to calculate the mass fractions of inhaled drug that deposited in each lung generation, and summed to calculate TB (generations 0-14), alveolar (15-23), and total (0-23 + ET) deposition efficiencies. Deposition was accounted for during both inhalation and exhalation, with no breath hold in between.
To validate the deposition calculations produced by these models, total deposition efficiency (total deposited drug mass divided by inhaled drug mass) results were compared to an in vivo data set from Schiller-Scotland et al. [20, 21] where total deposition efficiency was measured for children inhaling monodisperse particles of di-ethyl-hexyl-sebacate (DEHS) with a density of 912 kg/m3. Mean particle size, tidal volume and inhalation flow rate were calculated from the in vivo data for children in each age subset performing controlled breathing and used as input data for respective age-dependent in silico models. Broadly, these parameters fall into the category of particles that are 1, 2, 2.3, and 3 μm in diameter, with approximate tidal volumes of 500 mL and inhalation flow rates of 250 cm3/s. 
Subsequent to validation of the in silico models, regional deposition predictions were determined for tidal breathing in children at rest, inhaling particles with aerodynamic diameters of 1 – 6 µm. Tidal breathing parameters were adjusted for children in this age-range, and represent a lower tidal volume[22] and higher respiratory rate[23] than those reported by Schiller-Scotland et al[20, 21].
Results
Comparison to the in vivo data shows that the model is in good agreement with total deposition in children in the representative age groups. Figure 1 shows the total deposition efficiency at different particle sizes for children aged 8-12 years. The largest discrepancies were found in the 1 micron size category, where the models over-predicted deposition by an absolute value of 7-14 %.

Figure 1. The total deposition efficiency predicted by in silico models for girls and boys aged 8-12 years old, presented by increasing age in the figure panels from left to right. Results are compared to in vivo deposition efficiency data reported by Schiller-Scotland et al [20, 21] (SS). Blue columns represent deposition efficiency in the female models, orange in the male models and grey columns represent in vivo data.
Differences in predicted regional and total aerosol deposition between boys and girls were minimal. Accordingly, regional deposition patterns are shown in Figure 2 for age-adjusted tidal breathing in boys aged 8 years. Similar trends were observed in the older age categories (10 and 12 years), with deposition in the extrathoracic region ranging from 0.1 – 63.5% of the inhaled mass as particle size increased. Deposition in the tracheobronchial region increased initially with increasing particle size and reached a peak between 4 and 5 µm, before decreasing again. Alveolar deposition followed a similar trend with a peak in deposition between 3 and 4 µm. With the tidal breathing parameters tested in the present work, differences in regional deposition between the three age-dependent models were small, with differences at the larger particle sizes being more prominent (up to 11% absolute). When compared with adult regional deposition data reported by Stahlhofen et al.[24], tracheobronchial deposition was lower, but peaked at the same region of particle sizes as in adults. Similar trends were observed for the alveolar region.

Figure 2. Regional deposition results from the 8 yr old models for girls and boys presented as a ratio of the inhaled drug mass. Tidal volume, inhalation time and exhalation time were 200mL, 1.39 s and 1.51 s respectively. 
Discussion
The total aerosol deposition predicted by our in silico models shows close agreement with in vivo deposition data for children aged 8-12 years, with the exception of particles in the 1 micron range. Deposition for these small particles was over-predicted by the models by an absolute value of 7-14 %, a result that may possibly be due to the model's simplified separate treatment of deposition by sedimentation and diffusion. In general, total deposition was found to be higher for the models of 8-yr old children than it was for children in the two older age categories, which matches with the patterns in the in vivo measurements from Schiller-Scotland et al. [20, 21]. At the comparative inhalation flow rates from the in vivo data, total deposition was low for all three age groups during inhalation of particles in the 1 micron range. However, at larger particle sizes, deposition was up to 18% lower in the 12 year old model than the 8 year old. Across all age groups, total deposition trends associated with particle sizes in the model showed agreement with the in vivo dataset, with total deposition increasing as particle size increased.
The results showed a minimal difference in deposition between boys and girls, a result supported by morphometric studies of child lungs that showed insignificant differences in airway development between sexes [5]. This implies that a single in silico model representing both sexes could be used to model deposition for children in each age group.
The regional deposition estimates produced by the model provide insight into how particles deposit in the airways of children. The results displayed in Figure 2 show that aerosol deposition in each intrathoracic region has a broad maximum, while deposition in the extrathoracic airways increases monotonically and overtakes tracheobronchial deposition for particles with an aerodynamic diameter of between 3 and 4 microns. Further, comparisons with adult studies showed that deposition patterns in the tracheobronchial and alveolar airways follow similar trends with particle sizes in adults and children, with lower lung deposition in children for the breathing patterns studied herein. Future work with the models will involve testing deposition sensitivity to tidal volume and inhalation flow rate, along with defining optimum particle delivery conditions that would allow aerosol deposition to be targeted in specific regions of the airways. 
Conclusion
The in silico paediatric airway models developed for children aged 8-12 years show reasonable agreement with in vivo deposition studies for children in this age range. Differences in deposition between models developed for boys and girls were minimal, while age had a more significant influence. These models, along with the information they provide about aerosol deposition in different regions of the airways, will allow drug delivery to the lungs of children to be better characterised and optimized. 
References
[1]	Gaillard EA, Kuehni CE, Turner S, Goutaki M, Holden KA, de Jong CCM, Lex C, Lo DKH, Lucas JS, Midulla F, Mozun R, Piacentini G, Rigau D, Rottier B, Thomas M, Tonia T, Usemann J, Yilmaz O, Zacharasiewicz A, Moeller A: European respiratory society clinical practice guidelines for the diagnosis of asthma in children aged 5-16 years, Eur Respir J 2021; 58.
[2]	Ari A: A path to successful patient outcomes through aerosol drug delivery to children: A narrative review, Ann. Transl. Med. 2021; 9:593.
[3]	Hofmann W: Mathematical model for the postnatal growth of the human lung, Respir. Physiol. 1982; 49:115-129.
[4]	Hofmann W, Martonen TB, Graham RC: Predicted deposition of nonhygroscopic aerosols in the human lung as a function of subject age, J. Aerosol Med. 1989; 2:49-68.
[5]	Thurlbeck WM: Postnatal human lung growth, Thorax 1982; 37:564-571.
[6]	Dunnill MS: Postnatal growth of the lung, Thorax 1962; 17:329-333.
[7]	Becquemin MH, Yu CP, Roy M, Bouchikhi A: Total deposition of inhaled particles related to age : Comparision with age-dependent model calculations, Radiation Protection Dosimetry 1991; 38:23-28.
[8]	Bennett WD, Zeman KL: Growth of the small airways and alveoli from childhood to the adult lung measured by aerosol-derived airway morphometry, J Appl Physiol (1985) 2006; 100:965-971.
[9]	Committee for Medicinal Products for Human Use: European Medicines Agency: Guideline on the requirements for clinical documentation for orally inhaled products (OIP) including the requirements for demonstration of therapeutic equivalence between two inhaled products for use in the treatment of asthma and chronic obstructive pulmonary disease (COPD) in adults and for use in the treatment of asthma in children and adolescents. In. London; 2009. 
[10]	Golshahi L, Finlay WH: An idealized child throat that mimics average pediatric oropharyngeal deposition, Aerosol Science and Technology 2012; 46:i-iv.
[11]	Golshahi L, Noga ML, Finlay WH: Deposition of inhaled micrometer-sized particles in oropharyngeal airway replicas of children at constant flow rates, J. Aerosol Sci 2012; 49:21-31.
[12]	Finlay WH, Lange CF, King M, Speert DP: Lung delivery of aerosolized dextran, Am J Respir Crit Care Med 2000; 161:91-97.
[13]	Lyons HA, Tanner RW: Total lung volume and its subdivisions in children: Normal standards, J. Appl. Physiol. 1962; 17:601-604.
[14]	Lum S, Stocks J, Stanojevic S, Wade A, Robinson P, Gustafsson P, Brown M, Aurora P, Subbarao P, Hooe AF, Sonnappa S: Age and height dependence of lung clearance index and functional residual capacity, Eur. Respir. J. 2013; 41:1371-1377.
[15]	Chan TL, Lippmann M: Experimental measurements and empirical modelling of the regional deposition of inhaled particles in humans, American Industrial Hygience Association Journal 1980; 41:399-409.
[16]	Heyder J: Gravitational deposition of aerosol particles within a system of randomly oriented tubes, J. Aerosol Sci 1975; 6:133-137.
[17]	Heyder J, Gebhart J: Gravitational deposition of particles from laminar aerosol flow through inclined circular tubes, J. Aerosol Sci 1977; 8:289-295.
[18]	Ingham DB: Diffusion of aerosols from a stream flowing through a short cylindrical pipe, J. Aerosol Sci 1984; 15:637-641.
[19]	Asgharian B, Anjilvel S: A monte carlo calculation of the deposition efficiency of inhaled particles in lower airways, J. Aerosol Sci 1994; 25:711-721.
[20]	Schiller-Scotland CF, Hlawa R, Gebhart J, Wonne R, Heyder J: Total deposition of aerosol particles in the respiratory tract of children during spontaneous and controlled mouth breathing, J. Aerosol Sci 1992; 23.
[21]	Schiller-Scotland CF, Hlawab R, Gebhart J: Experimental data for total deposition in the respiratory tract of children, Toxicol. Lett. 1994; 72:137-144.
[22]	Bennett WD, Zeman KL: Effect of body size on breathing pattern and fine-particle deposition in children, J. Appl. Physiol. 2004; 97:821-826.
[23]	Motamedi-Fakhr S, Iles R, Barker N, Alexander J, Cooper BG: Reference equations for tidal breathing parameters using structured light plethysmography, ERJ Open Res 2021; 7.
[24]	Stahlhofen W, Rudolf G, James AC: Intercomparison of experimental regional aerosol deposition data, J. Aerosol Med. 1989; 2:285-308.


8 yr old

Girl	1.06	2.08	2.29	3.21	0.322085841833331	0.50661451436760996	0.53646380298677254	0.72136457885189464	Boy	1.06	2.08	2.29	3.21	0.31269192014958919	0.49735773253747051	0.52790671764264474	0.71612136952108985	SS	4.9328828623162506E-2	7.5865377844940171E-2	5.5000000000000507E-2	8.6538366571647304E-2	4.9328828623162506E-2	7.5865377844940171E-2	5.5000000000000507E-2	8.6538366571647304E-2	1.06	2.08	2.29	3.21	0.17	0.42333333333333334	0.54499999999999993	0.73333333333333339	Particle diameter (um)


Deposition efficiency



10 yr old

Girl	1.03	2.04	2.29	3.18	0.25912848800741584	0.4379694599668279	0.50776214959559662	0.69006653930423045	Boy	1.03	2.04	2.29	3.18	0.2557960124031054	0.43387362493507958	0.50378842492097531	0.68745383125778148	SS	4.8102898965539383E-2	6.417748826496765E-2	4.8102898965539383E-2	6.417748826496765E-2	1.03	2.04	2.29	3.18	0.15833333333333333	0.57999999999999996	0.50249999999999995	0.83	Particle diameter (um)


Deposition efficiency



12 yr old

Girl	1.01	2.2599999999999998	2.78	0.25053755628633761	0.43657272310551437	0.53874839782335404	Boy	1.01	2.2599999999999998	2.78	0.24879750653312394	0.43464067098061049	0.53710659141229067	SS	2.6381811916545983E-2	2.8705400188814654E-2	2.6381811916545983E-2	2.8705400188814654E-2	1.01	2.2599999999999998	2.78	0.182	0.504	0.52	Particle diameter (um)


Deposition efficiency




Extrathoracic	1	2	3	4	5	6	3.6607692088506103E-4	8.0202429755997125E-3	4.9570963664859358E-2	0.16262365682769658	0.34424586004252905	0.53523579372256747	Tracheobronchial	1	2	3	4	5	6	5.79396309239932E-2	8.6148817131555727E-2	0.12300733509745412	0.14868539308576956	0.14871073520826628	0.12645933987867139	Alveolar	1	2	3	4	5	6	8.5481945349386357E-2	0.13432424148775729	0.20923359264045158	0.22759996323931878	0.18601184065048015	0.12366886917894783	Aerodynamic diameter (um)


% inhaled mass







