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Abstract 14 

The complex physiology and anatomy of the lungs and the range of processes involved in 15 

pulmonary drug transport and disposition make it challenging to predict the fate of orally inhaled 16 

drugs. This study aimed to develop an integrated computational pharmacology approach to 17 

mechanistically describe the spatio-temporal dynamics of inhaled drugs in both systemic 18 

circulation and site-specific lung tissue. The model included all the physiologically relevant 19 

pulmonary processes, such as deposition, dissolution, transport across lung barriers, and 20 

mucociliary clearance, to predict the inhaled drug pharmacokinetics. For validation test cases, 21 
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the model predicted the fate of orally inhaled budesonide (highly soluble, mildly lipophilic) and 22 

fluticasone propionate (practically insoluble, highly lipophilic) in healthy subjects for: i) 23 

systemic and site-specific lung retention profiles, ii) aerodynamic particle size-dependent 24 

deposition profiles, and iii) identified the most impactful drug-specific, formulation-specific, and 25 

system-specific property factors that impact the fate of both the pulmonary and systemic 26 

concentration of the drugs. In summary, the presented multiscale computational model can guide 27 

the design of orally inhaled drug products to target specific lung areas, identify the effects of 28 

product differences on lung and systemic pharmacokinetics, and be used to better understand 29 

bioequivalence of generic orally inhaled drug products.  30 

Author summary 31 

Despite widespread use of available orally inhaled drug products (OIDPs), much is 32 

unknown regarding their optimal lung deposition, targeted delivery to specific lung regions, and 33 

the effects of various device, formulation, and physiological factors on deposition, absorption, 34 

transport, and clearance. In this study, we have presented a multiscale computational framework 35 

that integrates a full-scale 24 generation 3D lung model with distinct barrier regions spanning 36 

trachea, tracheobronchial, alveolar, and the terminal alveolar sacs with multiple other modules to 37 

track the OIDP levels (concentration) in both blood and pulmonary tissue regions. Along with 38 

validating the framework on two different inhaled drug types, we have also presented a 39 

sensitivity analysis to highlight the most impactful drug and formulation parameters, and 40 

therefore, potential optimization parameters to modulate lung selectivity and to better understand 41 

the pulmonary retention of drugs in distinct lung regions.  42 
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Introduction 43 

Respiratory diseases, such as asthma and chronic obstructive pulmonary disease, are 44 

among the leading causes of morbidity and mortality worldwide with an increasing burden on the 45 

healthcare and economies of all nations.[1] In most cases, the inhaled route of administration is 46 

the preferred method for delivering therapeutics for respiratory diseases, where treatment 47 

efficacy depends primarily on the quantity of drug deposited and distributed within the lung or at 48 

the specific site of action, which may be the upper or lower lungs.[2,3] Compared to oral or 49 

intravenous routes, the inhalation route offers several advantages, such as: i) promoting high 50 

local drug concentrations directly at the site of action in diseased lung tissue, which may not be 51 

achievable efficiently by other routes,[4] ii) avoiding ‘‘first pass metabolism’’ of the liver which 52 

can greatly reduce drug concentrations before the drug reaches the systemic circulation,[5,6] iii) 53 

rapid absorption (within minutes) due to large surface area of the lungs and high vasculature,[7] 54 

iv) favorable lung-selectivity (pulmonary efficacy/systemic safety ratio) that minimizes 55 

toxicity,[8,9] and v) as an alternate route of administration for drugs that are effective 56 

systemically, but are not suitable for oral or intravenous administration, primarily due to low 57 

bioavailability.[10]  58 

At present, a large number of different types of inhalation devices exist in the U.S. 59 

market to deliver range of active pharmaceutical ingredients for the treatment of respiratory 60 

diseases.[11,12] However, despite the widespread use of these orally inhaled drug products 61 

(OIDPs), much is unknown with respect to achieving optimal lung deposition, targeted delivery 62 

to specific lung sites, and the effects of various device, formulation, and physiological factors on 63 

deposition, absorption, transport, and clearance of these products. These limitations, along with 64 
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the impracticality of obtaining human lung tissue concentration data of the delivered drug also 65 

make it difficult to evaluate and establish bioequivalence of potential generic products without a 66 

comparative clinical endpoint or pharmacodynamic bioequivalence study in the indicated patient 67 

population.[13]  68 

Considering these inherent difficulties, in silico modeling offers a relatively efficient and 69 

cost‐effective means of accelerating OIDP development. At present, many such in silico tools 70 

exist ranging from simple compartmental models to more complex physiologically based 71 

pharmacokinetics (PBPK) models. For example, Weber and Hochhaus provided a compartmental 72 

model for simulating human systemic pharmacokinetics of inhaled corticosteroids (ICSs) by 73 

incorporating selected physiological and formulation-related parameters,[14] whereas Boger et 74 

al.[15] and Hendrickx et al.[16] used semi-physiological compartment models to capture key 75 

features of both systemic and lung tissue pharmacokinetics profiles of multiple soluble 76 

bronchodilator drugs to rats and dogs and translated that model to predict the human plasma 77 

profiles. A different approach was employed by Gaz et al.[17] as an alternative to classic 78 

compartmental representations in which lung was further resolved to incorporate bronchial tree 79 

mucosa and smooth muscles to simulate hypothetical bronchodilator response in asthmatic 80 

conditions. An integrated approach of compartmental and PBPK modules has also been 81 

employed by Caniga et al.[18] to simulate rodent pharmacokinetics and its translation to humans. 82 

A similar, but more advanced, integrated model was recently employed by Hartung and 83 

Borghardt, that used a computational framework based on physiologically-structured population 84 

equations to integrate all relevant pulmonary processes mechanistically (deposition, clearance, 85 

dissolution, etc.), and evaluated against data from different clinical studies.[19] Commercially, 86 

the two main available PBPK software packages to model inhaled drug pharmacokinetics are 87 
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Gastroplus™ (Simulations Plus Inc., Lancaster, CA, USA) which has mechanistic modules for 88 

regional deposition, dissolution, and permeation of inhaled drugs,[20] and SimCyp Simulator™ 89 

(Certara, Sheffield, United Kingdom) that has pulmonary delivery modules by reducing 90 

dissolution and epithelial permeation into a single first order process through a single pulmonary 91 

compartment. [For further information on available modeling approaches and their role in the 92 

development of OIDPs and devices, please refer to the reviews by Borghardt et al.,[21] Backman 93 

et al.,[22] and Walenga et al.[13]] 94 

Nonetheless, although these previous modeling efforts and available tools have proven to 95 

be useful, assessment of lung-selectivity has so far proven to be elusive and questions remain. 96 

First, the predicted outcome of the drug in the systemic circulation is the result of pulmonary 97 

absorption (lung-to-blood) as well as gut absorption (swallowed fraction-to-blood), and hence, 98 

unbound concentrations of the drug in plasma alone may not be assumed to accurately reflect the 99 

target site-specific concentration in the lung without other justification.[4] Since the drug 100 

concentration in plasma and lung tissue is the result of parallel absorption from both gut and 101 

lungs and recirculation from blood-to-lung, a clear circulatory system (both systemic and 102 

pulmonary) must be defined in models along with the gut absorption models, systemic clearance, 103 

and region-specific mucociliary clearance (MCC) in the upper lung which is swallowed to the 104 

gut.[23-25] Second, in the physiological lung models, the heterogeneous nature of the lung with 105 

distinct differences between the tracheobronchial (also called conduction or central regions), 106 

alveolar regions (also called respiratory or peripheral regions), and alveolus (i.e., terminal 107 

alveolar sacs) should be made. In few previous modeling studies,[18,19]  the first two regions 108 

have been included in the modeling, but so far to the authors’ knowledge, no one has reported 109 

the separation of terminal alveolar sacs as a separate region. This is important because alveolar 110 
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sacs are anatomically and physiologically distinct from the alveolar region due to the presence of 111 

a very thin air-blood barrier and surfactant layer. In previous studies, terminal alveolar sacs have 112 

been lumped as part of the alveolar region. Third, pulmonary drug disposition depends on a wide 113 

range of processes, including, the inhalation flow profile, distinct airway geometry, and particle 114 

size distribution (PSD) - all of which combine to produce a heterogeneous deposition pattern 115 

throughout the lungs. Hence, these parameters should ideally be part of the modeling effort 116 

before calculating/modeling further downstream processes of dissolution, MCC, and transport. 117 

To address the aforementioned challenges, we present here a multiscale computational 118 

framework (Fig 1) that involves: i) our recently published full-scale 24 generation (Gen) 3D lung 119 

model with distinct barrier regions spanning trachea (Gen 0) to tracheobronchial (Gen 1-15) to 120 

alveolar (Gen 16-23) and to the terminal alveolar sacs (Gen 24);[26] ii) our previously published 121 

and modified computational fluid dynamics (CFD) module, called quasi-3D (Q3D), to calculate 122 

inhalation flow profile and PSD-based drug deposition,[27,28] iii) a first-principles-based and 123 

lung region-specific dissolution and absorption module, iv) a tracheobronchial-region specific 124 

MCC module, and v) a gut absorption module, all connected to whole-body PBPK. Our 125 

simulation outcomes were validated on two distinct ICSs: budesonide (conditions specific to the 126 

Novolizer® device, which under normal inspiratory flow rates shows similar deposition of 127 

budesonide in the lungs of healthy volunteers as the Turbuhaler®)[29]) and fluticasone 128 

propionate (conditions specific to the Diskus® device). Finally, we also present a sensitivity 129 

analysis to highlight the most impactful drug and formulation parameters, and therefore, 130 

potential optimization parameters to modulate lung selectivity and to better understand the 131 

pulmonary retention of drugs in distinct lung regions.  132 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 12, 2022. ; https://doi.org/10.1101/2022.03.10.483633doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.10.483633


 133 

Fig 1. Computational framework to simulate orally inhaled drugs. Computational modules 134 

are shown in blocks whereas the pulmonary processes are in italics. 135 

Models 136 

Simulated drugs 137 

The goal of this work is to develop and validate a mechanistic pulmonary 138 

pharmacokinetics model that can capture most of the relevant physiology and biophysics 139 

involved in inhaled drug pathway starting from breathing profile and drug PSD to final outcomes 140 

of drug concentration in systemic plasma and pulmonary tissue. For model validation, we have 141 

selected two different types of ICSs - budesonide and fluticasone propionate. In terms of 142 

physicochemical properties, budesonide has relatively high aqueous solubility and is mildly 143 

lipophilic, whereas fluticasone propionate is practically insoluble and is highly 144 

lipophilic.[23,30,31] These differences impact dissolution, absorption, luminal clearance, and 145 

lung retention time, which in turn influence the final, and distinct, systemic and pulmonary tissue 146 

profile of these drugs. 147 

The Quasi-3D (Q3D) lung model 148 

To determine the deposition profile of these drugs, we employed CFDRCs in house 149 

developed Q3D technique using a full-scale 3D lung model.[27,28,32,33]  The dimensions of the 150 

lung model correspond to the 50th percentile adult U.S. male (172 cm in height, 70 kg mass).  151 
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Q3D method. In many biomedical and engineering problems, physical processes occur in 152 

networks of pipes/tubes, cables, wires, or other one-dimensional (1D) structures. The best 153 

examples are the human vascular system, lymphatic network, neurons with a network of 154 

dendrites and axons, microfluidic channels in biochips, and of course the case of airflow 155 

transport in the lung airways. Full-fledged 3D computational simulations of such large tubing 156 

structures are possible for some cases such as inhaled particle transport and deposition in the 157 

upper lung airways (wherein the total physical time is in the order of seconds).[32,34] However, 158 

3D computational simulations that require a physical time scale greater than several tens of 159 

seconds (or more) are computationally demanding and depending on availability of high 160 

performance computational resources, may not feasible. This is particularly relevant in 161 

simulating the particle transport/deposition in the lung airways that require several breathing 162 

cycles. A 1D model of a tubing network distributed in a 3D space is well suited to solve such a 163 

problem, as previously shown by authors.[26-28] The major advantages of this approach are the 164 

ease of model setup, high computational speed, simple visualization of results, and an easy link 165 

to compact models such as spring/mass/damper devices, valves, pumps, controllers, and 0D 166 

compartmental models. This method is referred to as the Q3D model, since it solves for all the 167 

3D flow variables of {u,v,w,p}x (unlike 1D models) while maintaining the fully developed wall 168 

boundary condition. Details on the Q3D creation, its accuracy, its speed, solution accuracy 169 

(including in the context of the flow in the human lung), problem setup, robustness, details on 170 

the flow solver, the assembly of the matrices, the spatial and temporal schemes, and the 171 

modeling of the turbulent stresses are available in Kannan et al.[27] 172 

Lung model. Most known lung models typically contain the geometry of only the first 6-9 173 

airway branch generations due to the resolution of available imaging data that does not permit 174 
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accurate visualization of smaller branches in further generations. A full 24 generation lung model 175 

of an adult male human was developed for this study. Unlike previous full lung models,[35,36] 176 

the newly developed model was used to simultaneously simulate (i) flow transport simulations, 177 

i.e., inhalation and exhalation simulations and (ii) aerosol transport and deposition simulations, 178 

over several breathing cycles.   In this section, we will briefly describe the process for: i) 179 

extending the Q3D lung which was extracted from the Zygote stereolithography (STL format) to 180 

the end of the tracheobronchial limit (i.e., Gen 0-15), and ii) constructing the “sac-trumpet” like 181 

control volumes at the end of the tracheobronchial exits to mimic the alveolar region (Gen 16-182 

23) and terminal alveolar sacs (Gen 24). 183 

As the first step, we extended the Zygote lung model to the end of the tracheobronchial 184 

limit. The lung lobes provide the outer boundary for the extension process. Fig 2A-B, shows the 185 

lung lobes, enclosing the original Q3D lung with and without the lobes (created from the Zygote 186 

lung model – details provided on the zygote website: https://www.zygote.com/poly-models/3d-187 

male-systems/3d-male-respiratory-system). 188 

Next, we adapted the algorithm of Karch et al.[37] to extend the current Q3D airways to 189 

the end of the tracheobronchial limit and implemented sac-trumpet like control volumes at each 190 

of the tracheobronchial outlets (Fig 2C). Fig 2D shows the complete Q3D lung, i.e., after the 191 

insertion of the sac-trumpet control volumes. The total functional residual capacity (FRC) in the 192 

tracheobronchial section (excluding the mouth, nasal, oral, laryngeal, and pharyngeal sections) is 193 

around 165 cc. This volume is similar to values presented in the literature, such as Pichelin et 194 

al.[38] provides a value of around 130 cc for a 1.81 m tall male human, whereas the Weibel 195 

model value is ~155 cc.[39] The overall tracheobronchial lateral surface area of this generated 196 

lung is ~1996 cm2. In general, it is difficult to recreate a lung model whose areas and volumes 197 
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both match that of the real lung because the surface of the airways (and especially the terminal 198 

alveolar sacs) of the actual lung is non-smooth and folded to enhance the lateral surface area. 199 

The tracheobronchial lateral surface area for the real human lung is 2471 +/- 320 cm2 as per the 200 

experimental measurements of Mercer et al.[40] The FRC of the developed whole Q3D lung 201 

model is 2611 cc. 202 

Fig 2. The development stages of the full 24 generation 3D lung. The stages show the original 203 

imaging-based human Zygote lung with tracheobronchial extensions limit up to generation 6-9 in 204 

opaque lobes (A) and (B) transparent lobes; The extension of tracheobronchial limit up to 205 

generation 15 (C); and the whole lung with extensions up to generation 23 and sac-trumpet 206 

representation of terminal alveolar sacs (generation 24) (D). The sac-trumpet representation of 207 

the whole lung is colored by higher to lower pressure (pink>red>yellow>green>blue) for an 208 

inhalation flowrate of 5 L/min. 209 

Lung barriers. The above developed lung model is then modified to include various 210 

generation-specific barrier layers. Overall, the airway barrier model simulates the MCC (axial 211 

direction, from tracheobronchial→throat→gut) and trans-mucosal transport (radial direction, 212 

from airway lumen→lung tissue→blood), as well as the dissolution of deposited drug on the 213 

airway walls. As described in the Introduction section, the existing models of pulmonary barrier 214 

models use a compartmental approach, in which the pulmonary wall is divided into two “axial” 215 

segments: tracheobronchial and alveolar. Each segment consists of several layers (starting from 216 

the lumen): mucosal gel and sol (together called mucosa), epithelial layer, stroma layer with 217 

embedded airway smooth muscle cells and immune cells, and the pulmonary endothelial layer. It 218 

is important to note that due to the heterogeneous nature of the human lung, the barrier 219 

dimensions for these layers change from generation to generation (Fig 3). For example, the 220 
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heights of epithelial cells range from 50-80 µm in the trachea[10,41] and gradually taper down to 221 

less than 0.5 µm in the alveolar sacs.[42] Since it is not possible to obtain experimental values of 222 

the changes in these barrier dimensions for all the individual 24 generations, few previous 223 

studies have ”lumped” them together in tracheobronchial and alveolar regions with approximate 224 

average dimension values. [Authors suggest the review articles by Frohlich et al.[41] and Patton 225 

and Byron[10] for more discussion in human lung barrier dimensions.]  226 

Fig 3. Schematic of the three different lung regions and barrier layers modeled in this 227 

study. Dimensions are not to scale. [SMC = smooth muscle cells; ISF = interstitial fluid]. 228 

The optimized values of these dimensions in the two lumped compartments and the 229 

subsequent ordinary differential equations to describe the transport of drugs through these 230 

barriers were first formulated by Yu and Rosania.[43] Briefly, this model lumps the first 16 lung 231 

branches (Gen 0-15) into the conducting region (i.e., tracheobronchial) and the last 9 generations 232 

(Gen 16-24) into the respiratory region (i.e., alveolar). Such lumped models are based on the 233 

approximate structural and functional differences between the conducting and respiratory 234 

regions. In absence of generation-specific experimental data, this also greatly simplifies the 235 

model for drug/particle transport and facilitates a fast and easy simulation of their transport 236 

across the air (lumen)-to-blood barrier.  237 

In this work, we have adapted the above-described lung barrier model of Yu and Rosania 238 

into the Q3D framework to simulate the dissolution and transport of the drug across the airway 239 

barrier in the entire airway tree. In this model, at each airway axis position the air-to-blood 240 

barrier, starting from the mucosa to the plasma in lung tissue, is radially divided into several 241 

layers representing each type of cells in the tissue. A set of ordinary differential equations is 242 

solved in each layer to simulate drug dissolution, diffusion, convection (in the mucosal layers), 243 
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binding and absorption into pulmonary circulations. Some subcellular organelles such as 244 

lysosomes and mitochondria are also modeled as sub-compartments in each layer for their role in 245 

determining drug pharmacokinetics. Also, since the alveolar sacs have significantly different 246 

properties, due to the very thin barrier and presence of surfactant or surface lining liquid – 247 

SLL,[8] from the general alveolar region, in our model we have designated the alveolus as a 248 

separate compartment, called the terminal alveolar sacs region. Though physiologically, the 249 

terminal alveolar sacs can start as early as generation 18, the majority of total alveolar sac 250 

volume comes from generation 24,[38] hence for simplicity the presented model only considers 251 

the terminal alveolar sacs as part of generation 24. The overall schematic of our barrier model of 252 

the different layers and their lung region-specific description is provided in Fig 3. The other main 253 

parametric changes include: i) modified permeability of terminal alveolar sacs region to add 254 

surfactant effects, ii) modified permeability of the alveolar region, iii) modified dissolution 255 

coefficient in the mucosa (which is present in Gen 0-23) and surfactant, and iv) recalibrated 256 

barrier thicknesses in each of the three defined lung regions.  257 

The model also accounts for key physicochemical properties of the transported molecules 258 

that are required as model inputs, including: i) logP, ii) blood-to-plasma ratio (B2P), iii) free 259 

fraction of the drug in plasma (fu), iv) particle density, v) diffusivity and solubility in a water-like 260 

fluid (mucosa), vi) tissue barrier permeability, vii) the deposition distribution, viii) the drug 261 

valency, ix) the organ clearance rates for lung, liver, and kidney, and x) partition coefficients. 262 

These parameters determine the transfer rates, i.e., the rate at which the solid drug is converted to 263 

the molecular form and then absorbed into the plasma/tissue.  264 

The modified barrier thicknesses (biological parameters) and the key physicochemical 265 

parameters (drug parameters) were finalized using rigorous optimization of the model’s systemic 266 
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output (plasma concentration of inhaled drugs) and its match with the known experimental data. 267 

Whenever possible, the base range of these parameters were within the known bounds of 268 

experimental values. For example, the SLL thickness in the terminal alveolar sacs has been 269 

reported with values of 0.01–0.08 μm by Olsson et al.,[44] 0.1–0.2 μm by Wauthoz and 270 

Amighi,[45] 0.07 μm by Patton and Byron[10] and 0.3 μm by the National Research 271 

Council.[46] Hence, to optimize the value of SLL we used the lowest (0.01 μm) and highest (0.3 272 

μm) reported range for this parameter and iteratively optimized it while keeping other parameters 273 

constant and picked the final value that gave us the most optimum simulated budesonide and 274 

fluticasone propionate pharmacokinetics area under the curve (AUC) compared to 275 

experimentally known budesonide and fluticasone propionate AUC in healthy human subjects. 276 

Other biological parameters were similarly optimized by collecting the reported min-max range 277 

in other studies.  278 

The previously published values and our final optimized values of the parameters are 279 

shown in Table 1.  280 

Table 1. Drug specific parameters and biological parameters (lung barrier thickness) used 281 

in the model for drugs budesonide and fluticasone propionate. 282 

Location Description 

(unit) 

Model 

value 

Literature Model 

value 

Literature references 

  Budesonide Fluticasone propionate 

ED Emitted dose 

fraction 

1 1[47] 0.88 0.87-0.93[48] 

logP  2.32  2.32[49] 3.7 3.89[49] 
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3.7[50,51] 

Fu,plasma Fraction 

unbound (%) 

0.125 0.1-0.12[52] 

0.12[53] 

16.1[19] 

0.02 1.16[19] 

0.013-0.020[52] 

0.1[53,54] 

B2P Blood-to-

plasma (ratio) 

0.9 0.8-0.9[55] 

0.6-0.9[52] 

 

0.6 0.7[56] 

0.95[57] 

0.6-0.8[52] 

1.83[19] 

Bq Oral 

bioavailability 

0.1 0.11[14,49] 

 

0.01 0.01[49] 

0[57] 

<0.01[58] 

Systemic 

clearance 

Clearance 

(mL/min) 

1591.65 1000-1400[59] 

900-1800[60] 

1416[14]  

1400[49,54] 

a1400[52] 

847.28 1216[14] 

1150[49,53] 

1100-1500[61] 

a840[52] 

a1190[54] 

Lung mucus and 

SLL 

Diffusion coeff 

(µ2/sec) 

400.639 230-510[62] 325.02 600[43] 

22.7[57] 

Terminal 

alveolar sacs 

region 

Solubility 

coeff (µg/mL) 

18.365 16(aq)[63] 

28(aq)[64] 

1004 (PB)[65] 

0.524 <0.15(aq)[52] 

0.14(aq)[49] 

6 (surfactant)[19] 
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Tracheobronchial 

and Alveolar 

region 

23.237 470 (SDS)[66] 

49 (in 

silico)[67] 

21(aq)[52] 

30 

(surfactant)[19] 

0.011 45[43] 

2 (SLF)[68] 

13.1 (SDS)[68] 

20.3(Survanta)[68] 

Terminal 

alveolar sacs 

region Permeability 

(cm/min) 

0.1196b 790.8-1075.8 

e-06[69] 

920.4-991.8 e-

06[70] 

1500 e-06[71] 

0.119546b 0.01117252[43] 

Tracheobronchial 

and Alveolar 

region 

0.0321b 0.03106b 

  Same for budesonide and fluticasone propionate 

Optimized value Literature references 

Terminal 

alveolar sacs 

region: Barrier 

thickness 

SLL (cm) 1.0000E-07 10 e-07[72] 

5 e-07[73] 

1e-7 to 300e-07[41] 

Interstitial 

(cm) 

1.0001E-05  

Epithelial (cm) 3.3690E-06  

Endothelial 

(cm) 

1.0001E-06  
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Alveolar regions: 

Barrier thickness 

Mucous (cm) 5.5656E-04 5e-04[43] 

Epithelial (cm) 9.9991E-04 3.6e-05[43] 

Interstitial 

(cm) 

1.9998E-04 1.63e-04[43] 

Endothelial 

(cm) 

3.0031E-05 4.74e-05[43] 

Tracheobronchial 

region: Barrier 

thickness 

Mucous (cm) 1.1495E-03 1.5e-03 to 3e-03[41,74] 

Epithelial (cm) 5.0023E-03 5.00E-03[43] 

Interstitial 

(cm) 

4.9995E-04 3.50E-04[43] 

SMC (cm) 5.9995E-03 4.80E-03[43] 

Endothelial 

(cm) 

4.9997E-05 4.00E-05[43] 

The abbreviations used are SLL = surface lining liquid; SMC = smooth muscle cells; aq = 283 

aqueous; PB = phosphate buffer; SDS = sodium dodecyl sulfate. 284 

aSome literature values are converted to 70 kg equivalent for a human male. 285 

bPermeability note: Overall, the permeability of human airway or alveolar epithelium in vivo or 286 

in vitro is not known.[75] In most experimental studies, the model used is a single cell layer (in 287 

vitro models with primarily Calu3 cells) to calculate drug permeability in lungs. However, in our 288 

lung model, the permeability value optimized is based on permeation through multiple layers of 289 

cells in lumped lung tissue, and hence there is a substantial difference between the lumped lung 290 
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tissue optimized permeability in comparison with experimental single cell layer permeability 291 

values. Nonetheless, our optimized value is also close to the previously published Yu and 292 

Rosania value.[43]  293 

Equations for barrier transport. Only neutral and ionized drug in the aqueous phase is 294 

allowed to transport across radial airway barrier layers. The neutral drug transport is passive and 295 

driven by the activity difference in two neighboring compartments and follows Fick’s first law 296 

[Activity here is collective effect of the terms contributing to the total mass flux]. The ionized 297 

drug transport is driven by the electrochemical potential difference and described by the Nernst-298 

Plank equation. The list of all the transport flux across all the barriers in individual lung regions 299 

is rather large and the authors recommend the Yu and Rosania study for further details.[43] Here, 300 

we are demonstrating the key idea of modeling transport flux and of being linked to other 301 

modules in the computational platform in the following way: Consider the drug flux between the 302 

endothelial compartment (compartment 7) and the plasma compartment (compartment 8) in the 303 

tracheobronchial region (i.e., airway region (AW) as per Yu and Rosania’s convention), i.e., the 304 

transport of a neutral drug from endothelial barrier to systemic blood at a specific lung 305 

generation. Since the neutral drug transport is passive and driven by the difference of neutral 306 

drug activity in the aqueous phase in two neighboring compartments it follows Fick’s first law:  307 

𝐽𝐴𝑊−𝑛,7−8 = 𝑃𝐴𝑊−𝑒𝑓𝑓,𝑛(𝑎𝑛,𝐴𝑊7 − 𝑎𝑛,𝐴𝑊8)                                   (1) 308 

Here, JAW-n,7-8 is the transport flux on a unit surface area of the neutral drug across the 309 

barrier between (compartment) 7 and 8 in the AW region; it has a unit of drug mass over time 310 

over an area such as µg/min/cm2; an,AW7/8  is the neutral drug activity in the aqueous phase in 311 

compartment 7 or 8 in the airway region; and PAW-eff,n is the drug permeability of the barrier. The 312 
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total mass flux rate across the barrier JAAW-n,7-8 (with a unit of drug mass over time such as 313 

µg/min) is obtained by multiplying the total surface area for drug transport:  314 

𝐽𝐴𝐴𝑊−𝑛,7−8 = 𝐽𝐴𝑊−𝑛,7−8𝐴𝐴𝑊−𝑛,7−8 = 𝑃𝐴𝑊−𝑒𝑓𝑓,𝑛𝐴𝐴𝑊,7−8(𝑎𝑛,𝐴𝑊7 − 𝑎𝑛,𝐴𝑊8)  (2) 315 

where AAW7-8 is the area of the barrier.  316 

In contrast, the ionized drug transport is driven by the electrochemical potential 317 

difference and described by the Nernst-Plank equation. Hence, the net flux on a unit surface area 318 

of ionized form drug is described by the following equation: 319 

𝐽𝐴𝑊−𝑑,7−8 = 𝑃𝐴𝑊−𝑒𝑓𝑓,𝑑
𝑁

𝑒𝑁−1
(𝑎𝑑,𝐴𝑊7 − 𝑎𝑑,𝐴𝑊8𝑒𝑁)                              (3) 320 

Here, JAW-d,7-8 is the transport flux of the ionized drug across the barrier between 321 

compartment 7 and 8 in the AW region; it has a unit of drug mass over time over an area such as 322 

µg/min/cm2. ad,AW7/8  is the ionized drug activity in the aqueous phase in compartment 7 or 8: 323 

𝑁 = 𝑧𝐸𝐹/𝑅𝑇                                                                   (4) 324 

where, z is the electronic charge of the ionized drug molecule, E is the membrane potential, F is 325 

the Faraday constant, R is the universal gas constant, and T is the absolute temperature. 326 

The total mass flux rate of the ionized form drug across the barrier JAAW-d,7-8 (with a unit 327 

of drug mass over time such as µg/min) is obtained by multiplying the total area for drug 328 

transport: 329 

𝐽𝐴𝐴𝑊−𝑑,7−8 = 𝐽𝐴𝑊−𝑑,7−8𝐴𝐴𝑊−𝑑,7−8 = 𝑃𝐴𝑊−𝑒𝑓𝑓,𝑑𝐴𝐴𝑊7−8
𝑁

𝑒𝑁−1
(𝑎𝑑,𝐴𝑊7 − 𝑎𝑑,𝐴𝑊8𝑒𝑁) (5) 330 

The overall net flux on a unit surface area JAW,7-8 is the sum of the neutral drug flux and 331 

the ionized drug flux. The fluxes between the other compartments are constructed similarly. 332 

These base equations were used in our modeling approach to describe the drug flux between 333 

three regions: tracheobronchial, alveolar and terminal alveolar sacs.  334 
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Pulmonary drug deposition. For budesonide deposition studies in the above-described 335 

lung model, we used Novolizer® dry powder inhaler (DPI) device-specific conditions. 336 

Previously, we have used and published an Euler Lagrangian (E-L) methodology to simulate the 337 

budesonide deposition for the same device using CoBi tools.[32] We used seven bins for the 338 

particle sizes, an aerosol velocity of  30 m/s, and a spread half-angle of 10.5o. More details 339 

related to the simulation setup, including the particle diameters, the distribution of the particles in 340 

the binds, the flow conditions, the spread angle, etc., can be obtained from that study. In the 341 

present work, we have used a Euler Euler (E-E) formulation in the Q3D framework. This is 342 

expected to be much faster than the E-L simulations due to: i) use of larger timesteps for the 343 

aerosol species, as opposed to smaller timesteps for the particles, ii) number of degrees of 344 

freedom being much smaller in the Q3D, as opposed to the large CFD mesh, and iii) faster solver 345 

convergence in the Q3D model, compared to the CFD models, due to the absence of skewed and 346 

high-aspect ratio cells.[32,34] Hence, the current methodology can be used for simulating longer 347 

physiological responses, such as forced exhalation and secondary (multiple) breathing cycles.  348 

For fluticasone propionate deposition, we used Diskus DPI device-specific conditions. 349 

For both drugs, we used a starting dose (mass) of 1 mg inhaled drug and used a standard 350 

breathing profile (tidal volume = 0.5 liters, inhalation time = 3 seconds, and exhalation time = 3 351 

seconds), after the initial forced inhalation. The comparison of discretized PSD and flow profile 352 

used in these device-specific simulations is shown in Fig 4 and are obtained from the 353 

experimental studies.[47,76,77]  354 

The aerosol transport equations, probabilities of deposition and the mesh independence 355 

studies are provided in the Supplementary Information (SI) document.  356 
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Fig 4. Flow rates and particle size distribution (PSD). The inhalation flow rate (top) and PSD 357 

(bottom) used in the simulations of budesonide and fluticasone propionate. 358 

Mucociliary drug clearance. Due to the continuous beating of cilia in the upper lung 359 

(especially the tracheobronchial region), the mucus layer covering the cilia moves drug 360 

microparticles towards the pharynx in a coordinated manner to effectively clear the deposited 361 

particles out of the airways, called MCC.[78] Therefore, it is necessary to account for both the 362 

dissolution and MCC processes to accurately characterize the particle deposition dynamics and 363 

patterns in the airways. 364 

The MCC convection flow rate in the conducting airway is obtained from the 365 

literature.[79] The mucus velocity mV has the following fitted formula:  366 

𝑚𝑉 = 5.5(1 − 𝑒𝑥𝑝( − 0.4962𝐷2.2694)).       (6) 367 

and 𝑇𝑚𝑢𝑐𝑜 = 𝐿/𝑚𝑉 and 𝑘𝑚𝑢𝑐𝑜 = 1/𝑇𝑚𝑢𝑐𝑜.        (7) 368 

D is the airway diameter, Tmuco is the residence time, L is the airway length, kmuco is the 369 

rate constant of the MCC due to cilia beating. 370 

Pulmonary drug dissolution. The Noyes-Whitney equation is used to describe the 371 

dissolution process.[80,81] In the computational platform, we use the following equations for 372 

drug dissolution in every control volume, assuming spherical geometry of dry particles of the 373 

drug:   374 

𝑑𝑀𝑆

𝑑𝑡
= −4𝜋𝑟𝐷𝐹𝐿𝑈𝐼𝐷(𝐶𝑆 − 𝐶𝑆𝑂𝐿)        (8) 375 

Here MS is the undissolved drug mass in the compartment, CS is the drug solubility 376 

coefficient in the compartment, CSOL is the local dissolved drug concentration and r is the 377 

microparticle radius. The above equation is applied in each generation of the lung model. 378 
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However, the solubility coefficient values (Table 1) for both drugs are different in the terminal 379 

alveolar sacs due to the presence of surfactant in the SLL.[68]  380 

Whole-body drug distribution and clearance. The drug reaching the outer barrier layer 381 

crosses the pulmonary epithelium and is absorbed into the systemic circulation, which is 382 

simulated as a whole body multi-compartmental PBPK. The organs are represented as well-383 

stirred reactor 0D compartments. [Details of whole-body PBPK framework can be obtained from 384 

authors earlier publications].[28,82] The drug concentration equation in perfusion rate-limited 385 

organs including fat, brain, bone, heart, muscle, skin, thymus, stomach, pancreas, spleen, and 386 

other is given by:  387 

Vtissue
dCtissue

dt
= Qtissue (Cartery −

Ctissue

Ptissue
),       (9) 388 

where Vtissue is the tissue volume, Ctissue is the drug concentration in tissue, Qtissue the perfusion 389 

rate, Cartery is drug concentration in the arterial blood, and Ptissue is the tissue distribution 390 

coefficient. 391 

The drug concentration equation in the permeability rate-limited organs, the liver in 392 

particular, is given by: 393 

Vliver
dCliver

dt
= (QHACartery + Rportal − Qliver ⋅

Cliver

Pliver
− CLliver ⋅ C̅),   (10) 394 

where QHA is the flow rate in the liver artery, Rportal is the drug entry rate into the liver via the 395 

portal vein which collects the blood from the stomach, pancreas, spleen, small and large 396 

intestine, Qliver is the flow rate in the liver vein and is the sum of the flow rates in the liver artery 397 

and the portal vein, C̅is the average drug concentration from the liver artery and the portal vein 398 

and CLliver is the liver clearance rate. Rportalis given by: 399 
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Rportal = ∑ Qj
Cj

Pjj:stomach,small and 
large intestines,spleen,and pancreas

       (11) 400 

C̅ is given by:  401 

C̅ = (QHACartery + Rportal)/Qliver         (12) 402 

The drug concentration equation in the kidneys is given by: 403 

Vkidney
dCkidney

dt
= Qkidney (Cartery −

Ckidney

Pkidney
) − CLkidney ⋅ Cartery,    (13) 404 

where CLkidney is the kidney clearance rate. 405 

The drug concentration in the venous compartment is given by:   406 

Vvein
dCvein

dt
= Qvein(Cvein,inlet − Cvein)       (14) 407 

where Cvein,inlet is the average drug concentration in blood entering the vein from tissues.  408 

The drug concentration in the artery is given by:   409 

Vartery
dCartery

dt
= Qartery (

Calveoli

Palveoli
− Cartery)       (15) 410 

Here Qvein and Qartery are equal to the cardiac output. 411 

Results 412 

Drug deposition 413 

Post-inhalation, fractions of drug particles are deposited in the various regions of the 414 

respiratory system following contact with the lung mucous/SLL. This process is influenced by 415 

several factors related to the particles’ physicochemical properties as well as physiological and 416 

anatomical features of the lungs.[83] The main physical processes determining respiratory drug 417 

deposition are impaction, sedimentation, and diffusion, which in turn are influenced by particle 418 
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size, shape and density, as well as breathing patterns, and lung anatomical and physiological 419 

parameters. Following this general pattern, Fig 5 shows the steady-state deposited mass (in µg), 420 

for three selected diameter test-cases in our model: large (11.4 µm), medium (3.08 µm), and 421 

small (0.613 µm). The inhaled mass is normalized to 1 µg (in each diameter bin). The main, and 422 

expected (more deposition of smaller particles in the deeper lung, and vice-versa), observations 423 

are: i) larger particles (11.4 µm) get primarily deposited in the mouth-throat and glottis regions 424 

and we observed very little deposition in the lower lung (alveolar region) and the alveolar sacs 425 

for these particles, ii) we observe some inertial deposition for the medium sized (3.08 µm) 426 

particles that primarily get deposited in the upper lung regions and a small fraction in the 427 

alveolar sacs region, and iii) for smaller particles (submicron), we observe significant deposition 428 

in the terminal alveolar sac region. Overall, the deposition percentage values (ratio of the mass 429 

deposited in that region to the dosage mass) for both the tested drugs in the different lung regions 430 

are provided in Table 2. This is in direct correlation with the device-specific PSD data that was 431 

used as input in the model, for example, budesonide (in comparison with fluticasone propionate) 432 

has more particles in the submicron range and also in the particles that are larger than 10 µm, and 433 

hence, shows slightly larger values of deposited fraction in terminal alveolar sacs for these 434 

submicron particles, and in the mouth-throat and tracheobronchial regions for the larger particles, 435 

as compared to fluticasone propionate. In contrast, fluticasone propionate has more drug particles 436 

in the range between 3-9 µm that can bypass the upper lung generations but cannot travel all the 437 

way to the terminal alveolar sacs, and hence, has a higher predicted value of deposition of drug 438 

particles in the alveolar region.    439 

Fig 5. Deposition pattern. The steady-state deposited mass (in µg) is shown for three selected 440 

particle sizes to highlight the size-based inhaled drug deposition for budesonide (A-C) and 441 
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fluticasone propionate (D-F). Inhaled mass is normalized to 1 µg. Red to blue shows higher to 442 

lower deposition.    443 

Using this Q3D E-E method, the total lung deposition fraction (without trachea, which 444 

was 1.8% of the metered dose) for budesonide was predicted to be 47% of the metered dose. 445 

This falls outside of the experimental mean value of 36.5% (recalculated from the 9.4 – 41% 446 

(median 32.1%) as described by in vivo γ scintigraphy studies of budesonide deposition by 447 

Newman et al.[29] The data from the highest peak inspiratory flow rate (PIFR) of 99 LPM were 448 

used for comparison as this flow rate value is most consistent with the intended operating flow 449 

rate of the simulated device at a standard 4 kPa pressure drop. The study by Newman et al. has 450 

further provided the deposition fractions of central, intermediate, and peripheral lung regions; 451 

however, we have refrained from making simulation comparison with these values due to lack of 452 

consistence in regional split of lung between the two studies.  For example, in computational 453 

models, the data are usually analyzed in terms of fractional deposition in tracheobronchial and 454 

alveolar regions that are designated a specific generational numbers, while the physiological lung 455 

regions are mixtures of generations as recently highlighted by Olsson et al.[84] Moreover, there 456 

are additional differences between the presented modeling protocol and the γ scintigraphy 457 

experiments that could account for the total lung deposition difference. This includes the use of 458 

male lung scan-based model in simulations (the γ scintigraphy study subjects comprised of both 459 

male and female test subjects) and the input PSD profile in modeling (the PSD profile of the DPI 460 

device used in γ scintigraphy study is not provided). Although the PSD profile was not provided 461 

in the Newman et al. [29] study, the fine particle fraction (FPF) was given, which can affect the 462 

regional deposition. The FPF provided by Newman et al. [29] is 34.9% +/- 5.1%, whereas the 463 

FPF ranges from 40-47.5% in the present case (considering the cut-off for the FPF as 5 µm). The 464 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 12, 2022. ; https://doi.org/10.1101/2022.03.10.483633doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.10.483633


difference in FPF between the simulations and γ scintigraphy experiments may explain why the 465 

prediction for total lung deposition was higher than the in vivo data.  466 

Table 2. The deposited mass (% of metered dose) in different lung regions for budesonide 467 

(Novolizer) and fluticasone propionate (Diskus). 468 

Lung Region 

Lung 

Generation 

Budesonide 

(%) 

Fluticasone 

propionate (%) 

Mouth-piece  11 12 

Mouth-throat  40.2 33.98 

Tracheobronchial Gen 0-16 29.46 17.16 

Alveolar Gen 16-23 15.43 33.87 

Terminal alveolar sacs Gen 24 3.91 2.99 

Systemic drug concentration 469 

As the first step, before predicting the systemic drug concentration, we identified and 470 

analyzed the appropriate clinical systemic pharmacokinetics datasets for both drugs. The five 471 

available datasets for each of these drugs are shown in Fig 6. It is important to note that: i) all the 472 

selected experimental datasets are based on healthy human subjects, as our developed lung 473 

model is based on healthy lungs, ii) for comparison, all the datasets are normalized to 1 mg dose, 474 

iii) all datasets used only single drug types to avoid synergistic/antagonistic effects, iv) due to the 475 

variation in experimental datasets (for example, a slight difference of 1 mg and 1.2 mg of inhaled 476 

budesonide dose create a dose-normalized difference of two-fold between maximum plasma 477 

concentration (Cmax) and AUC from time zero to infinity (AUC0-∞) values while maintaining the 478 

overall shape of the pharmacokinetics plots),[85,86] our goal is primarily to compare with the 479 
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average time-concentration profile of the collected experimental datasets, and iv) the comparison 480 

matrices of model versus experiments were evaluated in terms of the visual relative shape of the 481 

pharmacokinetic plots, as well as, the quantitative pharmacokinetic parameters (Cmax, time to 482 

Cmax (Tmax), and AUC0-8hr). 483 

Fig 6. Plasma (systemic) concentration-time profiles. The simulated concentration-time 484 

profiles are shown for administration of 1 mg of budesonide inhaled with Novolizer and 485 

fluticasone propionate inhaled with the Diskus devices. Clinical data points: digitalized raw data 486 

from multiple references normalized to 1 mg.[85-89] The black line shows the average of all 487 

clinical data points and red line is the simulation predictions. [Note: Two data points from 488 

Thorsson et al. (1994)[88] are from two different datasets in the same article]. 489 

Fig 7 shows the predicted plasma systemic pharmacokinetics profile of budesonide and 490 

fluticasone propionate in comparison with the clinical experimental data of healthy patients. For 491 

both cases, the dose-normalized data from literature were in agreement, where the simulation 492 

pharmacokinetic outcomes closely matched the average experimental data in terms of AUC0-8hr 493 

values. Cmax of budesonide is slightly underpredicted, whereas Tmax was underpredicted in both 494 

cases, but all values were well within the experimental range as shown in Fig 7 and Table 3-4. 495 

Noticeably, our model was able to predict the bi-phasic (a peak and a bump) budesonide 496 

response, which was shown in some experimental data to occur within 20 minutes of drug 497 

inhalation. This has previously been observed in the in vivo pharmacokinetics studies of 498 

Mollman et al.[86] and Harrison et al.[85] and is further described in the Discussion section.      499 

Fig 7. The simulated parameter comparison. The pharmacokinetics parameters comparison 500 

between simulation (Sim) data and average experimental (Exp) data with standard deviation 501 
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bars. Experimental data points are calculated from digitalized raw data from multiple 502 

references.[85-89] 503 

Table 3. Comparison of predicted budesonide pharmacokinetics parameters with average 504 

clinical data calculated from digitized raw data using absolute value of the difference 505 

between the two values.  506 

Data AUC0-8hr (ng*hr/mL) Cmax (ng/mL) Tmax (hr) 

Harrison et al. (2003)[85] 5.389 2.027 0.077187 

Mortimer et al. (2007)[90] 2.392 1.67 0.21 

Thorsson et al. (1994)[88] 2.923 1.507 0.3 

aThorsson et al. (1994)[88] 3.552 1.507 0.3 

aThorsson et al. (2001)[89] 4.52 1.636 0.28 

Mollmann et al. (2001)[86] 2.53 0.9 0.17 

Avg experimental data 3.551 1.541 0.222864 

SD of experimental data 1.192 0.367 0.088709 

Simulation 3.703 1.38 0.1 

aTwo data points from Thorsson et al. (1994) are from two different datasets in the same article. 507 

Also, the reported referenced experimental parameters are calculated from normalized 508 

pharmacokinetic plots shown in Fig 6. 509 
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Table 4. Comparison of predicted fluticasone propionate pharmacokinetics parameters 510 

with average clinical data calculated from digitized raw data.  511 

Data AUC0-8hr (ng*hr/mL) Cmax (ng/mL) Tmax (hr) 

Harrison et al. (2003)[85] 0.712 0.13 1.971477 

Vurtikullird et al. (2016)[91] 0.71 0.221 1 

Gillespie et al. (2015)[92] 1.684 0.224 1.1 

Mortimer et al. (2007) [90] 0.4 0.12 1.21 

Mollmann et al. (2001)[86] 1.58 0.188 1.5 

Avg experimental data 1.017 0.177 1.356295 

SD of experimental data 0.577 0.0493 0.391515 

Simulation 0.89 0.181 1.033333 

The reported referenced experimental parameters are calculated from normalized 512 

pharmacokinetic plots shown in Fig 6. 513 

Fig 8 shows the pulmonary tissue retention profile of the two drugs through simulations. 514 

The provided values are for three different tissue regions (tracheobronchial, alveolar, and 515 

terminal alveolar sacs) along with the average of whole lung tissue, i.e., the average combination 516 

of three regions. Overall, it was observed that: i) both drugs stay in lung tissue (based on the 517 

concentration values) far longer than in the systemic blood (which is presented in Fig 6), ii) 518 

fluticasone propionate is retained in the lung significantly longer than budesonide, perhaps 519 

because of lower solubility and higher lipophilicity, iii) among different regions of the lung, Cmax 520 

is highest in alveolar region > tracheobronchial region > terminal alveolar sacs region, whereas 521 
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T1/2 (half life, time taken for Cmax to drop in half) is highest in tracheobronchial region (~10bud 522 

and 30FP hrs) > alveolar region (~1bud and 80FP hrs) > terminal alveolar sacs region (~10bud and 523 

100FP minutes), for both drugs. 524 

Fig 8. Pulmonary concentration-time profiles. Predicted average pulmonary concentration-525 

time profiles in three different regions of the lung tissue as well as in total lung tissue, after 1 mg 526 

of drug inhalation of budesonide (left) and fluticasone propionate (right). The insert shows a 527 

larger simulation period of 50 hrs (for budesonide) and 150 hrs (for fluticasone propionate). 528 

Parameter sensitivity 529 

To investigate model sensitivity, some of the key model parameters were systematically 530 

varied. The optimal parameters that were used to obtain the concentration plots, shown in Fig 6 531 

and Fig 8, were used as the baseline. The 12 individual parameters (except systemic clearance 532 

and logP) were varied from the base value by substituting high and low values (by increasing or 533 

decreasing by a factor of 2) into the model, while holding all other parameters constant. The 534 

parameters of systemic clearance and logP create physiologically unrealistic values if increased 535 

or decreased by a factor of 2, hence we created hypothetical upper and lower bounds for them to 536 

test sensitivity. Here systemic clearance was varied as 800 mL/min and 1800 mL/min for the 537 

lower and upper bounds, and logP was varied as increased or decreased by a factor of 1.5. The 538 

outcomes of parameter effects were quantified by comparing AUC0-8hr as shown in Fig 9-10. The 539 

individual AUC plots of parameter variations are shown in Fig 11-12. 540 

Fig 9. Sensitivity analysis of the input parameters (Budesonide). The sensitivity analysis is 541 

shown for the drug physicochemical and lung physiology parameters for budesonide in terms of 542 
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the absolute percentage change in AUC0-8hr change from baseline systemic (left) and pulmonary 543 

tissue (right). The larger bars imply a stronger impact of the varied parameter on the respective 544 

pharmacokinetics outcome.  545 

*For clarity, we have shown the axis cut-off of only 0-100% in these plots. The actual value of 546 

parameter “Systemic clearance” in systemic plasma AUC0-8hr plot above is 130%. As explained 547 

in Section Parameter sensitivity, the systemic clearance and logP parameters were varied 548 

differently than by a factor of two. 549 

Fig 10. Sensitivity analysis of the input parameters (Fluticasone propionate). The sensitivity 550 

analysis is shown for the drug physicochemical and lung physiology parameters for fluticasone 551 

propionate in terms of the absolute percentage change in AUC0-8hr change from baseline systemic 552 

(left) and pulmonary tissue (right). The larger bars imply a stronger impact of the varied 553 

parameter on the respective pharmacokinetics outcome.  554 

*As explained in Section Parameter sensitivity, the systemic clearance and logP parameters were 555 

varied differently than by a factor of two. 556 

Fig 11. Parameter effects on drug concentration-time plots (Budesonide). Sensitivity 557 

analysis of drug physicochemical and lung physiology parameters for budesonide in terms of 558 

changes in drug concentrations as functions of time compared to baseline (gray line). The graphs 559 

in the upper row show systemic concentration and the lower row shows lung tissue 560 

concentration. Blue lines show parameters increased by a factor of two and the red line shows 561 

parameters decreased by a factor of two, with respect to baseline values.  562 

*As explained in Section Parameter sensitivity, the systemic clearance and logP parameters were 563 

varied differently than by a factor of two. 564 
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Fig 12. Parameter effects on drug concentration-time plots (Fluticasone propionate). 565 

Sensitivity analysis of drug physicochemical and lung physiology parameters for fluticasone 566 

propionate in terms of changes in drug concentrations as functions of time compared to baseline 567 

(gray line). The graphs in the upper row show systemic concentration and the lower row shows 568 

lung tissue concentration. Blue lines show parameters increased by a factor of 2 and the red line 569 

shows parameters decreased by a factor of 2, with respect to baseline values.  570 

*As explained in Section Parameter sensitivity, the systemic clearance and logP parameters were 571 

varied differently than by a factor of two.  572 

Overall, in determining the budesonide systemic drug concentration, the model was most 573 

sensitive to changes in systemic clearance and tracheobronchial barrier thicknesses. For 574 

budesonide lung tissue concentration, the model was most sensitive to changes in all the barrier 575 

thicknesses and drugs permeability. 576 

For fluticasone propionate systemic drug concentration, the model was most sensitive to 577 

changes in systemic clearance, dissolution in lung fluid, and diffusion coefficient. For fluticasone 578 

propionate lung tissue concentration, the model was most sensitive to changes in all the barrier 579 

thicknesses and drugs permeability, dissolution in lung fluids, and diffusion coefficient.  580 

Discussion 581 

Predictive tools for inhalation drug modeling have been published since the 1980s. The 582 

majority of these tools used compartmental modeling techniques that do not capture the complex 583 

3D heterogeneity of human lungs and often involve the use of non-physiological parameters (for 584 

instance, simplified one-step drug translocation from the mucous to the plasma or not accounting 585 
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for the regional barrier thicknesses). Since the site of action of these drugs is the lung tissue as a 586 

whole or specific lung regions that determine efficacy, predicting systemic concentration alone 587 

cannot be used to make predictions of any other events that happen in the lung tissue. 588 

Unfortunately, systemic concentration is the only measurable outcome that can be validated with 589 

certainty in inhalation modeling, and multiple such in vivo (clinical) experimental datasets are 590 

available for different inhalatory drug types. The other outcome of predicted drug concentration 591 

in lung tissue is much more challenging and very few human studies have been published, with 592 

analysis limited to samples collected from bronchial biopsies (lavage or brushing).[30,93] These, 593 

however, are limited to only providing information of the top epithelial layer mixed with mucosa 594 

and do not reflect the true drug concentration in the lung tissue itself. On the other hand, using 595 

pre-clinical animals models creates different types of challenges and uncertainties, such as: i) 596 

many common inhalers (DPIs and some metered dose inhalers) require breath actuation while 597 

most animals are nose-breathers, ii) species-specific heterogeneity in lung anatomy, and iii) 598 

different types of drug clearance mechanisms in animals as compared to humans.[94] 599 

Hence, to gain a sound understanding of the features involved in the inhaled drug 600 

journey, the goal of this work was to develop and validate a mechanistic pulmonary PBPK model 601 

that can capture most of the relevant physiology and biophysics involved with the inhaled drug 602 

pathway (Fig 1). Model inputs include the breathing profile and drug PSD, employ all the 603 

relevant step-wise processes - deposition, dissolution, transport, and clearance, and the model 604 

provides final outcomes of drug concentration in systemic blood and different regions of the 605 

pulmonary tissue starting from throat-to-alveolar sacs. This outcome was compared to the 606 

clinical systemic pharmacokinetics data for budesonide and fluticasone propionate. Finally, a 607 

sensitivity analysis was performed to determine the most impactful physicochemical properties 608 
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of drugs, formulation, and human physiological parameters for potential optimization to achieve 609 

a high lung selectivity and efficacy.  610 

Additionally, this is the first instance of using a full-scale 3D lung model in a Q3D CFD 611 

framework to model the deposition, transport, and absorption of drugs in human lungs. The Q3D 612 

model is a simplified version of the 3D model, where the realistic 3D geometry is decomposed 613 

into a series of cylinders.[28] Such a geometry is well suited to model tubular structures like 614 

lungs as shown in Fig 3 and blood vessels,. The main advantage of using the Q3D approach to 615 

model drug absorption is that mucociliary transport of the undissolved and dissolved drug in the 616 

mucosa may be modeled with much greater precision than with a compartmental approach. It is 617 

possible that this enhanced precision will allow the PBPK model to simultaneously capture 618 

pulmonary and gastrointestinal tract absorptions with greater accuracy as discussed in a recent 619 

review of in silico methods for generic orally inhaled drug products.[13] In comparison, most 620 

other published studies have used simplified whole-lung dosimetry codes to predict particle 621 

deposition in the respiratory tract.[95,96] The outcomes of these codes were used as inputs in 622 

further downstream modeling of drug pharmacokinetics.[21] Since the analytical/empirical 623 

equations in these codes were primarily designed for a bend, rather than a bifurcation, which 624 

changes the velocity flow path - they may not truly capture the deposition profile of inhaled 625 

lungs.[97] 626 

ICS simulations 627 

Of the two different ICSs tested in the presented framework, budesonide has relatively 628 

high aqueous solubility (16-28 µg/mL in water and 470 µg/mL in 0.5% SDS that mimics some 629 

degree of mucosa/surfactant effects), whereas fluticasone propionate is practically insoluble 630 

(>0.1 µg/mL) in water and sparingly soluble in SDS. In addition, the difference in lipophilicity 631 
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between the two drugs affects the dissolution rate of the drug that is deposited in the mucosa. 632 

This low solubility has a three-fold effect on fluticasone propionate pharmacokinetics. First, the 633 

prolonged presence of deposited, undissolved particles of fluticasone propionate in the mucosa 634 

exposes the drug for longer clearance mechanisms by MCC.[23,31] With this mechanism, the 635 

drug further travels from throat-to-mouth-to-gut. In the gut, the final drug absorption in the 636 

systemic circulation is determined by the bioavailability fraction of the drug as well as the other 637 

liver/kidney clearance mechanisms. Second, the prolonged presence of the drug in mucosa is 638 

reflected in slow and extended absorption/transport of the drug in lung tissue barriers, and hence, 639 

it can be expected that pulmonary tissue pharmacokinetics of drug will be observed for many 640 

hours/days. However, no clear experimental data are available to support this. Limited proxy 641 

experiments have been published in human bronchial brush samples that observed the fluticasone 642 

propionate concentration in samples even after 18 hours post inhalation.[93] Third, since the 643 

bioavailability of fluticasone propionate is less than 1% in the gut,[98] the systemic drug 644 

contribution back to the pulmonary region (through pulmonary circulation) will be minimal. In 645 

comparison, budesonide has a gut bioavailability of ~10%, and hence, it is expected that the 646 

fraction of drug that gets absorbed in systemic circulation through the gut will travel back to the 647 

pulmonary region. However, this gut absorbed fraction will only have minor effect on plasma 648 

pharmacokinetics. For examples, in our simulations (Table 2), 40% of the total drug is deposited 649 

in mouth-throat region. This means that only 4% of the total systemic drug contribution comes 650 

from gut absorbed fraction (10% bioavailable fraction of the 40% swallowed fraction from 651 

mouth-throat).  652 
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Bi-phasic response 653 

Along with efficiently simulating the pharmacokinetic responses of inhaled ICS drugs, 654 

the above-described model can also be used to provide mechanistic insights into phasic 655 

responses. For examples, the in vivo pharmacokinetic studies of Mollmann et al.[86] and 656 

Harrison et al.[85] (Fig 6) has shown a delayed second peak after 10-20 minutes (bi-phasic 657 

response) in budesonide pharmacokinetics. This has also been captured in the presented 658 

simulation results. We hypothesize that this could be due to the difference in absorption 659 

efficiency of different lung regions, i.e., the deposited drug can get absorbed much faster in the 660 

terminal alveolar sacs or alveolar region due to their thin barriers compared to the thick barriers 661 

of the conducting region. To identify this regional contribution, we systematically switched off 662 

(blocked) one region at a time and observed the resulting pharmacokinetic profile of inhaled 663 

budesonide while keeping everything else same.  664 

This analysis (Fig 13) shows that: 1) gut absorption has minimal effect on systemic 665 

concentration (gut block vs original simulation), 2) the early peak (Cmax) is due to the fast 666 

absorption from terminal alveolar sacs region as well as alveolar region (tracheobronchial region 667 

block vs original simulation), 3) the sharp peak is still present after alveolar region block, and 668 

absent when terminal alveolar sacs region is blocked, implying that terminal sacs are primarily 669 

responsible for rapid sharp peak of drug concentration after inhalation. Additionally, the bi-670 

phasic response may be expected based on the PSD profile of inhaled drugs. For example, it is 671 

possible that post-inhalation a fraction of the smallest size drug particles that directly reach the 672 

terminal alveolar sacs region rapidly permeate through the thin air-blood barrier, especially if the 673 

drug solubility is high as in the case of budesonide, thereby causing a rapid and early spike in 674 

systemic blood concentration. Naturally, this also implies that once most of this deposited drug is 675 
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quickly absorbed from this region, a sudden drop in drug concentration will be observed before 676 

other alveolar region absorption starts contributing to the systemic concentration, causing the 677 

second peak. However, this mechanistic hypothesis has not yet been explored in any 678 

experimental studies. Nonetheless, due to such differences in the properties of these two drugs, 679 

one can expect a short Tmax and a much faster rise in drug concentration in the blood (Cmax) for 680 

budesonide in comparison with fluticasone propionate. This has been observed in multiple in 681 

vivo pharmacokinetics studies and well matched in presented simulations as shown in Fig 6.  682 

Fig 13. Regional contribution in overall systemic concentration (Budesonide). The results 683 

shown for the plasma (systemic) concentration-time profiles after administration of 1 mg of 684 

inhaled budesonide. Original simulations results are compared with switching off (blocking) one 685 

region at a time, while keeping everything else same. 686 

Impact of change in regional drug deposition 687 

As reported in the Drug deposition Section (Results), the Q3D-predicted total lung 688 

deposition fraction for budesonide (47% of the metered dose), falls outside of the experimental 689 

range of 9.4 – 41% (median 32.1%) described by in vivo γ scintigraphy studies conducted by 690 

Newman et al. [29] This raised the question: Had Q3D predicted the same deposition profile as 691 

calculated by Newman et al. [29], how would that change the predicted systemic 692 

pharmacokinetic outcome? To address this, the budesonide pharmacokinetic simulations were 693 

repeated using the input deposition fraction values provided by Newman et al. [29] Two 694 

approaches were used: (i) the systemic drug concentration was computed while retaining the 695 

previously calibrated parameters based on the Q3D deposition fraction shown in Table 1, and (ii) 696 

the systemic drug concentration was computed by recalibration of these parameters to match the 697 
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average experimental (clinical) pharmacokinetic profile. The first approach is to gain insight into 698 

the impact regional deposition can have on the systemic pharmacokinetic profile in the absence 699 

of other parameter adjustments, while the latter is to ascertain the impact that different regional 700 

deposition predictions would have during the usual course of model development. As shown in 701 

Fig 14 and Table 5, differences in drug deposition fractions had easily visible impacts on 702 

predicted plasma concentration of the drug. The 14.9% decrease in deposited drug (47% to 703 

32.1%) resulted in a predicted decrease for AUC0-8hr on a relative basis of ~60% and ~20% using 704 

the first and second approaches, respectively. The predicted relative decrease in Cmax was only 705 

about 4% using the second approach but using the first approach the predicted relative decrease 706 

was about 68%. The predicted change in Tmax was minor. 707 

Table 5. Comparison of simulated budesonide pharmacokinetics parameters with average 708 

clinical data calculated from digitized raw data.  709 

Data 

AUC0-8hr 

(ng*hr/mL) 

Cmax (ng/mL) Tmax (hr) 

Average experimental data 3.551 1.541 0.222864 

SD of experimental data 1.192 0.367 0.088709 

Simulation (Original) 3.703 1.38 0.1 

γ scintigraphy deposition (Optimized) 2.959 (↓ 20.1%) 1.32 (↓ 4.3%) 0.2 

γ scintigraphy deposition (Not optimized) 1.511 (↓ 59.2%) 0.444 (↓ 67.8%) 0.1 
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Note: The reported referenced experimental parameters are calculated from normalized 710 

pharmacokinetic plots shown in Fig 6. 711 

Fig 14. Plasma (systemic) concentration-time profiles after administration of 1 mg of 712 

inhaled budesonide. The plots of Average experimental data and Simulation (Original) 713 

predictions are the same as in Fig 6 and are provided for the sake of comparison. In one case, the 714 

Newman et al. [29] γ scintigraphy data are used as inputs while keeping everything (drug and 715 

barrier parameters) same as Simulation (Original), while in the other case these parameters were 716 

optimized to get the best fit with respect to average experimental data. 717 

Lung tissue concentration 718 

For pulmonary tissue concentration, the goal of this study is to look at the trend of drug 719 

pharmacokinetics in different regions of the lung and not the actual values of tissue concentration 720 

per se since it cannot be validated by experimental analysis. As shown in Fig 8, the first main 721 

observation of the simulated outcomes is that the tissue affinity (lung retention profile) for 722 

fluticasone propionate is much larger compared to budesonide. Mechanistically, this is generally 723 

positively correlated to the drug’s lipophilicity represented by logP (budesonide = 2.3, 724 

fluticasone propionate = 3.7) and the dissolution rate (which is much lower for fluticasone 725 

propionate) of the drug particles deposited in the lung lumen. Previous in vitro studies on 726 

dissolution rates of these two drugs have shown that while budesonide particles were dissolved 727 

within 6 minutes, fluticasone propionate required at least 6-8 hours.[23,31] Others have shown 728 

that only 6-7% of fluticasone propionate deposited on different human lung cells was absorbed 729 

through the cell monolayer during 4 hours, whereas 10 times (60-70%) more budesonide was 730 

transported through the same cell line in the same time period.[99-102] The prolonged presence 731 
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of fluticasone propionate in the airway lumen and slow absorption in lung tissue is also reflected 732 

in the much longer time for systemic absorption of fluticasone propionate than that of 733 

budesonide (Fig 6). The second main observation is that both drugs showed higher 734 

concentrations in the alveolar region compared to the tracheobronchial region. Experimentally, 735 

this trend was also observed by Himstedt et al. for fluticasone propionate and other respiratory 736 

drugs in animal (rat) models that found a six-fold higher drug affinity for the alveolar 737 

parenchyma than the trachea.[103] However, that study used intravenous administration of drugs 738 

in animals and may not reveal the true dynamics of inhalation administration. The third main 739 

observation is that the average tissue concentration of budesonide can be observed in lung tissue 740 

for up to 40 hours compared to an even longer time period for fluticasone propionate (150+ 741 

hours, Fig 8). Surprisingly, budesonide stays in tracheobronchial region for a longer time 742 

compared to alveolar and alveolar sacs regions due to the slower translocation across the thicker 743 

tracheobronchial barriers after faster dissolution but lower lipophilicity. In comparison, the 744 

fluticasone propionate stays in alveolar region for much longer than tracheobronchial region due 745 

to very slow dissolution rate and lack of MCC in alveolar region. However, no experimental 746 

support can be found in published literature to support such long-term region-specific response 747 

of these simulated drugs. 748 

Model parameter sensitivity 749 

To investigate model sensitivity, we systematically varied some of the physicochemical 750 

and physiological parameters (Fig 9-12). The overall analysis showed a clear difference in 751 

parameter sensitivity between systemic and pulmonary outcomes, as well as, between the two 752 

ICSs. Among plasma-related parameters, systemic clearance had a significant effect on both 753 

drugs, while B2P and fu did not induce much change in AUC0-8hr values in either of the drugs. 754 
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For systemic clearance, it is important to note that parameter change by a factor of two created 755 

unphysiological values and hence we picked 800-1800 mL/min as low and high values to test. 756 

Since our baseline itself is ~1600 mL/min for budesonide and ~850 mL/min for fluticasone 757 

propionate, it did create some discrepancy in looking at the low and high range effects. 758 

Nonetheless, the rate of drug clearance in the blood is one of the most significant parameters to 759 

determine systemic AUC.  760 

Among physicochemical parameters, diffusion coefficient and dissolution (both 761 

determined by solubility values) changes had minor effects on budesonide pharmacokinetics, 762 

both in systemic and pulmonary tissue. The two-fold increase and decrease in these parameters 763 

only caused a ~5-10% change in AUC0-8hr compared to baseline.  In comparison, for fluticasone 764 

propionate, these parameters induced up to 20-40% change in systemic and 50-90% change in 765 

lung tissue concentration. It is possible that the changes are higher in fluticasone propionate 766 

because the starting (baseline) value itself is significantly low (i.e., practically insoluble) and any 767 

minor change significantly induces higher dissolution of the deposited drug in the mucosa. For 768 

budesonide the solubility is already optimal (very soluble) at baseline, and hence, only minor 769 

changes are observed by the change in these parameters. On other hand, as expected, the effect 770 

of systemic clearance induced minimal effects in pulmonary tissue concentration, whereas the 771 

tissue barrier thicknesses were more significant for both the drugs, where changes to the AUC of 772 

5-30% in budesonide and 22-48% in fluticasone propionate were predicted. For budesonide, 773 

which already has a large solubility coefficient and therefore differences in this parameter do not 774 

play much of role in how fast the drug gets transported into the tissue, it is only the thickness of 775 

tracheobronchial barrier which significantly influence the speed and amount with which drug 776 

permeates into the blood. For much smaller thicknesses of alveolar and terminal alveolar sacs 777 
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regions, the translocation from these sections is already rapid due to high solubility of 778 

budesonide. In comparison, solubility coefficient and diffusion are the main drivers for 779 

fluticasone propionate transport into the lung tissue barriers. Here the solubility coefficient is 780 

very small and hence a small change to that will result in a great change to the translocating rate 781 

into the tissue. Similarly, the solubility equation has the diffusion coefficient as a pre-multiplier, 782 

hence, the effect of the diffusion coefficient is also significant in determining fluticasone 783 

propionates AUC changes in sensitivity analysis. 784 

Overall, most physiological outcomes have nonlinear dependency on any particular 785 

parameter, and the net change in AUC or transport rate, etc., is likely to be a complex interplay 786 

of the individual parameter fluxes. Hence, the goal for these type of fast-running ‘what-if’ 787 

scenarios was to: i) explore what type of drug parameters can be explored a priori before the 788 

experimental studies (such as formulation design) to increase drug efficacy and reduce systemic 789 

toxicity, ii) identify parameter specific, or combinatory effects of parameters, to explore lung 790 

selectivity index (ratio between pulmonary and systemic exposure ratio) of inhaled drugs, and iii) 791 

to help other modelers in optimizing the lung barrier models for related studies.   792 

Limitations 793 

As discussed above, the primary limitation for validating lung pharmacokinetics models 794 

is that there is a lack of pulmonary tissue concentration data, so it is generally not possible to 795 

validate the model against the true metrics of interest. Until this issue is addressed with 796 

experimental support, lung pharmacokinetics model validation will likely be limited to 797 

comparison with systemic drug concentration values, which does not ensure that site of action 798 

tissue concentration predictions are accurate. The closest available comparison is between 799 

predicted and experimentally observed values of regional deposition, where the consequences of 800 
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potential differences in regional deposition was explored as shown in Table 5 and Fig 13. 801 

However, regional absorption may be different than regional deposition if absorption is 802 

dissolution- or permeability-limited. Other potential limitations in our current framework are a 803 

lack of device specific effects (such as single actuation content and carrier effects for DPIs and 804 

plume geometry and spray pattern for MDIs),[13,104] a lack of other clearance mechanisms 805 

(such as drug phagocytosis by alveolar macrophages and cleared by transport to the lung-806 

draining lymph nodes),[105,106] and lung region-specific involvement of metabolic and 807 

transported enzymes and proteins that may modulate the lung retention and bioavailability of 808 

some drugs.[107] Hence, overall it is possible that the lung tissue concentration of inhaled drugs 809 

may be overpredicted in absence of these modules in the model framework. A goal in future 810 

versions of this model is to resolve these limitations and thereby improve the prediction process. 811 

Further, as clinical trial data of systemic pharmacokinetics often involves a mixed population 812 

(male and female participants), an equivalent female lung model should also be part of OIDP 813 

prediction framework.   814 

In conclusion, the presented model is a comprehensive fully mechanistic and 815 

physiologically realistic computational framework that captures multiple processes that are 816 

essential to describe the fate of inhaled drug kinetics. The work also highlights the importance of 817 

drug parameters and physiologic differences between different regions of lung tissues and their 818 

impact on systemic as well as lung retention profile. The expected applications are improvements 819 

in the qualitative and quantitative understanding of inhaled drug behavior, optimization of drugs 820 

and formulations for improved and targeted efficacy, and to aid in the design of clinical trials. 821 

Supporting information 822 
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S1 Appendix. Further details of model’s aerosol transport and deposition equations along with 823 

the mesh independence analysis.  824 
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