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Summary 

The inability to measure local lung concentrations responsible for lung efficacy is the main challenge common to 
any inhalation drug delivery program targeting the lungs. The model described in this work is a multiscale 
mechanism-based integrated computational platform (lung platform) to provide mechanistic insights into key 

physiological elements associated with pulmonary drug delivery: deposition, mucociliary clearance, dissolution, 
absorption, transport, distribution, partition, and action. Two versions of the lung platform (LP) were developed for 
translational purposes, one for rats (RLP) and one for humans (HLP) to account for the species specific 
physiological based differences in airway morphology and drug distribution throughout the body. All these 
components facilitate a prediction of regional distribution of drug within the lungs.  
Published data for two inhaled corticosteroids (mometasone furoate, budesonide), a short-acting beta-agonist 
(salbutamol), and a long-acting beta-agonist (formoterol) in both rats and humans were used to qualify the model 
and illustrate its prediction ability. The translational pharmacokinetic benefits of the lung platform are illustrated 
using the selected compounds, where the physicochemical properties and the drug delivery details constitute the 
main input to the model. Clearance was the only parameter adjusted using weight based allometric scaling to 
translate from rats to humans. The results show the feasibility of the proposed modeling approach, once it has 
been properly qualified using existing data, toward bridging the gap between inhaled data in preclinical species 
and the prediction of human lung and systemic exposure.  

Introduction 

The major challenge in the development of inhalable compounds is limited understanding of the relationship 
between pharmacokinetic (PK) and pharmacodynamic (PD) effects in the lung 

[1]
. Currently, determining effective 

drug concentration in the lung after an inhaled drug delivery is semi-quantitative at best, making accurate 
prediction of the clinical dose very challenging 

[1, 2, 3]
. Modeling PK/PD relationships accurately requires an 

understanding of free drug concentrations in the lung at any given time. Several attempts to develop in silico 
models, such as the work by Weber and Hochhaus 

[4]
 have provided a useful tool for simulating systemic PK 

following inhaled treatment with corticosteroids in humans. The goal of the work presented here is to develop and 
utilize a mathematical framework to understand the deposition, dissolution, distribution, and kinetics of a 
compound following inhaled dosing. This framework is used to develop two species specific, rat and human, 
versions of the model with the purpose of leveraging the in-vitro and preclinical data generated in the early 
phases of research to address the main translational challenge of inhaled drug development: inability to measure 
lung PK in humans in order to make reasonable human PK/PD projections.  

Lung Platform 

Figure 1 shows a schematic of the different modules that constitute the LP. The drug can be delivered into the 
lungs in two ways, either intratracheally (gavage needle, attached to a syringe is inserted into the rat’s trachea) or 
through inhalation. Assuming a dry powder formulation, the inhaled modeled particles will be deposited in the LP 
into three main regions of the respiratory tract: the upper tract (nasal cavity, oral cavity, pharynx, and larynx), 
tracheobronchial region (trachea, bronchi, bronchioles, and terminal bronchioles), and pulmonary region 
(respiratory bronchioles, alveolar ducts, alveolar sacs, and alveoli). Once the particles are deposited in the 
different regions of the respiratory tract according to their size and momentum, they start dissolving in the surface 
lining fluid while simultaneously being cleared from the airway region (generation 0 to 15) due to the action of the 
mucociliary escalator. The dissolved drug partitions into seven different lung tissue compartments (surface lining 
liquid, macrophages, epithelial cells, interstitium, smooth muscle cells, immune cells, and endothelial cells) before 
reaching the systemic circulation. The physiologically based PK (PBPK) module accounts for the drug distribution 
and partition throughout the body, as well as elimination. The compartmental absorption and transit (CAT) module 
is responsible for oral drug dissolution, absorption and transit through the gastrointestinal tract (GIT). It also 
manages the portions of the inhaled doses that end up in the GIT during inhalation or are swallowed after inhaled 
delivery due to mucociliary clearance. 

Mentioned below are the key assumptions for the model.  

1. A typical path lung model is used  assuming airways branch 24 times where the bronchial tree is 
considered to be a series of parallel semi-rigid cylindrical tubes connected in series in a bifurcation tree

[5]
 

2. All deposited particles are monodisperse spheres which dissolve at a rate proportional to the difference 
between the amount of solid active pharmaceutical ingredients (API) and its concentration in solution

[6, 7]
.  
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3. The transport of chemical species through the lung airway walls is determined by passive diffusion of 
neutral molecules (driven by concentration gradient), and the diffusion generated by the chemical 
potential of ionized molecules 

[8]
  

4. A PBPK model reasonably describes the drug disposition throughout the body 
[9, 10]

 

The PD module is used as an independent add-on module which will be different for compounds with different 
mechanisms of action. Details for the mometasone specific PD-module were published earlier this year 

[11]
.  

 

Figure 1: Schematic of the multi-scale generic lung platform 

Results 

The key inputs driving the LP are the compound-specific physicochemical properties (permeability, solubility, 
lipophilicity, acid-ionization, molecular weight, unbound fraction, blood to plasma ratio, etc.) and the details about 
the specific type of lung delivery: inhaled or intratracheal (IT). Rat and human data for four different compounds; 
mometasone furoate (MF), budesonide (BD), salbutamol (SB), and formoterol (FT), was identified and digitized 
from published literature in order to qualify the RLP and HLP.  

i. Model Qualification 

We qualified the model using PK data from diverse compounds (MF, BD, SB, and FT) in both rats 
[11, 12, 13]

 and 
humans 

[14, 15, 16, 17]
. For each case, the input data for the model constituted the drug physicochemical properties 

while the PK clearance parameter was either adjusted based on the data or used from literature if available. 
Single dose data then was used to check the agreement of the model with the observed PK profile in the systemic 
circulation for both rat and humans. Figure 2 shows the systemic total drug concentration as predicted by the 
model (solid lines) following IT or inhaled delivery. The measured concentration observations are shown as 
individual data points (color matched symbols). No rat PK data was available for salbutamol.  

 

 

 

 

 

 

 

 

Figure 2: Comparison between preclinical (left) and clinical (right) data with the corresponding RLP and HLP predictions 

Since the only adjustable parameter in the model was the clearance, we checked the model estimated human 
clearance parameter and compared that with the values as estimated from a typical weight based allometric 
scaling using the values for rat.   



Drug Delivery to the Lungs 27, 2016 - Antonio Cabal et al.  

We found our results to be similar to the ones computed from allometric scaling, which fortifies further, our 
assessment that the model has the requisite elements for translating drug candidates from preclinical species to 
clinical scenarios while enabling the prediction of local lung concentrations for both the species. 

ii. Lung vs. Systemic PK Profiles 

The selective abundance of the drug in the lung compared to the systemic circulation, after pulmonary delivery is 
one of the key advantages of inhaled drug delivery. For inhaled therapeutics where the drug is delivered directly 
to the target, the lung, it is essential to know the difference between the local lung PK and the systemic PK. This 
difference allows for smaller inhaled doses than corresponding oral ones, accelerates the onset of local lung 
effect, and improves safety profile of drugs (systemic adverse effect are less severe and less frequent) by 
significantly reducing systemic exposure.  

The ratio of lung concentration to its corresponding systemic concentration after inhaled drug delivery can be 
strongly influenced by the physicochemical properties of the compounds evaluated. For instance in the case of 
dry powder formulations, low solubility can effectively mete out the drug at a lower rate in the lungs, yielding a 
lower systemic peak concentration 

[11]
. Increases in lipophilicity (logP) influence the transport rate of the drug 

through various physiological compartments after it has been dissolved, resulting in the drug traversing the 
various lung compartments more rapidly and entering into the systemic circulation. Low LogP yields slower 
transport rates, suggesting an improvement in lung residency time 

[8, 11]
. The LP facilitates the evaluation of these 

types of “what if” scenarios to generate testable hypothesis that could be used to optimize the desired drug 
characteristics. Similar analyses done through experimental trial and error tests would be very costly and 
ineffective due to the difficulties associated with varying a single property of chemical entities while keeping all the 
other properties unchanged.  

 

 

 

 

 

 

 

 

 

Figure 3: Comparison between preclinical (left) and clinical (right) predicted systemic (thin lines) and lung (thick lines) PK 

Once the dimensions of the respiratory tree are defined, drug deposition in the rat and human LP can be 
calculated from the typical path lung model 

[5]
. Three mechanisms are considered to predict the deposition fraction 

in each generation: deposition by diffusion, sedimentation, and inertial impaction 
[5]

. The overall deposition 
probability at each airway branch generation in one breathing cycle is the sum of the deposition probability during 
inhalation, breath holding, and exhalation. The deposition module was qualified comparing experimental 
measurements collected from literature 

[5,18-20]
 with regional depositions of monodisperse particles with 

aerodynamic diameters ranging from 0.1 to 10 µm. 

After drug microparticles are deposited in the respiratory tract, which is divided into 25 generations from trachea 
to the alveoli, they start dissolving in the liquid lining the surface of the lungs. Drug microparticles are at the same 
time cleared from the airway region (generations 0 through 15) due to mucus motion because of cilia beating. The 
mucociliary escalator does not exist in the alveolar region (generations 15 through 24). It carries the undissolved 
drug toward the oral region with a species-specific mucus velocity 

[21]
. Drug cleared from the airways could be 

swallowed, in which case it will enter the GIT through the CAT module, shown on the right side of the LP 
schematic (see figure 1). 

Figure 3 shows the difference between the simulated lung and systemic concentrations for all the compounds 
evaluated in this analysis. Our results show at least two orders of magnitude difference in pulmonary and 
systemic drug concentrations during the terminal decay phase of the PK for both rat and humans, except for 
salbutamol which is about 50-fold. The Cmax and exposure values for each of the compounds, species, and doses 
plotted in figure 3 are listed in Table 1. For compounds where the magnitude of the PD response is proportional to 
the PK exposure, large differences between lung and systemic exposure after inhalation widens the therapeutic 
window of the compound when compared with oral or intravenous delivery of the same drug.    

.   
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LP helps mitigate some of the many difficulties associated with the development of inhaled drugs by incorporating 
the interspecies differences in airway morphology which have a significant influence in interspecies variability 
observed after drug inhalation 

The addition to the LP of normal defence mechanisms like mucociliary clearance supports the need to account for 
an important physiological function that affects the regional distribution of drug within regions of the respiratory 
tract. Integrating every one of these modules (figure 1) and all the knowledge associated with them provides a 
valuable tool to help support decision making in the challenging field of research and development for inhalation 
delivery of drugs. 

Table 1: Cmax and exposure (24-hour AUC) for each of the compounds plotted in figure 3. A nominal 1 mg dose 

was delivered in all the human simulations.  

  RAT HUMAN 

 Compound   Plasma Plasma Plasma Lung 

Formeterol 

C
max

 [pg/mL] 1.85E+03 6.25E+05 9.59E+02 2.39E+05 

AUC
0-24hr 

[pg*h/mL] 2.55E+03 7.30E+05 4.38E+03 9.21E+05 

Salbutamol 

C
max

 [pg/mL] 4.69E+03 5.17E+05 2.96E+03 1.93E+05 

AUC
0-24hr 

[pg*h/mL] 3.54E+03 2.73E+05 1.02E+04 5.83E+05 

Mometasone 

C
max

 [pg/mL] 1.34E+05 3.17E+07 5.10E+01 1.71E+04 

AUC
0-24hr 

[pg*h/mL] 2.02E+05 3.18E+07 2.36E+02 4.84E+04 

Budesonide 

C
max

 [pg/mL] 4.02E+03 1.65E+06 8.91E+02 2.46E+05 

AUC
0-24hr 

[pg*h/mL] 6.85E+03 2.22E+06 3.10E+03 7.44E+05 

 

Conclusions 

 The lung platform provides an in-silico option to compensate for many of the difficulties associated with 
the measurement of the local drug concentration in target tissues of the lung. 

 Rat and human versions of the lung platform were qualified using existing inhaled literature data on 
multiple compounds: mometasone furoate, budesonide, salbutamol, and formoterol. 

 The lung platform predicted local lung concentrations vs. time profiles for rats and humans. In both 
species the lung concentrations are at least two orders of magnitude higher than the corresponding 
systemic concentration during the drug terminal decay phase. 

 PK translation from rats to humans was done using the exact same compound specific physicochemical 
properties, allometrically scaled clearance, and the species specific dose delivery information. We hence 
demonstrate the ability of the LP to be used as a translational platform to make more accurate human 
projections from preclinical observations. 
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