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Summary   
 
Background: During the development of inhalation products, using animal models is inevitable for the evaluation 
of formulation. To comply with the 3R principle (reduction, refinement, and replacement of animal experiments) 
and to reduce costs, it is desirable to predict the efficacy of formulations based on theoretical calculations.  
In the current study we evaluated the suitability of in silico tools to predict the in vivo pharmacokinetic data of 
inhaled drugs.  
Methods: GastroPlus™ with Additional Dosage Routes Module™ was used for the simulation studies. The in vivo 
data of a metered dose of 1.0 mg budesonide after administration either by a Turbuhaler® or by a pMDI + 
Nebuhaler®  were taken from literature and compared with the simulated data.  
Results:  Generally, the in silico data were comparable with the in vivo. Simulations with GastroPlusTM predicted 
higher bioavailability and higher plasma levels of budesonide using Turbuhaler compared to pMDI + Nebuhaler. 
Absolute data for bioavailability was relatively higher and plasma levels were relatively lower in GastroPlusTM than 
in vivo data. This apparent discrepancy could be due to the slow excretion rate reported in the literature. 
Additionally, the calculation models used for the in silico simulation have a great influence on the obtained 
bioavailability values. 
Conclusion: In this study we have shown the suitability of in silico modeling for supporting pulmonary drug 
development. Such models offer a useful tool for linking the drug product properties to in vivo performance, 
enabling the implementation of Quality by Design in inhalation drug development and the reduction of animal 
experimentation by improved selection of candidates. 
 
Introduction 
 
Inhalation is used as delivery route for local and systemic acting drugs. No non-invasive route of delivery provides 
the speed of action that an inhaled drug achieves. Delivery to specific regions of the bronchial tree or to the deep 
lung depends on several factors, among them the particle size of the inhaled active pharmaceutical ingredient 
(API), the selected formulation and the inhalation parameters such as the delivery device. Certain physico-
chemical properties of API, i.e. molecular weight, LogP value, pKa, solubility, and particle size affect the systemic 
absorption and can be determined in vitro. However, for efficacy testing usually animal models are required, 
which are more demanding for inhalation than for oral exposure. To comply with the 3R principle (reduction, 
refinement, and replacement of animal experiments) and to reduce costs in drug development, it would be 
desirable to predict the pulmonary drug delivery based on theoretical calculations. 
 
In silico modeling has an established role in the design of tyrosine kinase inhibitors and in the development of 
antibiotics against chemoresistant pathogens. In addition, simulations for the prediction of adsorption, distribution, 
metabolization, and excretion of oral drugs are being used. Some examples are works of Zhang et al., Neil et al. 
and Kuentz et al. (1,2,3). The quality of predicted oral bioavailability differs between compounds, is influenced by 
alimental status (fed/starved), gastric pH, and gastrointestinal passage time. In inhalation, deposition rates and 
efficacy are mainly determined by particle size and airflow. One of the most commonly used models for in silico 
modeling for ADME studies of oral drugs is GastroPlus™, produced by Simulation Plus. In a recently developed 
module of GastroPlus™ also nasal and pulmonal applications can be simulated. The pulmonary delivery and 
pharmacokinetics model within GastroPlus™ accounts for: Mucociliary transit, dissolution/precipitation, absorption 
into pulmonary cells, non-specific binding in mucus/surfactant layers and cells, (linear) metabolism, transfer into 
the systemic circulation, and partial swallowing of the inhaled dose. The passive absorption of drugs is driven by 
a concentrations gradient with rates dependent on physicological (e.g. surface area) and drug dependent 
physicochemical parameters (e.g. permeability) for each compartment.  
GastroPlus implements the advanced compartmental absorption and transit (ACAT) gastrointestinal tract model 
and pulmonary pharmacokinetic compartments model to simulate the drug appearance in plasma after combined 
absorption from the airways and the gastrointestinal tract, also taking account for the often large swallowed 
portion of an inhaled dose. 
 
To evaluate the suitability of GastroPlus™ to predict bioavailability and plasma concentrations of inhaled drugs, 
data obtained by in silico modeling with GastroPlus™ were compared to data of in vivo studies. These in vivo 
studies reported bioavailability and plasma concentrations of budesonide in healthy individuals after 
administration of a metered dose of 1.0 mg either by a pressurized metered dose inhaler (pMDI) with Nebuhaler® 
spacer or by a dry powder inhaler Turbuhaler® (4, 5). Budesonide, a glucocorticoid steroid indicated for the 
treatment of asthma and non-infectious rhinitis, has poor oral bioavailability due to intense first-pass metabolism. 



Therefore, in the case of inhaled budesonide, contribution of oral absorption by swallowed material to the plasma 
level is very low. 
 
Material and Methods 
 
The pulmonary and bioavailability of Budesonide after inhalation, via dry powder (Turbuhaler®) and via a 
suspension aerosol from a pMDI attached to a Nebuhaler® spacer, were simulated in this study. The simulation 
was undertaken using GastroPlus™ V.7.0 (Simulations Plus, Inc. Lancaster, CA, USA), Additional Dosage 
Routes Module™ (ADRM). The generated in silico data was compared with the in vivo data obtained from 
Thorsson & Edsbäcker and Thorsson et al. for pMDI attached to a Nebuhaler® spacer and Turbuhaler®, 
respectively (4, 5). The general physicochemical and biopharmaceutical parameters of Budesonide for modeling 
were estimated using ADMET Predictor® (Simulations Plus, Inc. Lancaster, CA, USA) or from literature (Table 1). 
Particle diameter with a geometric standard deviation and airflow rates as reported for the respective aerosol 
generation devices, was used to calculate deposition fractions (7-11). When no information of a certain parameter 
was available, default value of software was used in the simulation.  
 
 

pMDI +Nebuhaler® Turbuhaler® 

Molecular weight 430,54 430,54 

pKa 13,74 (ref. 11) 13,74 (ref. 11) 

LogP 2,42 2,42 

Solubility (g/l) 4.57e-02 (ref. 11) 4.57e-02 (ref. 11)  

Body weight 68 (ref. 4) 68 (ref. 4) 

First Pass Extraction 85% (ref. 11) 85% (ref. 11) 

Unbound percent in plasma (%) 85% (ref. 11) 85% (ref. 11) 

Clearance (L/h)  81,9 (ref. 4) 81,9 (ref. 4) 

Volume distribution (L/kg) 3,9 (ref. 4) 3,9 (ref. 4) 

Elimination half-life (h)  2,24 (ref. 4) 2,24 (ref. 4) 

Norminal Dose (µg) 1000 1000 

*Delivered dose (%) 45,00 (ref. 4) 68,60 (ref. 5) 

MMAD (µm) 3,6±0,2 (ref. 7) 2,9±0,2 (ref 7) 

Air flow (l/min) 20 (ref. 4) 52 (ref. 5) 

Exhaled Dose (µg) 2 (ref. 4) 0-15 (ref. 5) 
Table 1. Input parameters for the simulation in Gas troplus TM 

* Delivered dose (%) is defined as the percentage o f metered dose, which is delivered from the inhalat ion 
device 
 
Results 
 
Simulated plasma concentration within 8 h (Cp-time) of 1mg (claim label) Budesonide from a pMDI with 
Nebuhaler® and from Turbuhaler®  are presented in figures 1 and 2, respectively. The predicted Cp-time profile of 
pulmonary delivered Budesonide from pMDI with Nebuhaler® fitted the observed in vivo date from the literature 
(4). However, the simulated Cp-time profile of delivered API from Turbuhaler® was relatively higher than the in 
vivo value after 6h (5). 
 
Moreover, the simulated Cmax and bioavailability (F%) fitted well with the in vivo observation reported in the 
literature (Table 2).  
 
 

 



 
Fig. 1.  Simulated Cp-time; plasma concentration dur ing 8 h; of Budesonide after inhalation from a pMDI  
with Nebuhaler ®. Squares indicate the in vivo data, continuous line is the simulated Cp-time. Da ta shown 
on a semi-logarithmic scale 
 

 
Fig. 2.  Simulated Cp-time; plasma concentration dur ing 8 h; of Budesonide after inhalation from 
Turbuhaler ®. Squares indicate the in vivo data, continuous line is the simulated Cp-time. Da ta shown on a 
semi-logarithmic scale 
 

 

pMDI +Nebuhaler® Turbuhaler® 

Cmax nM (simulated) 3,1 2,8 

Cmax nM (in vivo) ~ 3,7 3,5 

F% (lung) (simulated) 40% 47% 

F% (lung) (in vivo) 34% 32% 
Table 2.  GastroPlus TM simulated parameters of pulmonary delivered Budeso nide and in vivo data 
reported in references 1 and 2 for pMDI +Nebuhaler ® and Turbuhaler ® , respectively 
 
 
Discussion  
 
Simulations with GastroPlusTM were able to predict a higher bioavailability of budesonide when administered with 
Turbuhaler compared to pMDI + Nebuhaler. Absolute bioavailability was higher in GastroPlusTM than in vivo (40% 
vs. 34% for pMDI + Nebuhaler® and 47% vs. 32% bioavailability for Turbuhaler®).  Plasma levels, by contrast, 
were lower in GastroPlusTM than reported in vivo (3.1 nM vs. 3.7 nM for pMDI + Nebuhaler® and 2.8 nM vs. 3.5 
nM for Turbuhaler®). This apparent discrepancy between higher simulated bioavailability of budesonide but lower 
plasma peak levels compared to in vivo data could be due the slow excretion rate reported by Thorsson and 
Edsbäcker (4) used as input parameter. On the other hand, the calculations of higher than in vivo bioavailability 
data could be an inherent feature of the simulation model used in GastroPlusTM. The algorithm that is being used 
has a great influence on the obtained bioavailability values (12). 
 
One problem involved with the application of plastic spacers is the static charge, which results in the decreasing 
of delivered dose and consequently affects the pharmacokinetic data. However, correct use of the device, i.e. 
immediate inhalation of the aerosol after actuation, avoiding multiple actuations, and using low static spacers can 
reduce this problem in certain degrees (13). Given the assumption of correct use of device and exact 
determination of the delivered dose - taking also the static charge of spacer into account - the gathered in vivo 
data can be directly compared with the in silico.  
The in vivo data, used for the current study, were generated under correct application of the devices in healthy 
individuals and are, therefore, suitable for direct comparison with GastroPlusTM, which is based on the same 



assumptions. Given problems with correct use of the device and pathologies in the airway of patients it is not 
clear to which extent the observed differences between the devices are relevant for the treatment, since similar 
clinical efficacy of budesonide/ formoterol and of several bronchio-spasmolytic drugs applied by DPI and pMDI 
has been shown (14, 15).  
 
 
Conclusion 
 
In this study, simulation of pulmonal delivery of budesonide inhaled from two different devices demonstrated the 
potential of GastroplusTM as an useful tool for supporting pulmonary drug development. While molecular weight, 
pKa, solubility, etc. of a variety of active drug ingredients are available in the library of GastroPlusTM, 
characterization of the delivered particle size and other inhaler parameters are strongly required for a precise 
simulation.  
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