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Abstract

Purpose: Pulmonary administration of tobramycin with a dry powder inhaler (DPI) has 
shown to be effective in treating pulmonary infections by Pseudomonas aeruginosa in cystic 
fibrosis (CF) patients. The concentration of tobramycin in serum and in the lungs after dry 
powder inhalation depends on technical, physiological and individual patient properties. A 
pharmacokinetic (PK) model was developed to predict local and systemic drug exposure. 

Methods: The deposition, absorption, distribution and elimination of pulmonary 
administered dry powder tobramycin were modeled using data from literature. The model 
was tested with simulations and compared with data from a non-CF bronchiectasis patient 
after inhalation of three different doses of tobramycin with the Podhaler© (28, 56 and 84 
mg) DPI. 

Results: The deposition of tobramycin in the alveoli and bronchioles and the apparent 
permeability coefficient are the most crucial parameters in the model. The agreement 
between the serum concentrations of the patient after inhalation of tobramycin and the 
computer simulation is promising. 

Conclusions: The PK model developed in this study, based on literature data, was able 
to predict tobramycin concentrations in serum and lung fluids after inhalation by a DPI.
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Introduction

Pulmonary administration of antimicrobial drugs, such as colistin sulphomethate sodium 
and the aminoglycoside tobramycin, has been shown to have a beneficial effect on the 
pulmonary condition of cystic fibrosis (CF) patients 1–4. The inhalation of antibiotics in CF 
patients is used to oppose chronic infections with bacteria, especially Pseudomonas aerugi-
nosa. Morbidity and mortality are high in CF patients due to pulmonary infections, which 
cause a more aggressive deterioration of their lung function 5. Up to now, both colistin and 
tobramycin are nearly exclusively administrated with classic jet or ultrasonic nebulisers. 
However, the use of nebulisers is time consuming because of prolonged nebulization and 
preparation and cleanining of the nebuliser. In addition, re-usable nebulisers have to be 
disinfected on a regular basis, which eventually may damage the nozzle and change the 
size distribution of the aerosol 6. These aspects negatively influence patient adherence to 
the therapy and for that reason there is a great interest in replacing the nebuliser technique. 
Dry powder inhalation could be a good alternative for aminoglycosides and other high 
dose drugs 6. 

It has been recognised that both the inhaler design and the patient’s inspiratory performance 
play an important role in successfully inhaling a dry powder drug. Most dry powder inhal-
ers (DPIs) require a minimal inspiratory flow rate to reach sufficient emptying of the dose 
system and adequate deagglomeration of the dry powder dose 7. If the threshold value for the 
flow rate at (and above) which the DPI performs satisfactorily is too high, substantial drug 
losses in the mouth and throat region may be expected 8. To reduce the dependency on the 
inspiratory flow rate to a certain extent, a larger fine particle fraction should be delivered at 
higher flow rates to compensate for a shift in deposition of the dose to the upper airways at 
higher inspiratory flow rate 7. Another key factor, with which the drug distribution in the 
lungs can be controlled, in addition to the flow rate, is the mass median aerodynamic diameter 
(MMAD) of the aerosol. A larger MMAD (range 3–6 μm) gives a higher deposition in the 
upper branches of the lungs whereas a finer aerosol (range 1–3 μm) is more appropriate for 
central and peripheral lung deposition 8. Also, breath-holding time is clinically relevant as 
it promotes sedimentation, thereby increasing the amount of dry powder that deposits in 
the lower branches of the lungs 9. 

The aim of this study is to develop a pharmacokinetic (PK) model, which takes into account 
the relevant aerosol properties, the key characteristics of the inspiratory maneuver and the 
patient’s physiology and anatomy. Such a model may be used to predict the time course of 
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concentrations of an aminoglycoside (like tobramycin in this case) inhaled with a DPI, in 
the lungs as well as in serum.

Materials and methods

Block diagram

The block diagram was based on a model of Le Brun 10. The model was modified to allow 
drug exchange between the conducting airways and the blood. Mucociliary clearance from 
the respiratory airways was excluded from the model, because of the limited occurrence 
of ciliated epithelium in the respiratory airways 11. The peripheral compartment was also 
excluded from the model, because the pharmacokinetics of aminoglycosides is usually 
described by a one-compartment model 1,12. Then, the variables of the DPI and the specific 
properties of the different compartments were added to the model. In the block diagram 
(Figure 1) the grouping of the different parts of the lungs was changed. The lungs have 23 
generations, or branches, which can be subcategorized into conducting airways (generation 
0–11), transitional airways (12–16), respiratory airways 1 or bronchioles (generations 17–21) 
and respiratory airways 2 or alveoli (generations 22–23). The surface area of the respiratory 
airways (generations 17–23) is 95% of the total surface area of the lungs and for that reason 
the respiratory airways are divided into the bronchioles and the alveoli, which account 
for 34% and 61% of the total surface area of the lungs respectively 13. Another reason for 
dividing the respiratory airways is that the bronchioles and the alveoli have a difference in 
the thickness of the epithelial lining fluid (ELF). The conducting airways and transitional 
airways were combined as anatomical dead volume. A compartment for mouth and throat 
(oropharynx) has also been added to the model, because part of the inhaled dose is deposited 
in the mouth and throat of the patient. The variables of the DPI were elaborated and the 
deposition of the drug in different compartments was indicated by percentages of the dose. 

Drug deposition model 

To determine the percentage of the dose that reaches different compartments, the variables 
of the DPI play a significant role. In Table 1, the percentages of the dose that reach the 
different compartments are listed. The total surface area of the lungs can differ between 
individuals. Height, age and sex of the individual are factors involved in the difference in 
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volume and surface area of the lungs 14,15. Due to a lack of quantitative data, this was not 
included in the model. 

The deposition of the fine particle dose in the lungs is mainly dependent on the flow rate, 
the MMAD and the breath holding time. The percentages listed in Table 1 are based on a 
MMAD of 3.0 μm and a flow rate of 60 L/min. These percentages were retrieved from planar 
gamma-scintigraphy and therefore it is possible that not 100% of the fine particle dose is 
recovered. Because the difference in deposition between the bronchioles and the alveoli has 
not been described, only an estimate of the amount deposited in either can be made 8,16–18. 
Only a small volume of inhaled air can reach the alveoli and this volume can only reach 

Figure 1 Block diagram of deposition of drug administered via dry powder inhalation. 

The generations of the lungs are subcategorized in the anatomical dead volume (generation 0–16, compartment 
2), respiratory airways 1 or bronchioles (generation 17–21, compartment 3) and respiratory airways 2 or alveoli 
(generation 22–23, compartment 4). Percentages A to D are part of the drug going IN to the body. Percentage 
E is the part of the drug that is exhaled and therefor part of the drug going OUT of the body. Percentages 
C, D and E are dependent on the breath holding time. Gen means generation, MMAD means mass-median 
aerodynamic diameter.
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the alveoli if the patient exhales completely before inhalation. Because in practice this is 
very difficult for the patient, it can be assumed that no more than 25% of the total dose that 
reaches the respiratory airways reaches the alveoli, based on the amount of fresh air during 
an inhalation that reaches the alveoli in contrast to the bronchioles (unpublished results). 

Elimination from mouth, throat and anatomical dead volume 

The amounts of drug deposited in mouth and throat, and a fraction of the amount deposited 
in anatomical dead volume (gen 0–16) are eliminated via the gastrointestinal (GI) tract 10. 

Table 1 Parameters used in the model

Parameter Description Dependence Value Reference

FSd Fractional surface area of anatomic 
dead volume (gen 0–16)

Physiological 5% 13

FSr1 Fractional surface area of respiratory 
airways 1, bronchioles (gen 17–21)

Physiological 34% 13

FSr2 Fractional surface area of respiratory 
airways 2, alveoli (gen 22–23)

Physiological 61% 13

SA Total surface area of two lungs Physiological 140 m2 -

Td Thickness of ELF in gen 0–16 Physiological 8 μm 20

Tr1 Thickness of ELF in gen 17–21 Physiological 3 μm 20

Tr2 Thickness of ELF in gen 22–23 Physiological 0.07 μm 20

Papp Apparent permeability Drug/ physiological 0.43×10-7 cm/s 25–27 

k10 Elimination constant from 
compartment 1 via GI-tract

Physiological/drug 3 h-1 16

CL20 Elimination from compartment 2 via 
GI-tract

Physiological/drug 0.17 L/h 16

fr Ratio of tobramycin renal clearance 
and creatinine clearance 

Drug 0.77 1,12

CLm Metabolic clearance Drug 0.18 L/h 1,12

V1 Volume of distribution (per kg LBMc) Drug 0.26 L/kg 1,12

f Correction factor for distribution 
(used for calculating LBMc)

Drug 0.4 41

%A Deposition in compartment 1 Physiological/drug 37% a 8,16–18

%B Deposition in compartment 2 Physiological/drug 39% a 8,16–18

%C+D Deposition in compartment 3+4 Physiological/drug 12% a 8,16–18

%E Exhaled drug Physiological/drug 7% a 8,16–18

a expressed as a percentage of the delivered fine particle dose, based on a MMAD of 3.0 μm and a flow rate 
of 60 L/min. Based on a series of known DPI deposition studies, using labelled drugs.
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The exact amounts and rates of elimination are difficult to determine, because analytical 
determinations of the feces are not common. An estimate of the elimination from these sides 
had to be made, knowing that the mucociliary clearance at these sites is a fast process 19. 
Tobramycin deposited in the anatomical dead volume can either be cleared via the GI-tract 
or diffuse to the systemic circulation (see below). 

Lung model 

The epithelium of the lungs is covered with a liquid film, ELF, which is suggested as the site 
of antimicrobial activity against lung infections caused by bacteria 20. Several studies have 
been conducted to determine drug penetration into ELF and to compare serum and ELF 
concentrations of antimicrobial drugs. Because tobramycin is a small compound (467.5 Da) 
and easily dissolves in water 21,22, it can be assumed that all inhaled tobramycin is dissolved in 
the ELF. The ELF is in direct contact with the lung cells 23. Different kinds of transport can 
occur across the lung barrier to the capillaries. For tobramycin, passive diffusion between the 
cells (paracellular transport) is the main mechanism of transport, because most exogenous 
macromolecules with a molecular weight less than 40 kDa are thought to be absorbed from 
the ELF through tight junctions by passive diffusion 24–26. 

The absorption rate of hydrophilic compounds is inversely related to the molecular weight 
(range 60–75,000 Da) 27. A way to determine the absorption rate from the lungs to the 
capillaries is by determining the apparent permeability coefficient (Papp) of the lung barrier 
in an in vitro transport assay system. Lucifer yellow, a hydrophilic compound with a similar 
molecular weight (MW) to tobramycin, is transported by paracellular transport with a Papp 
of 0.43 ± 0.05 × 10-7 cm/s based on studies in the Calu-3 model 28–30. This value was used 
for tobramycin. 

Model development 

A short description of each parameter, its dependence, its value and reference(s) is listed 
in Table 1. 

In order to determine the volume of the compartments in the lung, the following equation 
was used: 

 Equation 1     Vx = Sax * Tx
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where SAx is the surface area of compartment x, Tx the thickness of the ELF of compartment x 
and Vx the volume of the ELF in compartment x. The clearance from different compartments 
of the lung to the blood was calculated according to the following equation: 

 Equation 2     CLxb = Sax * Papp

where SAx is the surface area of compartment x, Papp is the apparent permeability of 
tobramycin in the lungs and CLxb is the clearance of tobramycin from compartment x to the 
blood. The transport of the drug is dependent on passive diffusion, because tobramycin is a 
small, easily soluble compound. Therefore, the transport is bidirectional and the clearance 
from both compartments is the same. 

Pharmacokinetic properties of aminoglycosides 

The pharmacokinetic model for aminoglycosides was similar to that used in MW\Pharm© 
(Version 3.80; MwPharm, Zuidhorn, The Netherlands), a program for therapeutic drug 
monitoring 31. 

In order to determine the distribution into fatty tissues, the corrected lean body mass 
is calculated (MW\Pharm manual version 3.15, volume 3, MwPharm, Zuidhorn, the 
Netherlands, 1995): 

 Equation 3     LBMc = (W – LBM) * f + LBM 

where W is the actual body weight of the individual in kg, LBM is the lean body mass of the 
individual in kg and f is the correction factor for distribution into fat. 

The LBM is calculated according the equation 32: 

 Equation 4     LBM = (H – 152) * 0.9 + G

where H is the height of the individual in cm and G is a constant dependent on the gender 
of the individual (male is 50 and female is 45.5) in kg. If the calculated LBM is larger than 
W, LBM is set to W. 

With the lean body mass corrected, the volume of distribution (Vd) in liters can be calculated 
for the individual by: 
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 Equation 5     Vd = V1 * LBMc

where V1 is the volume of distribution in L/kg. 

Because the renal function is not the same for every individual, a correction is made for the 
creatinine clearance in calculating the clearance of tobramycin (in L/h): 

 Equation 6     CL = CLnr * (BSA / 1.85) + fr * CLcr

where CLnr is the normalized non-renal clearance, fr is the ratio of the renal clearance of 
tobramycin and creatinine clearance, CLcr the creatinine clearance, BSA is the body surface 
area of the individual in m2, estimated from 32: 

 Equation 7     BSA = W0.425 * H0.725 * 0.007184

where W is body weight (kg), and H is body height (cm). 

The value 1.85 is the body surface area of a standard patient of weight 70 kg and height 175 cm. 

Patient data 

A female, 63 years old patient with non-CF bronchiectasis suffered from side effects after 
administration of the standard dry powder tobramycin dose of 112 mg using the Podhaler©. 

She gave oral informed consent to determine serum tobramycin concentrations after 
pulmonary administration of dry powder tobramycin for optimization this model. The 
patient was given three different doses over three different days. On day one the patient 
inhaled 28 mg, on day two 56 mg, and on day three 84 mg of tobramycin. 

The patient’s height was 160 cm and her weight was 66 kg. She had a serum concentration 
of creatinine of 65 μmol/L. The calculated creatinine clearance was 81.6 mL/min according 
to the Cockcroft-Gault formula 33. 

The MMAD during the inhalations was 3 μm and the flow rate was (approximately) 60 L/
min. The inhaler retention for the different doses was 1 mg (28 mg dose), 1.39 mg (56 mg 
dose) and 1.99 mg (84 mg dose), determined by weighing the capsules after the inhalation, 
corrected for the weight of the capsule itself. The delivered dose was calculated by subtracting 
the retention from the given dose. Blood samples were collected before and 0.25, 0.5, 0.75, 
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1, 1.25, 1.5, 1.75, 2, 4, 6 and 8 hours after the start of the inhalation. The samples were 
analyzed using a validated immunoassay method (Architect, Abbott Diagnostics, Chicago, 
IL) according to the FDA guidelines (with single determinations) in a clinical lab. The lower 
limit of quantitation of this assay is 0.2 mg/L. 

Software 

Berkeley Madonna™ (Version 8.3.18, BerkeleyMadonna.com, University of California at 
Berkeley, USA) and MW\Pharm© (Version 3.80; MwPharm, Zuidhorn, The Netherlands) 
were used for simulations. The simulated individual was a male, 30 years old, weight 75 kg, 
and height 180 cm, with a creatinine clearance of 120 mL/min. The variables during the 
inhalation were set on an MMAD of 3 μm and the flow on 60 L/min. 

Results

Simulation model

Using the parameters described in Table 1, a computer simulation of the described ‘standard’ 
individual was performed to create a typical serum concentration-time profile. All alterations 
or simulations of different parameters were made using this simulated individual. 

Influence of critical parameters 

To determine the critical parameters of the model, the serum concentration of tobramycin 
was simulated for every parameter with a two-fold change in values. The effect of a two-fold 
change of the apparent permeability coefficient can be seen in Figure 2a. 

The fraction that ends up in the respiratory airways 1 (generation 17–21) was also set as a 
variable. Because this fraction depends on the fraction that reaches the respiratory airways 
2 (generation 22–23), both were set as a variable simultaneously in the simulation. In Figure 
2b, the effect of the change in fraction deposited in the different respiratory airways is shown. 

The effect of a two-fold change of the total surface area of the lungs is shown in Figure 2c. 



5A

Development of a pharmacokinetic model for dry powder inhalation

103

Figure 2 Computer simulation of the serum concentration tobramycin for crucial parameters. 

2a (Upper panel): Predicted serum concentration of tobramycin versus time for different values of the apparent 
permeability coefficient (Papp). 2b (middle panel): Predicted serum concentration of tobramycin versus time for 
different values of the fraction deposed in the two respiratory airway compartments. R1 is respiratory airways 1 
(bronchioles, generation 17–21) and R2 is respiratory airways 2 (alveoli, generation 22–23), expressed as fractions 
that reach the respiratory airways (12% of fine particle dose). 2c (lower panel): Predicted serum concentration 
of tobramycin versus time for different values of the total surface area of the lungs (SA). 
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Concentrations in different compartments 

Using the model, simulations can be performed to determine the time course of the 
concentration of tobramycin in different compartments. The concentration profiles of the 
anatomical dead volume (generations 0–16), the respiratory airways 1 (generations 17–21) 
and the respiratory airways 2 (generations 22–23) are given in Figure 3. In the same figure, 
for comparison, the concentration of tobramycin in all compartments of the lung and the 
serum concentrations are combined in one graph. 

Patient data compared with computer simulation 

In order to test the model, individual serum concentrations were measured at different time 
points in one patient after inhaling different doses of dry powder tobramycin (28, 56, and 
84 mg). These serum concentrations were compared with the computer simulations based 
on the patient’s characteristics. These comparisons are illustrated in Figure 4. Despite the 
fact that several serum concentrations were below the lower limit of quantitation of 0.2 
mg/L, these values are reported here to allow a rough comparison with the models predicted 
concentration.

Discussion

The aim of this study was to develop a PK model to predict the time course of the tobramycin 
concentration in the lungs and serum, taking into account the characteristics of the drug, 
DPI and patient. The model was tested by performing simulations and by comparison with 
data from one patient, with good results. 

Most parameters incorporated in the model were based on earlier studies (see references 
in Table 1), except for the elimination from the mouth, throat and anatomical dead volume 
(gen 0–16) through the GI-tract. An estimate of the elimination from these sites had to be 
made, knowing that the mucociliary clearance at these sites is a fast process, also because of 
the cough-reflex 19,34. Mucociliary clearance by patients with CF or non-CF bronchiectasis 
is impaired at the sites of the bronchioli (gen 17–21) and alveoli (gen 22–23) 34. For a better 
estimation of the elimination of tobramycin from these sites, an analytical experiment 
should be set up to determine the amount of tobramycin eliminated via the feces after DPI 
and intravenous administration. 
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Figure 4 Computer simulation and individual serum concentration versus time after tobramycin inhalation. 

4a 28 mg dose. 4b 56 mg dose. 4c 84 mg dose. 

4a 

4b

4c
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It is known that the total capacity of the lungs depends on the height, the age, the sex and 
the condition of the lungs of the individual 15. To date, the exact correlation between the total 
capacity of the lungs and the total surface area is not known. The total surface area may vary 
up to threefold (i.e. 80–240 m2) between individuals, so the individualization of the standard 
surface area of the lungs may improve the model. Using the surface area and the thickness 
of the ELF in different parts of the lungs, the total volume of ELF in the lungs is 0.205 L 
(equation 1). Le Brun et al. also determined a pulmonary volume of distribution. Using a 
completely different method, the volume was calculated to be 0.2 L 10. The number of cells in 
ELF and the concentration of ELF were greater in CF patients compared to healthy subjects 35. 
As the mucus covering the ELF is more thick and tenacious in CF patients compared to 
healthy subjects it is probable that the solubility and absorption of ELF in CF patients is 
different compared to healthy subjects. For patients with non-CF bronchiectasis nothing is 
known about the composition of ELF or the mucus and its difference with healthy subjects 
or CF patients. Therefore it is difficult to estimate the influence of the composition of ELF 
and its role in our model. 

To date, in vitro data are the only source to determine the absorption from the lungs. The 
absorption rate is directly proportional to the surface area of the lungs and the apparent 
permeability coefficient (Papp). Papp is dependent on the physiological structure of the 
lung cells. The amount of space in the tight junctions is an important factor that affects the 
permeability of the cell and thus the Papp 36. This space is dependent on the state of the lung 
cells. In damaged lungs, the space of the tight junctions is increased in contrast to healthy lungs 
due to the leakage of the cells 36,37. Also, the thickness of the mucus layer has an effect on the 
permeability of the cell, because the mucus transport depends on the thickness of the mucus 
layer. The thicker the mucus layer, the lower the mucus transport and thus the higher the 
permeability of the cell 38. The Papp also depends on the physicochemical properties of the drug, 
including lipophilicity and molecular weight. Unfortunately, lung cells are difficult to simulate 
in vitro, because reconstructed single cell barriers are complex lung tissue, so in vivo data are 
desirable 39. In this study we assumed that the apparent permeability is the same for every site 
of the lungs. In fact, the distance between the alveolar membrane and the plasma membrane 
is much smaller than in the first generation and so the apparent permeability may be lower in 
the first generation compared to the last generations. Because the Papp in vivo can be different 
from the Papp measured in vitro, it is important to know how a change in the Papp will affect 
the serum concentrations. An increase in the Papp will increase the maximum concentration 
and slightly decrease the area under the serum concentration – time curve (Figure 2). 
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The deposition of the fine particle dose in the lungs is mainly dependent on the flow rate, the 
MMAD and the breath holding time. In our model we assumed that 25% of the amount that 
reached the respiratory airways reaches the alveoli based on the amount of fresh air that reaches 
the alveoli during an inhalation (unpublished results). When a smaller amount reaches the 
alveoli compared to the bronchioles, the time to maximum concentration increases and the 
maximum concentration decreases (Figure 2), because the absorption occurs more rapidly 
in the alveoli compared to the bronchioles. Because some patients have a lower forced vital 
capacity, a smaller volume of inhaled fresh air reaches the alveoli compared to the bronchioles 
and the time to maximum concentration will increase even more 40. It is relevant to know the 
concentrations at different sites of the lungs, because bacterial infections are often located on 
specific sites and not evenly distributed over the whole lungs. Unfortunately, no reference 
can be made for these local concentrations, and therefore the predicted values should be 
interpreted with caution. In the anatomical dead volume (gen 0–16) the initial concentration 
is 150 mg L-1, in the bronchioles (gen 17–21) 14 mg L-1 and in the alveoli (gen 22–23) 108 mg 
L-1 (Figure 3). In serum, the therapeutic serum concentration of tobramycin is between 1–10 
mg L-1 (12). The concentration of tobramycin in the bronchioles (gen 17–21) is fairly higher 
than the serum concentration during more than 8 hours after inhalation (Figure 3). 

The model was tested with serum concentrations of tobramycin of one patient with non-CF 
bronchiectasis. Because the lower limit of quantification of the assay was 0.2 mg L-1, the serum 
concentrations after the lowest dose of 28 mg tobramycin are difficult to compare with the 
model (Figure 4). After a 56 mg tobramycin dose, the observed serum concentrations are 
consistently higher than the computer simulation. The profile after the highest dose of 84 
mg tobramycin is nearly the same as the simulated profile. 

Conclusion 

The PK model developed in this study, based on literature data, was able to predict tobramycin 
concentrations in serum and lung fluids after inhalation by a DPI. More data from inhalation 
via DPI in healthy volunteers or patients with non-CF bronchiectasis should be obtained to 
validate the model. Physiological differences between healthy and damaged lungs should then 
be taken into account in the model so the model can be used for patients with an infection 
of Pseudomonas aeruginosa. The type of model developed can also be used for other drugs 
and for other devices, after adapting the drug-specific and device-specific model parameters, 
to facilitate the design of new studies with inhalation of antibiotics.
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