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A B S T R A C T

One of the critical components of the respiratory drug delivery is the manner in which the inhaled aerosol is
deposited in respiratory tract compartments. Depending on formulation properties, device characteristics and
breathing pattern, only a certain fraction of the dose will reach the target site in the lungs, while the rest of the
drug will deposit in the inhalation device or in the mouth–throat region. The aim of this study was to link the
Computational fluid dynamics (CFD) with physiologically-based pharmacokinetic (PBPK) modelling in order to
predict aerolisolization of different dry powder formulations, and estimate concomitant in vivo deposition and
absorption of amiloride hydrochloride. Drug physicochemical properties were experimentally determined and
used as inputs for the CFD simulations of particle flow in the generated 3D geometric model of Aerolizer® dry
powder inhaler (DPI). CFD simulations were used to simulate air flow through Aerolizer® inhaler and Discrete
Phase Method (DPM) was used to simulate aerosol particles deposition within the fluid domain. The simulated
values for the percent emitted dose were comparable to the values obtained using Andersen cascade impactor
(ACI). However, CFD predictions indicated that aerosolized DPI have smaller particle size and narrower size
distribution than assumed based on ACI measurements. Comparison with the literature in vivo data revealed that
the constructed drug-specific PBPK model was able to capture amiloride absorption pattern following oral and
inhalation administration. The PBPK simulation results, based on the CFD generated particle distribution data as
input, illustrated the influence of formulation properties on the expected drug plasma concentration profiles. The
model also predicted the influence of potential changes in physiological parameters on the extent of inhaled
amiloride absorption. Overall, this study demonstrated the potential of the combined CFD-PBPK approach to
model inhaled drug bioperformance, and suggested that CFD generated results might serve as input for the
prediction of drug deposition pattern in vivo.

1. Introduction

Formulation of inhaled medicines is rather challenging, as a number
of factors influence quality and efficacy of the final product. Changes in
physiological parameters between individuals or population groups
further impede prediction of drug product bioperformance based on
drug and formulation characteristics. In order to accelerate the devel-
opment of safer and more effective patient-tailored inhaled medicines
and reduce the number of in vivo studies, formulation science needs to
embrace new methods for the evaluation of drugs/dosage forms, and
focus on model-based development of inhaled products. In this context,
in silico predictive tools can facilitate rational design of inhaled phar-
maceutics, which is in accordance with the Quality by Design (QbD)

paradigm in pharmaceutical development, incorporated in ICH Q8(R2)
guidance (ICH, 2005). Computational models and advanced simulation
tools can upgrade our understanding of the complex physiological
processes, and interactions a drug goes after inhalation, and thus fa-
cilitate the development of inhalation medicines.

1.1. Computational fluid dynamic (CFD) analysis and discrete phase
modelling (DPM)

Technology development, such as computer power becoming
cheaper and available software more powerful, led to increased use of
computer-based simulation in different branches of science and en-
gineering (Wong et al., 2012).
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Dry powder inhalers (DPIs) deliver drugs in the form of a dry
powder. Aerosol particles that are generated by this type of inhalers
show good results and offer advantages such as fast delivery of particles
to the lungs (Clark, 2004; Chan, 2006). DPIs do not require use of
propellants, they lead to higher deposition of aerosol particles within
the lungs and also simplify the inhalation technique. DPIs help to re-
duce the fluctuation of the inhaled dose compared to other available
inhalers such as Metered Dose Inhalers (Brocklebank et al., 2001;
Terzano, 2008) as well as reduce systemic side effects compared to
other drug delivery routes (Hoppentocht et al., 2014). The problem
with these devices is their inefficiency, since< 30% of dose reaches the
lungs (Islam and Gladki, 2008). In order to improve the performance of
these inhalers we need to understand the dispersion and deposition
mechanisms better.

Computational fluid dynamics (CFD) can be used for modelling both
laminar and turbulent flow (Wong et al., 2012). The disadvantages of
the CFD approach are that it can only simulate airflow and it is not
possible to consider particle interaction. The advancement in the field
of CFD analysis has created a possibility for a new approach for in-
halator modelling. This advancement allowed for aerosol transport and
deposition to be calculated in realistic three-dimensional (3-D) models
of the inhaler (Longest and Holbrook, 2012).

Several computational fluid-particle dynamics (CF-PD) models are
available for the calculation of air-drug mixture dynamics (Feng and
Kleinstreuer, 2014), such as the discrete phase model (DPM), two-fluid
model, mixture model, dense dispersed phase model (DDPM), and the
discrete element method (DEM) (Kleinstreuer et al., 2014). In order to
gain knowledge on particle dispersion we need to couple CFD with
DPM. Some authors investigated commercial DPIs using CFD-DPM
analysis in order to gain better knowledge on dispersion mechanisms.
Zhou et al. (2013) researched the effect of device design of the com-
mercial DPI, the Aerolizer® on the aerosolization of a carrier-based DPI
formulation (Foradile®) using a combination of CFD and DPM, while
Jiang et al. (2012) using the same method investigated the effect of
powder residence time on the performance of the Aerolizer DPI. CFD
coupled with experimental powder dispersion analysis, can provide an
initial quantification of the turbulence levels and average particle im-
paction velocities. This information can help maximize the dispersion
performance of a DPI (Coates et al., 2006).

The findings presented by Mossaad (2014) suggest that the de-
position profile of inhalation dry powders is affected by two major in-
dependent factors:

(1) patient-related factors; which can be cited as the anatomical and
physiological aspects of the respiratory system as well as the in-
halation airflow rate;

(2) physical properties of dry powder formulations; which include
properties of pure drug as well as properties of nanocarrier systems.

Most marketed DPIs are passive inhalers that employ the patient's
inspiratory effort to generate the necessary airflow, and the associated
turbulence, to overcome the cohesive nature of the respirable active
pharmaceutical ingredient (API) and fluidize the powder bed into a
respirable aerosol (Wong et al., 2012). Voss and Finlay (2002) in-
vestigated the effect that air turbulence has on the in vitro DPI perfor-
mance.

Coates and co-workers have analyzed the effect of the Aerolizer®
design on device performance. They have analyzed the influence of
airflow (Coates et al., 2005a), grid structure and mouthpiece length
(Coates et al., 2004), mouthpiece geometry (Coates et al., 2007), inlet
size (Coates et al., 2006) as well as the role of the capsule (Coates et al.,
2005b). They have found that:

• increased flow rate through the Aerolizer® leads to increased level of
turbulence (Coates et al., 2005a);

• the grid straightens the airflow exiting the device, and increase in

grid voidage leads to the increase of the amount of mouthpiece re-
tention (Coates et al., 2004);

• the length of the mouthpiece has no significant effect on the per-
formance of the device (Coates et al., 2004);

• widening of the Aerolizer® exit makes a small difference to the
dispersion performance, and it reduces the axial velocity of the ex-
iting airflow which leads to reduced throat impaction (Coates et al.,
2007);

• the air inlet size reduction leads to increased turbulence and particle
impaction velocities within the device at low flow rates, which en-
hance the dispersion performance (Coates et al., 2006);

• the capsule reduced the turbulence levels within the device, while
its size does not have significant effect on performance (Coates
et al., 2005b).

Information obtained using computer based simulation (CFD and
DPM analysis) help us understand dispersion mechanisms better. This
knowledge can be used for inhaler design changes in order to create
more efficient device.

1.2. Physiologically-based pharmacokinetic (PBPK) modelling

Physiologically-based pharmacokinetic (PBPK) modelling is a rela-
tively new concept pointed out to be beneficial for the in silico simu-
lation of drug pharmacokinetic behavior following drug administration
through different dosing sites. In comparison to simpler compartmental
pharmacokinetic models, which have no physiological meaning, PBPK
models forecast drug pharmacokinetics as a function of physiology
characteristics (Bouzom et al., 2012; Jones and Rowland-Yeo, 2013).
These properties may change in disease states or due to inter- or intra-
subject variations, and if the relevant physiological properties are
known, PBPK model can be used to predict drug pharmacokinetics in
target population or tailor drug dosing for the purpose of personalized
therapy (Suri et al., 2015; Almukainzi et al., 2016). In addition, PBPK
models can provide mechanistic explanation for unusual or unexpected
data observed in vivo (Peters, 2008; Samant et al., 2017). Another ad-
vantage of PBPK models is that they can serve as a basis for the pre-
diction of drug-drug interactions (Zhou et al., 2016; Zhuang and Lu,
2016), which is of particular importance for poly-medicated patients.
There have also been attempts to link PBPK models with drug phar-
macodynamic properties, and predict drug exposure and pharmacody-
namic effect (Chetty et al., 2014; Alqahtani and Kaddoumi, 2016).

Most efforts have been directed to the development of predictive
PBPK models for orally administered drugs, while mechanistic PBPK
models for other dosing routes are relatively new, and still poorly
exploited. There are several software tools for PBPK modelling of in-
haled drug absorption (Borghardt et al., 2015; Fröhlich et al., 2016).
Among these is GastroPlus™ software package, with the integrated
Pulmonary Compartmental Absorption & Transit (PCAT™) model able
to predict the absorption and disposition of drugs administered via in-
tranasal and/or respiratory route. Modelling and simulation with this
software can be used to assess the influence of drug properties, drug
dose and/or dosage form characteristics on drug in vivo absorption/
disposition, as well as to mechanistically interpret the influence of
different physiological or disease related factors on drug absorption.
However, published examples of the application of PCAT™ model are
still scarce (Wu et al., 2013; Backman et al., 2016; Wu et al., 2016).

One of the critical factors affecting the reliability of the PBPK
modelling results is the selection of input data that characterize dosage
form properties, such as size distribution of particles leaving the in-
haler. Common methods to assess aerodynamic properties of aero-
solized particles rely on in vitro tests using impingers or impactors
(Mitchell and Nagel, 2003). These methods are predominantly designed
to provide data on lung particle deposition, and they are used for the in
vitro assessment of inhaled drugs bioequivalence. However, there are
certain issues about the accuracy of these methods (de Boer et al.,
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2002), and the obtained results (expressed as mass median aero-
dynamic diameter (MMAD), and geometric standard deviation (GSD))
might not necessarily reflect actual aerosolized particle size distribution
(PSD). As an alternative to the in vitro determination of MMAD and
GSD, CFD simulations may provide data on PSD, which can further be
used as input for the calculation of deposition fractions in different lung
compartments.

The purpose of this study was (i) to link the CFD simulations of
particle distribution from DPI with PBPK modelling in order to predict
in vivo deposition and absorption of the inhaled model drug, amiloride
hydrochloride. The additional goals were (ii) to compare CFD simula-
tion result with the in vitro data obtained using Andersen cascade im-
pactor (ACI), and (iii) to mechanistically interpret the influence of
formulation properties and physiological factors on amiloride deposi-
tion and absorption following inhalation.

Amiloride is a sodium channel blocker with weak diuretic proper-
ties, commonly used to treat oedema associated with hepatic cirrhosis
and heart failure. Amiloride, as hydrochloride (HCl) salt, has also been
used in the management of cystic fibrosis, due to its ability to reduce
sodium and water absorption from the lung luminal membrane and
preserve airway surface liquid. Inhaled amiloride acts locally in the
bronchiolar airway epithelium, but if absorbed in large percent, high
plasma concentrations may cause hyperkalemia and undesirable car-
diovascular effects (Jones et al., 1997). Therefore, it is important to
understand the disposition and plasma concentration-time profile fol-
lowing inhalation of this drug.

2. Materials and methods

2.1. Drug physicochemical and aerodynamic properties

Drug-related input parameters required for CFD and PBPK simula-
tions were experimental data taken from literature or in silico estimated
values. The selected data and appropriate references are denoted in the
relevant sections.

Physicochemical and aerodynamic properties of the model
amiloride HCl DPI formulations were previously determined in vitro as
described in the study of Djokic et al. (2014). Four jet-milled samples
(JM1-JM4) were prepared under different experimental setups, with
varying three jet-milling process variables (i.e. diameter of injector
nozzle for injectable air, diameter of ring nozzle for grinding air, and air
pressure for milling). The fifth sample (SD) included respirable spray-
dried amiloride HCl particles prepared from aqueous feed solutions
under controlled conditions (feed concentration, feed rate, atomization
pressure, inlet temperature, outlet temperature) to obtain size dis-
tribution comparable with jet-milled particles. The key properties of the
obtained samples relevant for CFD-DPM simulations of DPI perfor-
mance (i.e., geometric particle size expressed as d10, d50, d90, powder
density) are depicted in Table 1. Geometric PSDs were determined by
laser diffraction, and true density of the samples was measured using
helium pycnometry. Djokic et al. (2014) also examined aerosol

Table 1
Physicochemical and aerodynamic properties of amiloride HCl DPI samplesa.

Sample d10; d50; d90b (μm) True density (g/cm3) EDc,e (%; mg) FPFd,e (%) MMADe (μm) GSDe

JM1 0.84; 1.71; 4.01 1.67 68.15; 13.63 39.78 7.30 2.74
JM2 0.80; 2.07; 4.92 1.68 70.54; 14.11 41.25 7.27 2.37
JM3 0.87; 2.62; 6.58 1.72 82.97; 16.59 45.67 5.53 1.68
JM4 0.86; 2.96; 7.31 1.73 84.23; 16.85 50.62 5.71 1.51
SD 0.85; 2.89; 7.16 1.71 83.74; 16.75 50.19 5.61 1.58

a Taken from (Djokic et al., 2014).
b Intercepts (geometric particle size) for 10%, 50% and 90% of the cumulative particle mass.
c ED – emitted dose (percentage/mass of particles delivered from the inhaler).
d FPF – fine particle fraction (percentage of the mass of drug particles that have aerodynamic diameter of< 5 μm).
e These values were not used as inputs for the simulations.

Fig. 1. Created model – solid domain: mouthpiece with grid area (a) and base with
capsule storage (b).
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dispersion characteristics with eight-stages ACI with a pre-separator
using the Aerolizer® (Pfizer) DPI device filled with 20 mg drug.
Methods of determination are described in detail in the published study
(Djokic et al., 2014). Relevant parameters calculated based on ACI
measurements (i.e. emitted dose (ED), fine particle fraction (FPF),
MMAD and GSD values) are also depicted in Table 1. These data were
used for comparison with the values estimated based on the CFD-DPM
results.

2.2. CFD simulations

2.2.1. 3D geometric models
In order to simulate powder dispersion in a commercial inhaler,

three-dimensional model of DPI had to be made. Aerolizer® model was
created using commercial software for computer aided design based on
the geometry of the Aerolizer® device (Fig. 1) which was constructed
from detailed measurements taken from the marketed device using a
micrometer. Some simple model modifications were added in order to
remove chamfered and curved edges. These edges were ignored in areas
where that do not have any effect on the process of inhalation. From
this model we have taken the inner cylinder and inner compartment
where air and drug particles flow (fluid domain). This fluid domain
model (Fig. 2) consists of a chamber with two inlets, a barrel, a grid in
between and a capsule for powder storage. This model was exported as
.stp file that was later used for mesh creation and to define boundary
conditions. Meshed model is shown in Fig. 3. Unstructured (tetrahedral)
mesh was used. The tetrahedral cells were then converted to polyhedral
cells to reduce the skewness of the overall cell count. The model grid
consists of 281,782 polyhedral cells and 1,402,608 nodes. The grid was
refined in the areas with expected large gradients of flow and then
additionally refined near the wall based on the initial solutions.

2.2.2. Numerical simulation
In order to precisely describe what happens during inhalation in the

device and in large airways we need to use turbulent flow. The com-
mercial CFD software ANSYS Fluent 16.0 was used to simulate fluid
flow which is governed by the Navier–Stokes equations:
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The boundary conditions of air inlets, outlet of mouthpiece and
other walls in the computational models were set as velocity inlet,

outflow and wall, respectively. To simplify conditions in the model, it
was assumed that:

(1) air in the model was incompressible;
(2) flow in the inlets was steady and normal to the surface area of the

inlet;
(3) the friction heat was negligible in this process.

According to Milenkovic et al. (2013), during forced inhalation the
instantaneous volumetric flow rate rapidly increases and reaches its
highest value. This instantaneous flow rate is approximately equal to
the highest value during inhalation and this leads to the possibility to
approximate dynamic airflow as steady airflow which was done here.

In general, the k-ε model or the k-ω model can be used for inhala-
tion problems. Launder and Spalding (1974) as well as Menter (1994)
have provided more details on these turbulence models. Many re-
searchers have used the k-ω or Menter's Shear Stress Transport (SST)
models. Versteeg et al. (2000), Longest et al. (2007), Kleinstreuer et al.
(2007), Longest et al. (2008), Longest et al. (2009) have used this model
because of its capability to be applied throughout the turbulent
boundary layer. Therefore, Standard k-ω model with low Reynolds
number (LRN) was adopted for the turbulent flow of air as fluid. The k-
ω turbulent model is a two-transport-equation model for turbulence
prediction based on two partial difference equation for two variables
(kinetic energy k and specific turbulent dissipation rate or turbulent
frequency ω). This model has shown good accuracy when combined
with high efficiency in comparison to complex methods, such as large
eddy simulation (LES) (Longest et al., 2013). The LRN k-ωmodel can be
used for accurate prediction of pressure drop, velocity profiles, and
shear stress for transitional and turbulent flows (Ghalichi et al., 1998).

Fig. 2. Created three-dimensional – fluid domain.

Fig. 3. Meshed model.
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All transport equations were discretized to be at least second order
accurate in space. A Second-Order Upwind scheme was used to dis-
cretize the pressure equations, and a Quadratic Upwind Interpolation
for Convection Kinetics scheme was used to discretize the momentum
and turbulence equations. Both of these schemes provide second-order
accuracy (Shur et al., 2012). The numerical equations were converged
to a steady-state solution. Rosin-Rammler diameter distribution of inert
particles, injected using face normal direction, was used as input for
Fluent's Discrete Phase Model (DPM). Collisions of particles with the
DPI walls occur predominantly due to inertial impaction. The particle-
wall collision frequency and capture efficiency, which determine the
rate of deposition, are controlled by adhesion forces (Milenkovic et al.,
2014a). We simulated the case when powder instantaneously breaks-up
into a population of particles and aggregates identical to that of the
free-flowing powder after which no more breakage or aggregation oc-
curs. Although this approach represents a limiting case of weak cohe-
sion forces, it provides a means for evaluating the effects of flow rate,
particle size, and adhesion forces on the local and total particle de-
position in the DPI device. With DPM, each particle is presented by a
parcel of particles and this method neglects inter-particle collisions
(Kloss et al., 2009). Due to the number of different simulations per-
formed, it was not feasible to use additional tools such as Discrete
Element Method (DEM), which considers collision breakage or particle
– particle collision. This approach needs greater CPU effort (Kloss et al.,
2009) and will be left for future work.

It was assumed that particles behave in such way that in contact
with wall they stay “trapped” and the particles that reach the outlet
surface “escape” the device domain. This assumption is valid due to the
fact that normal component of the particle velocity at the moment of
impact with the inhaler wall (υn) is smaller than the critical normal
velocity throughout the simulation (υc). Detailed impaction model
calculation can be found in Milenkovic et al., 2013.

In that way, it could be calculated how many particles were set at
the beginning of the calculation and how many particles got out of the
device.

In order to solve the particle trajectories the spherical nonlinear
drag law implemented in ANSYS Fluent (version 6.3, ANSYS, USA) was
used. For a low Reynolds number, mentioned law reduces to Stokesian
drag law. The gravitational acceleration was not included throughout
the simulations. It was shown that the gravity has the insignificant
impact due to small aerosol diameter sizes and short residence times in
the inhaler itself (Milenkovic et al., 2013). It is assumed that all par-
ticles were released at the same time (beginning of simulation) using
Rosin-Rammler distribution on the inlet surface. Particle size is con-
sidered to be constant throughout simulation. In general, particle co-
hesion forces affect the initial powder release and dispersion dynamics
as well as aggregate deposition and breakage, as observed and ex-
plained in Milenkovic et al. (2014b). Interactions between particle or
aggregate with the inhaler walls, other particles or aggregates is very
important. Outcome of these interactions is breakage of aggregates into
smaller aggregates and fine particles which are important as they are
best suited to target the upper respiratory tract (Milenkovic et al., 2013;
Milenkovic et al., 2014b). Boundary conditions for this simulation in-
cluded velocity at the two inlets and pressure outlet (underpressure to
simulate suction effect which comes from the inhalation). The nor-
malized Reynolds stress residuals in the range of 10e−4 were applied as
the convergence criteria to ensure full convergence. Inlet velocity was
calculated from the flow rate (28.3 l/min) and it was 11.79 m/s. This
flow rate was used because the aerodynamic PSD was experimentally
measured at this airflow rate (Djokic et al., 2014). Particle mass at the
beginning was 20 mg. In total 5 simulations were performed, 4 for jet-
milled particles (JM1, JM2, JM3 and JM4) and 1 for spray-dried par-
ticles (SD). Diameter and density values used for these simulations are
given in Table 1.

2.3. Aerodynamic particle size distribution of CFD-DPM generated aerosol
particles

The results of CFD-DPM numerical simulations for the five model
formulations, namely geometric diameter, density and mass of the
particles leaving the inhaler, were used to quantify aerodynamic PSDs
of the generated aerosol by calculating the corresponding MMAD and
GSD values. Aerodynamic particle diameter (daerodynamic) was calcu-
lated from the following expression:

= ×d d ρaerodynamic geometric (2)

where dgeometric and ρ are geometric particle diameter and particle
density, respectively. MMAD for each sample (JM1, JM2, JM3, JM4 and
SD) was estimated from the plot representing percentage cumulative
mass vs. cut-off aerodynamic diameter on a log-scale. The applied
method was based on linear interpolation between the nearest data
points on either side of the cumulative 50th mass percentile value
(Christopher et al., 2010). GSD was derived from the estimated d16 and
d84 for each sample using the Eq. (3):

=GSD d
d

84

16 (3)

where d16 and d84 are aerodynamic particle diameters at the 16th and
84th cumulative mass percentiles. The estimated MMAD and GSD va-
lues based on CFD-DPM data, along with the CFD-DPM predicted ED,
were further used as inputs in the designed amiloride-specific PBPK
model, to explore model estimates on drug deposition and absorption in
the lungs following inhalation of the five model formulations.

2.4. Drug-specific PBPK model

Amiloride absorption and concomitant pharmacokinetic processes
following oral and inhalation administration were simulated using
GastroPlus™ software (version 9.0.0007, SimulationPlus Inc., USA). The
in silico study consisted of two phases: first model construction, and
afterwards model exploration. The first phase referred to the selection
of input parameters and evaluation of the simulation outcomes by
comparison with the data from the in vivo studies. In the exploration
phase, the generated drug-specific PBPK model was used to forecast
amiloride deposition and absorption following inhalation of the model
formulations (JM1-JM4, SD).

Drug absorption was predicted using Advanced Compartmental
Absorption and Transit (ACAT) fasted-state model, linked with PBPK
model to simulate drug disposition through different body tissues, and
PCAT™ model to account for drug bioperformance in the respiratory
tract. The ACAT model of human gastrointestinal (GI) tract is comprised
of nine compartments linked in series (stomach, duodenum, two je-
junum compartments, three ileum compartments, caecum, and as-
cending colon), which are further subdivided to account for the drug
that entered into the enterocytes. The effect of physiological conditions
on drug absorption as it transits through successive GI compartments is
managed by a series of differential equations (Agoram et al., 2001). The
drug was assumed to substantially bind in enterocytes (95%), to ac-
count for the delayed time to reach maximum plasma concentration
(tmax) (Savic et al., 2007). This phenomenon was observed in case of
other basic drugs with high solubility/fast dissolution and high per-
meability (Sarfraz et al., 2015; Samant et al., 2017).

In extension to the ACAT model, PBPK model enabled simulation of
drug distribution in major tissues linked together by blood circulation
(Theil et al., 2003; Kostewicz et al., 2014). Each tissue was described by
a set of physiological parameters, whereas default parameters for the
selected “30 years/70 kg” physiology were generated by the software,
based on population mean values obtained from published data. All of
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the tissues were considered to be well-stirred, and drug distribution was
treated as perfusion limited. Tissue to plasma partition coefficients (Kp
values) were calculated using the default Rodgers-Single (Lukacova) Kp
method (Lukacova et al., 2008), and further optimized (multiplied by
3.5 scaling factor) to capture the experimental data on drug volume of
distribution (Vd). Amiloride is predominantly excreted by the kidneys
via tubular secretion, which signifies relatively high renal clearance
values (approximately 3 times the creatinine clearance) (Spahn et al.,
1987). The estimated value for model development of 25 l/h was in the
range of values reported in literature (Spahn et al., 1987; Fagerholm,
2007; Savic et al., 2007).

In case of drug dosing via respiratory route, PCAT™ model was used
to describe drug transit and absorption through the following pul-
monary compartments: extra-thoracic (nasopharynx, oropharynx,
larynx), thoracic (trachea, bronchi), bronchiolar (bronchioles, terminal
bronchioles), and alveolar-interstitial (respiratory bronchioles, alveolar
ducts and sacs, interstitial connective tissue) (Chaudhuri and Lukacova,
2010). Deposition of inhaled particles in each compartment was

calculated by the software built-in ICRP 66 deposition model (ICRP,
1994). Nasal-pulmonary physiology parameters were kept at software
default values. The additional input parameters required for the simu-
lation were obtained from literature or in silico estimated (Table 2).

In the model construction phase, published data from amiloride
pharmacokinetic studies were used to evaluate the generated drug
PBPK model. Digital extraction of literature data from the graphs was
performed using DigItTM program (version 1.0.4, Simulations Plus,
Inc., USA). Amiloride-specific PBPK model for oral drug delivery was
validated by comparing the simulation results with drug plasma con-
centration-time profiles following administration of oral solution (Jones
et al., 1997), or single amiloride HCl immediate (IR)-release capsule
(Weiss et al., 1969). The predictive power of the adjusted pulmonary
drug delivery model was assessed by comparing the simulation out-
comes with the in vivo data on amiloride plasma profiles following
pulmonary delivery of the nebulized solution (Jones et al., 1997). In
order to simulate the deposition pattern of the nebulized solution, we
used in vitro obtained MMAD value from literature as input. We need to
note that the proper way to validate the applied CFD-PBPK modelling
approach would be to use CFD simulated MMAD and GSD as input
values. But, due to the lack of relevant CFD data for this nebulized
solution, an in vitro obtained MMAD was used. Another annotation
regarding the construction of the PCAT™ model is that drug systemic
absorption rate constants in the pulmonary compartments (Ka(p)) were
varied to assess the influence of the absorption kinetics in the lungs on
the generated pharmacokinetic profiles.

Predictability of the generated models (oral and inhalation) was
measured by the percent prediction error (%PE) between the simulated
and in vivo observed data:

=
−

×PE
observed predicted

observed
% 100

(4)

In the model exploration phase, the constructed model was used to
estimate the expected drug deposition and absorption following in-
halation of five model formulations (JM1-JM4, SD). In this step, MMAD
and GSD values calculated based on the aerodynamic aerosol particle
distribution on the outlet of the Aerolizer® model, obtained by CFD-
DPM, were used as inputs in the PBPK model. Also, CFD-DPM predicted
ED for each model formulations was used to define drug dose, and drug
dissolution in the lungs was predicted based on CFD predicted geo-
metric PSD and input drug solubility.

Table 2
Summary of input parameters for PBPK simulations.

Parameter Value

Molecular weight (g/mol) 229.63
logD (pH 7.4) −0.86a

pKa 8.7b

Solubility (aq) (mg/ml) 5.2b

Human jejunal permeability, Peff (×10−4 cm/s) 1.6c

Diffusion coefficient (×10−6 cm2/s) 8.86d

Fluid intake with oral dose (ml) 250e

Mean precipitation time (s) 900e

Particle radius for oral dosing (μm) 25e

MMAD for the nebulized solution (μm) 4f

Drug particle density (g/ml) 1.2e

Blood/plasma concentration ratio 1e

Unbound percent in plasma (%) 60g

Body weight (kg) 70
Renal clearance, CLren (l/h) 25h

Unbound percent in enterocytes (%) 5h

a Taken from (Zhu et al., 2002).
b Taken from (IPCS INCHEM, n.d).
c Taken from (Dahlgren et al., 2015).
d GastroPlus™ predicted.
e GastroPlus™ default values.
f Taken from (Jones et al., 1997).
g Taken from (Spahn et al., 1987).
h Optimized values.

Fig. 4. Velocity contours for JM2: velocity mag-
nitude (a), tangential velocity (b), radial velocity
(c).
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3. Results and discussion

3.1. CFD simulation results

Results for jet-milled samples and spray-dried sample are similar
with small differences in peak values. In order not to repeat figures, we
will only show results for JM2 sample.

Fig. 4 shows the velocity magnitudes, tangential and radial velo-
cities for xz plane obtained from simulation using previously mentioned
parameters. Flow pattern in the inhaler is complex, due to swirling
motion inside the capsule chamber that incoming flow generates. The
highest velocity is observed inside the grid, i.e., about 48 m/s, while the
lowest one is in the barrel. Obtained velocity values and distribution
can be compared to values in other published papers (Tong et al.,
2013).

Fig. 5 shows the velocity distribution in the grid area. It can be
noticed that grid suppress the turbulence in the barrel and also reduces
swirl that is generated in the capsule chamber. Higher air inlet velocity
leads to wider impact velocity and higher turbulence levels. Presented
results are similar to the results obtained by Coates et al. (2006).

Maximum velocity values are in range from 45.23 m/s (JM3 and
JM4) to 48.81 m/s (JM2 and SD). Fig. 6 shows the outlet velocity
vectors for jet-milled (JM1, JM2, JM3, JM4) and spray-dried particles
(SD), which is helpful in determination of particles deposition in the
oral cavity.

As seen in Fig. 7, the fluid flow inside the Aerolizer evokes particle
collisions with the inhaler wall, especially in the area of carrier and
chamber before grid structure. It should be noted that particle–particle
collisions generally have to be taken into account. However, when the
particle volume fraction is less than about 10−3 (Sommerfeld et al.,
2008) this can be ignored. Therefore, due to the small volume fraction
(10−4) in this work, the effect of particle – particle collisions were not
considered or taken into account. Most of the carrier-device collisions
as well as carrier-carrier collisions occur in the chamber. Carrier-device
collisions are more common than carrier-carrier collisions. This type of
collision (carrier-carrier) rarely happens in the barrel because the flow
in the barrel is less turbulent than the flow in the chamber and also
because the particles enter the barrel at the different times and reduce
the chance for collision. However, the main reason for why carrier-

carrier collisions rarely occur is the very small particle volume fraction.
The particle-particle collision rate depends on the second power of the
local particle number density function. Studies such as Li and Ahmadi
(1992), Ge et al. (2012) and Zhou et al. (2013) have used similar
conditions regarding particle collision where rebound was ignored.
Obtained results can be compared to the result obtained by Tong et al.
(2015). This swirling flow reduces and becomes less dominant through
the mouthpiece, as the tangential air inlets which introduce a swirl
component, don't have such great impact down the flow after the grid
structure.

3.2. Particle tracking results

The particle tracking was initially carried out to simulate the dis-
persion of 1000 particles and repeated for 5000, and 10,000 particles to
determine if the particle impaction velocities obtained were in-
dependent of the number of particles simulated. Since the velocities
proved to be independent of the number of particles, we could continue
working with smaller number of particles, since the simulation time and
necessary computer memory drastically increases with particle number.

Particles mostly get “trapped” inside the carrier area because of the
swirl flow. This happens after a very short period, showing that the
residency time in this area is short. Fig. 8 shows the results of particle
tracking from all jet-milled particles as well as spray dried particles. In
order to have better visualization only 20 tracks were shown. Particles
at the exit of the barrel are concentrated in the middle.

3.3. Comparison of in vitro data and in silico predictions for the model DPI
formulations

Comparative analysis of the in vitro obtained data (Djokic et al.,
2014) and in silico CFD-DPM predictions revealed similar values for the
percent ED (Fig. 9a). In the case of JM1, almost identical values were
obtained in vitro and in silico. An excellent match was also seen for the
other jet-milled samples (difference in ED up to 4%), whereas for spray-
dried sample the obtained difference between these values was about
4.5%. Such results demonstrate that the generated DPI inhaler model
adequately describes aerosolization of five model formulations, and can
be used to calculate ED of an aerosolized DPI.

Fig. 5. Velocity distribution detail (JM2), grid area – vo-
lume rendering.
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According to the simulation outcomes, the ED from all tested for-
mulations is comprised of particles with the aerodynamic diameter
of< 5 μm, and therefore can be considered as FPF. In contrast, the
values resulting from ACI measurements indicate that only about 40 to
50% of the emitted particles mass correspond to FPF, depending on the
formulation (Table 1). The differences in FPF values based on CFD-DPM
simulations and ACI measurements may arise from the presence of
agglomerates which are detected by the ACI device, in addition to the
fine particle adhesion (and loss) onto inner ACI walls, while the applied
in silicomodelling follow the trajectories of single particles. This implies
that both methods have certain limitations. The generated CFD-DPM
model does not take into account particle agglomeration that most
likely happens prior to and during aerosolization, and therefore the
estimated FPF values might be overestimated. On the other hand,
during ACI measurements drug particles may also agglomerate and de-
agglomerate during fractionation (Strickland et al., 2013), meaning

that the obtained results do not necessarily reflect just the influence of
agglomerates at the inhaler outlet.

Primary PSDs resulting from CFD-DPM simulations are depicted in
Fig. 10. The presented data demonstrate differences between the pre-
dicted size distribution of particles leaving the inhaler for different test
formulations. Cumulative distribution data (Fig. 10) were used to cal-
culate the corresponding aerodynamic PSDs, and the derived MMAD
and GSD values were compared with the values calculated from DPI
PSD data measured using ACI (Fig. 9b,c). In general, the simulations
indicated much lower MMAD in comparison to the values calculated
based on ACI measurements. The largest divergence between the in vitro
and in silico-based MMAD values was observed for JM1 and JM2 sam-
ples, but notable difference were seen for other samples, too. As dis-
cussed by Djokic et al. (2014), relatively large MMAD for JM1 and JM2
sample, calculated based on ACI analysis, may result from particle
tendency to form aggregates. In addition, adhesion of particles to the

Fig. 6. Outlet velocity vectors for jet-milled and spray dried
particles.
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impactor walls might also influence the obtained in vitro results (de
Boer et al., 2002). Similar observations were made for GSD where CFD-
DPM generated values indicated more narrow aerosol size distribution,
specially in the case of JM1 and JM2 samples. These findings imply that
the aerosol cloud that leaves the inhaler might contain smaller parti-
cles, with narrower size distribution, than assumed based on ACI
measurements. Therefore, CFD-DPM generated results, in conjunction
with the in silico model that describes particles transport through the
lungs (e.g. ICRP66 model (ICRP, 1994)), can be used as an alternative to

the in vitro ACI assessment of DPI deposition pattern in vivo. Still, we
need to note that the described CFD-DPM approach may lead to an
underestimation of MMAD when a significant portion of particles leaves
the inhaler as agglomerates, which is often the case for DPIs. We should
also note that the assumption of a 100% sticking efficiency of large
particles or aggregates could contribute to the underestimation of
MMAD as this would effectively eliminate the large particle sizes from
the in silico predicted PSD. In order to accurately describe properties of
the inhaled aerosols, simulation tools need to address complicated

Fig. 7. Velocity streamlines (JM2) – isometric view.

Fig. 8. Particle tracking from the beginning of the simulation to the outlet.
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particle-particle and particle-wall interactions, including agglomeration
and de-agglomeration.

Fig. 11 shows CFD-DPM predicted percentage of deposited particles
in different deposition sites (capsule chamber, circulation chamber,
grid area and mouthpiece) for the corresponding Q = 28.3 l/min. The
presented simulation results correspond to each of the powder types
JM1-JM4 and SD. It can be observed that most particles deposit in

either capsule or circulation chamber, while only a small percentage of
particles deposit in the mouthpiece.

3.4. PBPK model construction

After inhalation, amiloride enters the systemic circulation in two
phases: quickly via respiratory tract, and more slowly following GI
absorption of the swallowed part of the dose (Jones et al., 1997; Noone
et al., 1997). Therefore, drug-specific PBPK model was first developed
and validated for oral drug dosing, and further adjusted to simulate
plasma profile following inhalation. A simpler compartmental model
might also have been used for amiloride pharmacokinetic modelling,
but a whole body PBPK was considered advantageous because of its
wider applicability. Namely, it can be used in future studies to forecast
drug-drug or drug-disease (in terms of physiological conditions) inter-
actions.

The simulation results for 10 mg amiloride oral solution and 20 mg
IR oral capsule are shown in Fig. 12 and Table 3. The two profiles were
based on the same input data (Table 2), with the only differences
concerning the selection of drug dose, dosage form, and concomitant
simulation of drug dissolution from a capsule. Due to high solubility of
amiloride HCl, the predicted drug dissolution from IR capsule happened
almost immediately (100% drug dissolved in 5 min), which resulted in
the same tmax for both formulations.

The predicted pharmacokinetic parameters for 10 mg amiloride oral
dose fitted into the range of values reported in literature (Jones et al.,
1997; Spahn et al., 1987). The simulation results for 20 mg drug dose
also agreed with the in vivo data, as demonstrated by %PE values<
10% for tmax and AUC (Table 3). In this case, larger deviation from the
mean in vivo data (Weiss et al., 1969) was noted solely for Cmax, but

Fig. 9. Comparison of aerodynamic particle properties: ED (a), MMAD (b), and GSD (c)
derived from CFD-DPM output data and ACI results taken from Djokic et al. (2014).
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Fig. 11. Regional particle deposition in the Aerolizer. Q = 28.3 l/min.

Fig. 12. Predicted amiloride plasma concentration-time profiles, along with the mean
data observed in the in vivo studies for 10 mg oral solution (Jones et al., 1997) and 20 mg
oral capsule (Weiss et al., 1969).
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considering the range of values observed in different studies (Weiss
et al., 1969; Grayson et al., 1971), the simulated value can be con-
sidered as a reasonable estimate. In addition, the estimated Vd value of
577.97 l agreed well with the large volume of distribution reported in
literature (Grayson et al., 1971; Savic et al., 2007), and the predicted
elimination half-life (t1/2 = 16.02 h) matched the in vivo observed va-
lues (Jones et al., 1997; Spahn et al., 1987), indicating that the selected
PBPK model parameters adequately describe amiloride pharmacoki-
netics.

In the next step, the generated model was adjusted to predict the
absorption of a nebulized amiloride solution, at 1.91 mg dose level.
This was the estimated dose delivered to the lungs, determined from the
initial dose (4.5 mg) minus the amount of drug entrapped in the
nebulizer (Jones et al., 1997). The additional adjustments in the model
parameters included dosage form (pulmonary solution), and mean
particle size (in vitro obtained MMAD = 4 μm taken from literature
(Jones et al., 1997)). In addition, it was assumed that fraction of the
inhaled drug (from extra-thoracic region) would be swallowed, and in
order to match the in vivo data (Jones et al., 1997) gastric residence
time was prolonged to 1 h to simulate the scenario where it takes some
time for the swallowed portion of the drug to reach gastrointestinal
tract.

The obtained results are presented in Fig. 13 and Table 3. Initial
simulation (model M1) provided plausible prediction of the inhaled
amiloride absorption. However, this model was based on the default

software calculated Ka(p) for amiloride of 8.42 × 10−3 1/s (under de-
fault settings, a uniform value is used for all pulmonary compartments),
which may not be considered adequate in the case of a basic compound
like this. Namely, default Ka(p) is estimated from the lung volume, blood
flow, drug tissue to plasma partition coefficient and blood to plasma
concentration ratio (GastroPlus™ manual, 2015), and it does not take
into account specific phenomena that may happen in vivo. Some recent
studies, using a model based population pharmacokinetic approach or
in vitro lung slice methodology, have demonstrated that certain basic
drugs (e.g. olodaterol, some β2-sympathomimetics) exhibit prolonged
pulmonary residence times due to lysosomal trapping in the lungs and
thus delayed absorption (Backstrom et al., 2016; Borghardt et al.,
2016). It was further noted in these reports that drug absorption from
the lungs can be described as parallel absorption processes with dif-
ferent rate constants, whereas the initial fast absorption is responsible
for the early Cmax, while slow absorption (a major fraction) becomes
apparent in the terminal phase and may contribute to the prolonged
therapeutic effect. Furthermore, these different absorption processes
can take place in the same lung region, e.g. fast and slow absorption
from the alveolar space as demonstrated for the inhaled olodaterol
(Borghardt et al., 2016), meaning that they could not be matched with
distinct pulmonary compartments.

In order to assess the influence of decreased lung absorption rate on
the generated pharmacokinetic profiles for amiloride, we have reduced
the initial Ka(p) values by 25% (model M2), 50% (model M3) and 75%
(model M4). According to the obtained results, the reduction in Ka(p)

had no influence on the extent of amiloride absorption (the same pre-
dicted AUC values), but there were noticeable differences in the pre-
dicted Cmax, and especially tmax values (Table 3). The best match be-
tween the in vivo and predicted data was observed with model M3,
where the initial Ka(p) was decreased by 50%. These results indicate that
inhaled amiloride, similar to other basic drugs, exhibit certain delay in
pulmonary absorption. Increasing the extent of Ka(p) reduction leads to
the loss of the early peak in plasma concentration-time profile, as de-
monstrated with the model M4 (Fig. 13). Therefore, model M3 was
adopted for further exploration. It could still be speculated whether this
model best describes inhaled amiloride pharmacokinetics because of
the inability to interpret possible parallel (fast and slow) pulmonary
absorption processes. Namely, in the current PCAT™ model only one
Ka(p) value can be ascribed to each pulmonary compartment. In this
context, upgrades in the software PCAT™ model might improve in silico
predictions for this drug.

According to the data in Table 3, the predictive ability of M3 model
seems rather good. %PE for AUC, calculated based on mean in vivo data,
was somewhat high; however, the predicted value fitted into the range

Table 3
Comparison of the predicted and observed pharmacokinetic parameters for 10 mg and 20 mg amiloride oral dose, and 1.91 mg delivered dose from a nebulized solution.

Parameter Cmax (ng/ml) tmax (h) AUC0 − ∞ (ng h/ml)

10 mg oral solution Predicted (%PE) 20.35 (−11.20) 2.44 (18.39) 380.80 (−17.66)
In vivo meana 18.30 2.99 323.64
In vivo rangeb 9.80–30.60 1.90–4.40 160.00–390.00

20 mg IR capsule Predicted (%PE) 40.70 (−22.59) 2.44 (7.22) 761.58 (−0.59)
In vivo meanc 33.20 2.63 757.14
In vivo ranged 28.80–61.30 / /

1.91 mg nebulized solution Predicted M1 (%PE) 1.45 (−9.02) 0.32 (38.46) 25.79 (−46.45)
Predicted M2 (%PE) 1.44 (−8.27) 0.36 (30.77) 25.79 (−46.45)
Predicted M3 (%PE) 1.35 (−1.50) 0.48 (7.69) 25.79 (−46.45)
Predicted M4 (%PE) 1.21 (9.02) 0.9 (−73.08) 25.79 (−46.45)
In vivo meana 1.33 0.52 17.61
In vivo rangee 0.10–3.20 0.30–0.70 3.20–32.00

a Refer to the mean plasma concentration–time profile from a single study (Jones et al., 1997).
b Refer to the range of values from different studies (Jones et al., 1997; Spahn et al., 1987).
c Refer to the mean plasma concentration–time profile from a single study (Weiss et al., 1969).
d Refer to the range of values from different studies (Weiss et al., 1969; Grayson et al., 1971).
e Refer to the range of values from a single study (Jones et al., 1997).

Fig. 13. Predicted amiloride plasma concentration-time profiles (M1-M4), along with the
mean data observed in the in vivo study for 1.91 mg dose from the nebulized solution
(Jones et al., 1997); M1 refers to the model using default ka(p), M2 refers to model using
25% reduced Ka(p), M3 refers to model using 50% reduced Ka(p), M4 refers to model using
75% reduced Ka(p) in comparison to the default value; inset shows enlarged initial parts of
the plasma concentration-time curves.
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of individually recorded values (Jones et al., 1997). Moreover, certain
deviations from the mean in vivo observed profile might be ascribed to
the lack of adequate input data regarding PSD. Namely, the authors
(Jones et al., 1997) only specified MMAD, and stated that the target site
for this heterodispersed aerosol were the conducting airways. The
predicted regional absorption distribution indicated that about half of
the systemically available amiloride following inhalation of the neb-
ulized solution is absorbed through the lungs (15.8%), while the rest of
the dose is absorbed from the gastrointestinal tract (Fig. 14). These
results are in accordance with the findings of Jones et al. (1997), de-
monstrating that the generated model M3 was able to interpret the
absorption pattern of nebulized amiloride, including the second peak
phenomenon.

3.5. PBPK model exploration

The constructed amiloride-specific absorption model (model M3)
was consequently used to predict pulmonary deposition, and systemic
drug absorption from different amiloride DPI experimental formula-
tions. As already stated, these formulations had different aerodynamic
properties, and relevant attributes (i.e., CFD-DPM predicted delivered
dose and particle size) were accounted for in the input parameters
datasets. Aerodynamic PSD for each formulation, estimated based on
CFD-DPM results, was used to forecast drug deposition through dif-
ferent pulmonary compartments. The simulated deposition profiles are
depicted in Fig. 15. It can be noted that drug deposition fractions in
peripheral region of the lungs will be similar for all formulations. More
pronounced differences are seen in drug deposition in the conducting
airways, whereas formulations with higher MMAD values (JM3 and
JM4) will have higher percentage of drug deposited in these regions. In
contrast, in the case of very small particles with MMADs ≤2 μm (for-
mulations JM1, JM2 and SD),> 50% of the delivered dose will be

exhaled, under normal physiological conditions and breathing pattern
as specified in the model.

The corresponding plasma concentration-time profiles for the five
formulations are shown in Fig. 16, along with the data on pulmonary
drug absorption. Since majority of inhaled amiloride is absorbed
through the lung compartments (smaller portion is swallowed and ab-
sorbed from the gastrointestinal tract), extent of systemic drug bioa-
vailability is a reflection of pulmonary absorption. In the case of JM1
and JM2, drug absorption is expected to be additionally decreased
because aerosol delivery (in terms of delivered dose) is less efficient, as
outlined in Fig. 9a.

As already mentioned, one of the benefits associated with PBPK
modelling is prediction of drug absorption under different physiological
conditions. Since cystic fibrosis is usually associated with impaired
airflow (Zapletal et al., 1993), sensitivity analysis was run to investigate
the effect of this parameter on the expected amiloride regional lung
deposition. Simulated data for the formulation JM4, depicted in Fig. 17,
illustrate how decreased airflow can decrease amiloride deposition in
the conducting airways, which are the target site for this drug action.
Such results suggest that drug & patient-specific PBPK modelling can
provide quantitative data on the expected drug concentration in target
site of the lungs, and thus enable the selection of appropriate dosing
regimen.

4. Conclusion

The particle dispersion in a DPI was simulated by a CFD-DPM
model. Boundary conditions that included velocity inlet and pressure
outlet were set based on experiments of Djokic et al. (2014). Input data
on particle characteristics were taken from the same study. For the
corresponding turbulence model, k-ω model was used, and it was as-
sumed that particles behave in such a way that in contact with wall they
stay “trapped”, and the particles that reach the outlet surface “escape”

Fig. 14. Predicted regional absorption profile of amiloride following inhalation of a
1.91 mg dose from the nebulized solution.

Fig. 15. Simulated lung deposition pattern of the inhaled amiloride particles from dif-
ferent formulations expressed as percent of delivered dose.

Fig. 16. Simulated drug plasma concentration-time profiles for different amiloride DPI
formulations; inset shows percent of delivered dose absorbed through the lungs.

Fig. 17. The dependence of regional particle deposition (expressed as percent of deliv-
ered dose) on the variations in airflow rate.
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the device domain. Under this assumption, it was possible to calculate
how many particles were set at the beginning of the calculation, and
how many particles got out of the device. Analysis of the flow field
using CFD analysis provided information about air velocity during in-
halation. Based on this flow field, we were able to determine how drug
particles are moving from the capsule chamber until the end of the
barrel, and particle distribution present on the outlet. The results in-
dicate that particles mostly get “trapped” inside the carrier area because
of the swirl flow, and this swirling flow becomes less dominant through
the mouthpiece, as the tangential air inlets which introduce a swirl
component, do not have such great impact down the flow after the grid
structure. CFD-DPM generated values for the percent ED are within
4.5% difference compared to the experimental data obtained by Djokic
et al. (2014). Results presented in the CFD-DPM part here are obtained
with simplification that included only particles that were placed at the
bottom of the chamber area and did not include the capsule itself. Also,
the constructed model did not account for particle interactions such as
agglomeration and de-agglomeration, and these phenomena will be
included in the upgraded version of the model. Future work will include
new simulations with inhaler where particles will be inside of a capsule,
and the results will be used as input in the analysis that includes par-
ticle tracking inside patient's lungs.

Although computationally-intensive, this approach can be seen as
useful alternative to the in vitro determination of aerosolized particle
properties using ACI or other types of impactors. Linked with PBPK
modelling, these data enable prediction of drug absorption in specific
patients, under different physiological conditions, which may facilitate
the decision on efficient dose levels for specific patients. The combined
CFD-PBPK modelling might be seen as a promising tool in the design
and characterization of DPIs; however, this approach needs to be ad-
ditionally tested with different DPI types, and different model drugs.
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