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Abstract

To evaluate the regional delivery of conventional aerosol medications, a new whole-lung 

computational fluid dynamics (CFD) modeling approach was applied for metered dose inhaler 

(MDI) and dry powder inhaler (DPI) aerosols delivered to healthy and constricted airways. The 

CFD approach included complete airways through the third respiratory bifurcation (B3) and 

applied the new stochastic individual pathway (SIP) modeling technique beyond B3 through the 

remainder of the conducting airways together with a new model of deposition in the alveolar 

region. Bronchiolar (B8-B15) deposition fraction (DF) values were low (~1%) for both MDI and 

DPI aerosols with the healthy geometry, while delivery to the constricted model was even lower, 

with DF values of 0.89% and 0.81% for the MDI and DPI, respectively. Calculating dose per unit-

surface-area for the commercial MDI and DPI products resulted in approximately 10−3 μg/cm2 in 

the lower tracheobronchial (TB) region of B8-B15 and 10−4 μg/cm2 in the alveolar region. Across 

the lung, dose per unit-surface-area varied by 2 orders of magnitude, which increased to 4 orders 

of magnitude when the mouth-throat region was included. The MDI and DPI both provided very 

low drug dose per unit-surface-area to the small TB and alveolar airways.
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Introduction

Airway inflammation leading to lumenal wall narrowing, i.e., constriction, is a characteristic 

of multiple respiratory diseases including asthma and chronic obstructive pulmonary disease 

(COPD).1-4 Considering asthma, inflammation associated airway wall thickening can be 

identified at all levels of the lungs, including the small airways.1,2 For example, Hamid et 

al.2 measured inflammatory cell counts in cryosectioned lung tissue from asthmatic (n = 6) 

and non-asthmatic (n = 10) subjects following a lung resection procedure, and results 

showed that for asthmatic patients, activated eosinophil counts were higher in the peripheral 

airways (< 2 mm internal perimeter) as compared with the central airways (> 2 mm internal 

perimeter), while counts of other inflammatory cell types (T cells, total eosinophils, mast 

cells) showed no significant difference. Airway dimensions were measured by Carroll et al.5 

from ex vivo subjects, all of whom had died suddenly. This patient population included 

subjects where asthma was the cause of death (n = 11), a history of asthma was present but 

was not identified as the cause of death (n = 13), and no history of asthma was present (n = 

11).5 The small membranous bronchiole (perimeter < 2 mm) measurements showed the total 

and outer wall areas were larger for all asthma cases as compared with the control, which 

would reduce the airway lumenal area available for airflow.5 Changes in central and 

peripheral airway resistance measured using a micromanometer showed that for asthma 

patients with constricted airways (n = 10), peripheral resistance as a percentage of total 

resistance increased from a healthy control value of 24 ± 6% to 51 ± 6% (p < 0.01).6 

Kuwano et al.7 measured peripheral airway dimensions ex vivo from patients with fatal 

asthma, non-fatal asthma, and chronic obstructive pulmonary disease (COPD), as well as 

normal subjects. It was observed that wall thickening was greater for fatal asthma subjects 

than for non-fatal asthma subjects, and it was suggested that the hyper-responsiveness in the 

small airways noted by Wiggs et al.8 may play a role in the severity of asthma and 

ultimately whether or not it proves to be fatal.7 Moreover, an increased peripheral airway 

constriction has been noted in children compared with adults.1,3,9

Uncontrolled asthma is a significant issue, affecting approximately greater than half of all 

asthma patients.10-12 For these cases, new medications appear to be needed, and while the 

type of medication is often the target for development, delivery efficiency to the affected 

regions of the lungs is also important. It is well known that particle size is a large factor in 

controlling where aerosols deposit in the lungs. Most commercially available metered dose 

inhalers (MDIs) or dry powder inhalers (DPIs) deliver a majority of the aerosol size 

distribution as large particles (> 2 μm), which are typically filtered upstream in the 

extrathoracic and large airway regions due to impaction and turbulent dispersion. A series of 

in vivo studies showed that monodisperse albuterol sulphate particles with diameters of 3 

and 6 μm more effectively targeted the large airway region as opposed to a 1.5 μm aerosol, 

which deposited preferentially in the small airways.13-15

The effect of decreased drug delivery to the small airways with conventionally sized 

aerosols is exacerbated by the fact that the surface area of the airways increases 

exponentially with depth into the lungs. Estimates of large and small airway surface area 

may be found based on the convention in the literature that large airway diameters are 

typically ≥ 2 mm and small airway diameters are < 2 mm.1,16-18 Using the anatomical 
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measurements of Yeh and Schum19 for an adult and scaling to a lung volume of 3.5 L,20 

large and small airway surface areas are calculated as 0.1 m2 and 62.8 m2, respectively. 

These estimates include the alveolar region as part of the small airways, which accounts for 

62.6 m2. Lung response to surface active medications most likely occurs on the basis of dose 

per unit-surface-area. The extremely large surface area of the small airways may therefore 

result in doses that are too low to achieve the desired therapeutic effect. As described above, 

inflammation associated with asthma affects the airways from the upper tracheobronchial 

(TB) region through the alveoli.2,21,22

Some small-particle aerosol medications for treating asthma have already been introduced. 

As part of the switch from chlorofluorocarbon (CFC) to hydrofluoroalkane (HFA) 134a 

propellant in MDIs as specified by the Montreal Protocol, small-particle corticosteroid 

inhalers have been developed for ciclesonide and beclomethasone dipropionate, which have 

been shown to increase total lung deposition and bronchiolar airway drug delivery.10,23-25 

Recently, Bulac et al.26 assessed patient response (n = 95) to a beclomethasone 

dipropionate/formoterol HFA MDI formulation with a mass median aerodynamic diameter 

(MMAD) of approximately 1.5 μm (based on cascade impaction)27 compared to regular 

maintenance therapy, and reported that the smaller particle size produced a significant 

improvement in exhaled nitric oxide and ventilation heterogeneity in the acinar region 

associated with a reduction in small airway inflammation. However, while the change from 

CFC to HFA 134a when combined with ciclesonide and beclomethasone dipropionate 

reduces the aerosol aerodynamic size to approximately 1.1 μm,23 other drugs such as 

fluticasone propionate do not experience a size reduction,28 so small airway drug delivery 

with those medications is still a significant concern. Furthermore, most current DPI products 

produce conventionally sized aerosols with relatively large MMADs, especially when the 

fraction that deposits in the preseparator during cascade impaction testing is included in the 

size calculation.29-31 For example, the Flovent Diskus DPI (GlaxoSmithKline, Raleigh, NC) 

delivering 250 μg of fluticasone propionate produces MMADs of 2.99 μm and 4.10 μm 

when tested at flow rates of 75 and 45 LPM (L/min),30 respectively, using standard cascade 

impaction procedures and excluding the preseparator deposited mass, which is standard 

practice. Including the preseparator deposited mass in the size distribution, which the patient 

inhales during aerosol delivery, can easily double or triple the reported MMAD value.29

The primary purpose of this study was to characterize bronchial and bronchiolar airway 

deposition of two commercially available MDI and DPI aerosol products, which both deliver 

fluticasone propionate with an MMAD of approximately 3 μm. This aerodynamic particle 

size is expected to be effective for deep lung penetration of the aerosol.32-34 Analysis of 

regional and local airway deposition throughout the lungs is based on the newly developed 

stochastic individual pathway (SIP) modeling approach31,35 and CFD-based alveolar 

deposition predictions.36 Application of CFD modeling with the SIP approach is expected to 

capture the drug dose received by the important bronchiolar airways in a manner that is not 

possible with lung deposition correlations37,38 and in vivo imaging techniques.39 Based on 

previous regional deposition CFD studies, it is expected that very low doses of the inhaled 

medication are actually deposited in the bronchiolar airways.29 However, actual drug 

deposition values per unit-surface-area in the lung have not previously been reported for 
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pharmaceutical aerosols from realistic whole-lung CFD simulations. Furthermore, this study 

will evaluate the effect of inflammation associated constriction on regional deposition 

fraction and dose per unit-surface-area. Several studies have previously used CFD methods 

to characterize aerosol deposition in asthma constricted patients,33,40-45 but whole-lung CFD 

simulations have not previously been implemented for this diseased lung state. Considering 

that inflammation associated with asthma occurs at all levels of the lung including the 

alveolar region,1,2,5,46 ideal drug delivery of anti-inflammatories like fluticasone propionate 

should provide a relatively uniform dose per unit-surface-area throughout the airways to be 

most effective. In contrast, dose per unit-surface-area values that differ by several orders of 

magnitude throughout the lung may indicate poor targeting of the medication.

Materials and Methods

Airway definitions

Clinical and biological studies often delineate the large airways as having diameters ≥ 2 mm 

and small airways as having diameters < 2 mm.1,16-18 However, airway diameter and the 

related classification between large and small airways is subject to change as a function of 

the respiratory cycle, or in the case of anatomical research studies, the casting or fixation 

techniques that are applied to the lungs.19,47-49 In contrast, ICRP20 defines bronchi as 

containing some cartilage and glands and extending from respiratory generation G0 

(trachea) to G8. Bronchioles do not contain cartilage or glands and extend from G9 through 

the terminal bronchioles at G15, which lead to the alveolar region.20 In the current study, TB 

airways are classified in a manner similar to ICRP,20 but on the basis of bifurcations instead 

of generations. The advantage of working with bifurcations is that the important carinal 

region is included without the need for additional definitions, which are frequently different 

among the available anatomical studies.16,49,50 To remain consistent with previous 

bifurcation-based lung models and whole-lung CFD simulations, B1-B3 (trachea to lobar 

bronchi) is the upper TB region, B4-B7 is the middle TB region, and B8-B15 is the lower 

TB region. In comparison to ICRP,20 B1-B7 represents the bronchi and B8-B15 represents 

the bronchioles. For comparisons with previous anatomical studies, the ”small TB airways” 

with diameters < 2 mm are approximately B13-B15 (see Table 1); and the ”small airways” 

are B13-B15 together with the alveolar region.

Inhalers

The MDI and DPI devices selected were Flovent HFA MDI and Flovent Diskus DPI (both 

from GlaxoSmithKline, Raleigh, NC). The aerosolized dose from both inhalers is 250 μg of 

fluticasone propionate. The emitted dose of the Flovent HFA MDI is 220 μg, which 

indicates an estimated 12% loss within the device. In the MDI, micronized fluticasone 

propionate is suspended without any additional excipients in HFA 134a and has a total 

metered mass (propellant plus drug) of 75 mg per actuation. Micronized fluticasone 

propionate is blended with lactose in the Flovent DPI with a total dose mass of 12.5 mg. 

Previously, our group has conducted in vitro experiments that characterized the size 

distribution and deposition characteristics of aerosols emitted from these inhalers under 

different typical airflow conditions.30,31 For a typical MDI inhalation flow rate of 30 LPM, 

the Flovent HFA MDI aerosol had an MMAD of 2.64 μm with a standard deviation of 0.1 
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and a geometric standard deviation (GSD) of 1.51. The typical mean inhalation flow rate of 

the Flovent Diskus DPI is 75 L/min, which produced an MMAD of 2.99 μm with a standard 

deviation of 0.2 and a GSD of 2.09.30,31

Healthy and asthmatic lung models

For this study, the previously developed mouth-throat (MT)51 and tracheobronchial (TB)31 

models were used to create non-constricted and constricted airways with MDI and DPI 

mouthpieces, as illustrated in Figure 1. The TB airway dimensions were outlined by Tian et 

al.31 and are based on the anatomical cast data of Yeh and Schum19, which are then scaled 

to a lung volume (3.5 L) representative of an average adult male while using an inhaler.20 

Based on the previous airway model development study of Walenga et al.,52 the upper TB 

model which includes the trachea through the third respiratory bifurcations (B1-B3) is 

referred to as Model C. Heistracher and Hofmann53 published physiologically realistic 

bifurcation (PRB) parameters that were used to design the bifurcation units for Model C 

together with the anatomical dimensions from Yeh and Schum,19 though some 

modifications to the PRB units were necessary to facilitate smooth asymmetrical branching. 

The branch radii of curvatures and the carinal ridge features were adopted from the 

measurements of Hammersley and Olson54 and Horsfield et al.50 The branch gravity angles 

reported by Yeh and Schum19 were utilized to define bifurcation unit rotations. Since the TB 

airways terminated at the third bifurcation level, each lobe had one inlet bifurcation, with the 

exception of the right lower and middle lobes, which had one inlet branch. Using 

measurements from the ex vivo study of Russo et al.55 and other collected CT scans, a D-

shaped tracheal cross section was formed and cartilaginous rings were added to the Model C 

trachea.31

In this study, inflammation induced airway constriction is evaluated by homogenously 

reducing the airway diameters but not the airway lengths. This form of airway constriction is 

associated with the long-term process of airway remodeling which occurs in asthma at all 

levels of the conducting airways in response to the ongoing inflammatory process.7,56-59 

Previous studies have reported non-fatal asthma associated reductions in airway diameter 

due to remodeling in the range of 10-100%.7,56,60 In this study, a 30% diameter reduction 

was used as a conservative estimate to capture the long-term inflammation-induced process 

of remodeling. Because the remodeling response is reported to occur throughout the 

conducting airways,2,7,59 the 30% diameter reduction was uniformly applied beginning with 

the trachea and extending to the terminal bronchioles (B15). Furthermore, a uniform degree 

of airway constriction associated with remodeling was not expected to largely influence the 

lobar ventilation distribution. In contrast, an acute asthma attack is associated with highly 

heterogeneous lung constriction and will significantly affect the lobar ventilation 

distribution.46 Therefore, the current model is intended to capture the effect of long-term 

airway remodeling associated with asthma59 but not bronchoconstriction associated with 

acute smooth muscle cell contraction46 during an asthma attack.

As described by Tian et al.31,35 and Longest et al.,30 the airways from the fourth bifurcation 

(B4) to the fifteenth bifurcation (B15) were modeled using the SIP approach. Five SIP 

models were scaled by Longest et al.30 to simulate flow and particle transport into the five 
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lung lobes of non-constricted models for MDI and DPI delivery. As described above, 

constricted versions of the five SIP models were constructed by applying a 30% diameter 

reduction in the same manner as with the upper TB airway models in Figure 1 in order to 

capture inflammation associated airway remodeling. The five SIP models are designated as 

the left lower (LL), left upper (LU), right lower (RL), right middle (RM), and right upper 

(RU) lobar paths for the nonconstricted and constricted cases. The LL, LU, and RU 

pathways begin at the third bifurcation (B3), but the RL and RM pathways begin at B4 and 

are unique. Non-constricted and constricted versions of the LL model are shown in Figure 2, 

while the other models which are similar in appearance are not pictured. The average 

diameters of the SIP models, given in mm, are displayed in Table 1. The RL SIP model is 

based on dimensional data from Yeh and Schum19 and scaled to represent a lung volume of 

3.5 L, as described by Tian et al.,31 while the four other SIP models are scaled from the RL 

SIP model to match the lobar outlets of Model C.

The computational meshes for the non-constricted versions of the upper TB airways were 

identical to those used in Walenga et al.,52 with ~1×106 and ~1.4×106 cells used for the 

MDI and DPI models. The constricted models were constructed in the same manner, while 

the near-wall cell heights were based on the same gradient used in the non-constricted 

models, which resulted in smaller cell heights near the wall. This mismatch of near-wall cell 

heights has been known to cause discrepancies in Lagrangian particle tracking corrections 

due to drag and turbulence, and in this study the user defined functions (UDFs) used for 

these corrections were updated to avoid this issue, as described later in this section. The y+ 

values of each constricted case were checked and were found to be similar to those from the 

non-constricted cases. The numerical extensions at the upper TB bifurcation outlets were 

omitted to allow for interpolation of flow field and particle tracking information to the SIP 

models.

The non-constricted and constricted SIP meshes were constructed with GAMBIT 2.4 

(ANSYS, Inc., Canonsburg, PA, USA) using hexahedral elements in the same manner as the 

upper TB meshes. Two versions of each SIP model were constructed, one with numerical 

extensions at the outlets to avoid the development of unrealistic turbulence, and the other 

without to allow for a more realistic pressure distribution at the outlets, since it was 

unknown which would have a greater effect on particle deposition. Since the models were 

split between B4-B7 and B8-B15, the numerical extension at B7 was omitted in both cases 

to allow for interpolation of flow and particle data. The meshes from B4-B7 had 

approximately 2.4×105 and 1.8×105 cells with and without extensions, respectively, while 

the meshes from B8-B15 had approximately 4.2×105 and 3.0×105 cells with and without 

extensions, respectively. The work of Walenga61 showed that the extensions were not 

necessary in the SIP models, leading to the use of meshes that excluded the extensions in 

this study.

Inhalation airflow waveforms and boundary conditions

The inhalation airflow waveforms of the MDI and DPI models were based on the study of 

Longest et al.30 In that study, slow and deep (SD) and quick and deep (QD) transient 

inhalation waveforms were developed to represent correct patient usage boundary conditions 
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for the MDI and DPI, respectively. The waveforms were based on a 3 L inhaled volume for 

both the MDI and DPI, which was found to be consistent with the study of Broeders et al.,62 

and resulted in 37 L/min and 75 L/min mean flow rates for MDI and DPI inhalations, 

respectively. Other parameters reported by Longest et al.30 were the peak inspiratory flow 

rate (PIFR) and the period of inhalation (T), which were found to be 61.4 L/min and 4.86 s 

for the SD profile and 122.2 L/min and 2.40 s for the QD profile. Longest et al.30 considered 

both correct and incorrect inhalation profiles with MDI and DPI inhalers, but for this study 

only correct usage is considered. Specifically, the simulations with the MDI are conducted 

under transient conditions with the SD waveform, while the DPI predictions use the QD 

waveform.

The velocity inlet boundary conditions for the SIP predictions were interpolated from the B3 

outlets at the time steps when the inhalation flow rates of the MDI and DPI simulations were 

at their mean accelerating values (i.e. 37 and 75 L/min, respectively). The SIP model 

simulations were run under steady state conditions for computational efficiency, which was 

previously justified in the study of Tian et al.31 Moreover, it was necessary to split the 

models because the particle trajectory calculations would be nearly intractable as described 

later in this section using the SIP approach. Tian et al.31 compared aerosol deposition 

predictions in three different RL lobe SIP models under steady state and QD conditions, and 

found differences in the regional deposition predictions to be less than 0.2%, indicating that 

the steady state approximation is adequate.

For all cases, an outflow ventilation distribution was specified at the upper TB outlets 

leading to each lung lobe, based on data from an analytical model63 and two CT scans from 

a single human subject.64 At these lobar outlets the following ventilation distribution was 

applied: LU 15%, LL 31%, RU 14%, RM 7%, and RL 33%. On a whole lung basis, the right 

and left lung ventilation values were 54% and 46%, respectively. It was assumed that 

ventilation was symmetrically distributed for all bifurcations past the lobar bronchi.

Flow field solution

Flow field simulations were conducted using ANSYS FLUENT 14.5 (ANSYS, Inc., 

Canonsburg, PA, USA). Many of the CFD simulation methods and boundary conditions for 

the conducting airway predictions were similar to those employed in other studies by our 

group.30,31,35,52,65 The MDI simulations from the mouth-throat (MT) through B3 were 

turbulent, compressible, transient, and required both temperature gradient and species 

transport calculations. The temperature and concentration gradient calculations of the MDI 

were based on the methods of Longest and Xi66 and Longest et al.65 The DPI solutions in 

the MT and upper TB airways were based on turbulent, incompressible, transient and 

isothermal flow. Regarding the SIP models for both the MDI and DPI aerosols, the flow 

fields were modeled as turbulent, incompressible, isothermal, and steady state as indicated 

above. While these conditions were consistent with the DPI simulations in the upper TB 

region, they differed from the MDI simulations in the upper TB region but were located far 

enough away from the inlet jet that the density, temperature, and species concentrations 

were considered to be nearly constant. All simulations used the low Reynolds number 

(LRN) k–ω turbulence model, which has been shown to provide good predictions of 
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polydisperse particle transport and deposition for MDIs65,67,68 and DPIs.31 The outlet 

conditions for the upper TB model at B3 with the MDI simulations were specified using 

pressures at the boundaries that were obtained by first predicting flow with the mass-flow 

distribution specified previously in this section. Pressure outlets were necessary for the 

compressible MDI simulations, but not for the incompressible DPI simulations, which 

employed the mass-flow distribution directly. The SIP model outlets utilized symmetric 

mass-flow distributions.

Particle tracking

Particle trajectory calculations were performed using a Lagrangian particle tracking model, 

while turbulent dispersion was applied using a random walk method. Since particle size 

change was not considered, the effects of the particles on energy, mass, and momentum of 

the flow field were considered to be negligible and thus the discrete phase was modeled as 

one-way coupled. As described previously by Longest et al.30, the evaporation of HFA in 

the MDI simulations has a very strong effect on the flow field and particle trajectories, and 

is captured through including HFA as a separate chemical species with a sonic inlet velocity 

condition at the MDI nozzle. The polydisperse particle distributions were the same that were 

used in Walenga et al.52 for both the MDI and DPI predictions. Codes from ANSYS 

FLUENT 14.5 and custom UDFs were used to apply a near-wall correction to model 

anisotropic turbulence as implemented by Longest et al.,65 since the LRN k–ω model uses a 

near-wall isotropic turbulence assumption that may over-predict aerosol deposition.69 

Additionally, a linear interpolation of near-wall velocities was applied in a similar fashion.

A key feature of this study was an adjustment to the near-wall drag and turbulence 

corrections for Lagrangian particle tracking. As described by Longest and Xi,70 the particle 

trajectory calculations are updated using mean fluid velocities at each time-step, which are 

determined through interpolation from nodal values or control volume centers. However, 

Longest and Xi70 found that fluid velocities at near-wall control volumes do not approach 

zero at the wall in the ANSYS FLUENT turbulent particle tracking code, and thus a linear 

interpolation of fluid velocities in the viscous sublayer for calculating particle trajectories 

was implemented using UDFs in combination with the commercial code, which in effect 

creates a first order approximation of the boundary layer between the first near-wall cell 

center and the wall. However, a disadvantage of this approach is that mesh density can affect 

deposition, since any alteration in the size of near-wall control volume heights may have an 

effect on particle deposition. For this reason, the fluid-velocity correction UDF was updated 

to be applied only when it is within a certain pre-defined near-wall limit (nwlimit), 

independent of its position in relation to near-wall cell volumes. Values of nwlimit were 

selected based on comparisons with in vitro data for the identical inhalers and non-

constricted airway models considered in this study. The selected values ranged from 0.1 to 

0.05 mm with variation between the maximum and minimum values based on linear scaling 

with changes in diameter associated with constriction and bifurcation number. Further 

details of the nwlimit specification and new UDF routine are available in Walenga.61

Turbulent particle dispersion was simulated throughout the conducting airways using an 

eddy interaction model. As previously described, the LRN k-ω model assumes directionally 
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independent turbulent fluctuations all the way to the wall, or isotropic turbulence.65,67 The 

eddy interaction model was corrected to reduce the magnitude of wall normal turbulence 

fluctuations within a distance defined as the n+
limit.65,67,69,71 As with the calculation of the 

near-wall velocity, turbulent kinetic energy in the calculation of turbulent particle dispersion 

was interpolated in a mesh independent manner to allow for direct comparisons between the 

normal and constricted grids. Based on validations with in vitro data, described later in this 

section, a value of n+
limit = 60 was used in all cases.

Particle positions at the B3 outlets (LL, LU, RL, RM, RU) of the upper TB model were 

recorded over the entire course of the transient upper airway simulations and were then 

injected into the inlets of the corresponding SIP models, in which steady state simulations 

were conducted. The polydisperse particle distribution at the B3 outlets from all of the 

Model C simulations consisted of ~3,000 particles, which were too few to provide an 

accurate characterization of the deposition efficiency in the lower regions of the SIP models, 

which extend from B4 to B15. Thus, the models were split into two sections from B4-B7 

and B8-B15 in the same manner as Longest et al.30 to reduce the number of particles 

necessary, which was estimated to be ~45,000 particles for the B4-B7 section and 

~1,500,000 particles for the B8-B15 section. The fluid velocities and particle profiles at the 

outlets of the B4-B7 models were interpolated to the corresponding B8-B15 models. To 

provide the required number of particles for each SIP model, multiple copies of the inlet 

particle cross-sectional profile were simulated concurrently. The inclusion of turbulent 

dispersion modeling in the particle trajectory calculations ensured a unique path for each 

particle due to the randomness inherent in turbulent transport.

Comparison of CFD simulations with existing in vivo and in vitro data

A recent study from our group has successfully compared regional CFD predictions using 

the SIP modeling approach with in vivo deposition data for spray and dry powder inhaler 

aerosols throughout the lungs.72 Specifically, Tian et al.72 showed <10% relative error in 

deposition fraction (DF) predictions between the CFD results and in vivo data that 

characterized regional Novolizer DPI and Respimat softmist inhaler drug delivery. While 

successful comparisons with in vivo data are highly desirable, regional gamma scintigraphy 

lung imaging data with the Flovent HFA MDI and Flovent Diskus DPI were not available 

for this study, and so the in vitro data from Longest et al.30 and Tian et al.31 were used as a 

basis for model validation.

For comparisons with in vitro data in the current study, the inlet and outlet conditions of the 

MDI and DPI simulations were the same as those used in Walenga et al.,52 where a transient 

inspiratory square wave was used with particle release during the first 0.2 s for the MDI 

aerosol, and a transient inspiratory square wave with a ramp-up from 0 to 0.05 s with a bolus 

of particles released at 0.025 s was used for the DPI aerosol. In both cases, the non-

constricted model was used for validation. The only difference between the current 

validation and the previous study of Walenga et al.52 was the updated treatment of near-wall 

corrections implemented in the current study, as described above. For the MDI validation, 

the resulting predictions of DF in the MT (including the mouthpiece - MP) and upper TB 

regions (B1-B3) were 50.3% and 0.6%, which showed good agreement with the in vitro data 
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of 49.7% and 0.6%, respectively. For the DPI validation, the predicted values of DF in the 

MT and upper TB regions were 72.0% and 2.3%, which showed good agreement with the in 

vitro data of 72.5% and 2.2%, respectively.

Deposition metrics

The amount of drug depositing in a given region may be expressed as either a fraction or as 

an efficiency. Based on the drug mass of the nominal dose, the deposition fraction (DF) for 

the i-th region is calculated as

(1).

The deposition efficiency (DE) for region i is calculated as

(2).

The values of DFi may be directly summed to provide predictions for larger regions. 

Deposition efficiency is a useful metric for assessing the probability of particle deposition in 

a given region separate from the influence of upstream effects. Similar to DF, the fraction 

remaining, FRi, represents the fraction of the aerosolized dose remaining at the outlet in the 

i-th region.

Values of DF in the SIP models were evaluated on a regional basis from B4-B7, B8-B15, 

and B4-B15 using the DE values from the CFD predictions. In the same manner as Longest 

et al.29 and ICRP,20 the DE of the given region from the ith bifurcation to the jth bifurcation 

was first calculated as

(3).

Then, the regional DF was calculated as

(4)

where FRBi is the fraction remaining of drug entering the ith bifurcation. These calculations 

were performed for each SIP model and the DF values were then summed to provide total 

regional DF values. As with the branch-averaged DE calculations, the values of FRB4 for the 

LL, LU, and RU SIP models were applied using the summed amounts of mass from both B3 

outlets of those lobes. DF and DE values were multiplied by 100 and expressed as 

percentages in the results based on typical convention.

Predictions of DF in the alveolar region were obtained for each of the four cases using the 

correlations developed by Khajeh-Hosseini-Dalasm and Longest.36 A series of transient 

simulations were used to predict DF values for particles in the range of 0.5-10 μm injected 

into acinar models with 2, 3, and 4 generations that feature 14-hedron alveolar elements.36 

Dynamic meshing was used by Khajeh-Hosseini-Dalasm and Longest36 to simulate wall 

motion through a uniform volume expansion and the transient waveforms tested were the 
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SD and QD profiles described earlier in this section and developed by Longest et al.30 The 

results were used to develop correlations for deposition efficiency during SD inhalation, QD 

inhalation, and any subsequent breath-hold (BE), which were (expressed as a percentage)

(5a,b),

(6a,b),

and

(7),

where dae is the aerodynamic diameter of the aerosol, tres is the potential maximum 

residence time in the acinar model, and T is the total period of inhalation. The value of tres is 

found by subtracting the time of particle entrance into the alveolar region from T. For the 

case of the breath-hold, tres is the prescribed breath-hold time. In this study, the breath-hold 

period was 10 s, which was the longest duration simulated by Khajeh-Hosseini-Dalasm and 

Longest,36 and is frequently prescribed with correct inhaler usage.

Results

Mouth-throat and upper TB deposition

In the upper TB simulations, the constricted MDI and DPI models show approximately 

twice as much drug deposition as compared with their non-constricted counterparts, where 

the DF values in the upper TB region (i.e., DFTB) increase from 1.2% to 2.7% with the MDI 

and from 2.9% to 5.7% with the DPI, as illustrated in Figure 3. Increased particle inertia as a 

result of accelerated velocities together with increased turbulent dispersion are responsible 

for this increase in deposition associated with constricted airways. Additionally, the 

extrathoracic regions for both the MDI and DPI models show a small increase in DF from 

the non-constricted to the constricted versions, where the total DF in the combination of the 

MP and MT regions in the MDI models increases from 51.1% to 53.4%, while the DF in the 

combination of the MP and MT regions of the of DPI models increases from 71.3% to 

75.3%. This may be partly explained by the decrease in diameter from the glottis to the 

tracheal entrance, which comprises a small section of the MT region in both the MDI and 

DPI models. However, upstream effects of the increased pressure drop in the constricted 

model also appear to have an effect. In the MDI case, the MP deposition fraction increases 

from 5.4% to 9.1% while the MT region shows a slight decrease from 45.7% to 44.3%. With 

the DPI, the upstream effects appear to be confined to the MT region, which shows an 

increase in DF of 69.7% to 73.8% from the non-constricted to the constricted case, while the 

deposition in the MP region remains relatively constant. Compressible flow in the MDI case 
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used to capture the supersonic gas flow near the MDI nozzle30 may enhance these upstream 

effects in the MP region as compared with the incompressible flow in the DPI case.

Aerosol mass distribution entering the lung lobes

Based on transport from the inhalers through the upper TB model, the normalized mass 

distribution of aerosols entering each of the lung lobes is presented in Table 2. The mass 

distributions are reported as the aerosol mass entering each of the lung lobes normalized by 

the average mass entering all five lobes. In all cases except for the MDI constricted case, the 

LL lobe receives approximately 30% more aerosol than the mean lobar values. Surprisingly, 

the combination of airway constriction and the large inertial burst30,68 associated with firing 

the MDI shifts the maximum mass fraction to the RU lobe. In all cases, the RM lobe is 

shown to receive the least (~0.36-0.34) normalized mass of drug.

TB aerosol deposition

Particle deposition is illustrated with the LL SIP models in the middle TB (B4-B7) and 

lower TB (B8-B15) sections for all cases in Figures 4 and 5, since that lobe is most likely to 

be representative of average lobar values based on previous findings.29 Deposition 

efficiency (DE) values in the middle TB sections (Figure 4) show generally decreasing DE 

values from B4 to B7, though a small rise in DE is observed from B5 to B6 for both MDI 

cases, and the DE values for the DPI non-constricted case are nearly constant. As expected 

for impaction, deposition location is typically centered on the carina of each bifurcation, but 

in the B4 and B5 regions particle deposition is also observed along the straight portions of 

the airways due to bifurcation rotation and multiple bifurcation flow effects.

The DE values in the lower TB sections (Figure 5) show an overall decrease from B8 to B12 

or B13, but there is a significant increase from that point until B15 for all cases, except the 

MDI non-constricted case where DE is reduced from B14 to B15. As with the middle TB 

sections, there is an initial rise in DE values from B8 to B9, followed by a decreasing 

pattern. Similar to the pattern in the middle TB sections, the location of particle deposition is 

centered on the carina for all bifurcations, while deposition is also observed on the straight 

sections of B8 and B9.

Regional DF values for the predictions from the SIP models are given in Table 3. For both 

inhaler types, the amount of drug deposited in the lower TB (B8-B15) region decreases from 

the non-constricted cases to the constricted cases, with a reduction from 1.13% to 0.89% for 

MDI delivery and from 1.08% to 0.81% for DPI delivery. Considering the middle TB 

region, the DPI cases show a decrease from 1.85% in the non-constricted model to 1.38% in 

the constricted model, while for the MDI cases an increase is observed from 0.73% to 

1.40%. This is most likely explained by the rise in DE values in the middle TB regions from 

the MDI non constricted case to the MDI constricted case, while a similar rise was not 

observed for the DPI cases. Similar to the middle TB region, DF values in the combined 

middle and lower TB region (B4-B15) show an increase from the MDI non-constricted case 

to the MDI constricted case of 1.86% to 2.29%, while from the DPI non-constricted case to 

the DPI constricted case a reduction of 2.93% to 2.19% is observed.
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Comparison of regional deposition fractions

The DF predictions from the transient upper airway and steady state SIP simulations are 

given in Figure 6 along with the alveolar DF values obtained from the Khajeh-Hosseini-

Dalasm and Longest36 correlations. The MP and MT predictions are combined to provide an 

indication of total drug losses prior to tracheobronchial entry. Upper and middle TB 

deposition, which is defined here as the total DF from B1 to B7, is 1.9% and 4.1% for the 

MDI non-constricted and constricted cases, respectively, and 6.1% and 7.1% for the DPI 

non-constricted and constricted predictions. These values, which are an order of magnitude 

less than the loss in the MP and MT regions, indicate that the DPI may provide more 

efficient delivery to the upper lung airways than the MDI. Constriction in the upper lung 

airways shows relative increases of 116% and 16% in the DF values for the MDI and DPI 

cases, respectively, suggesting that while constriction is an important consideration for both 

delivery modes, it may be more important for characterizing MDI aerosol delivery. As 

discussed above, the lower TB (B8-B15) values of DF in the MDI and DPI non-constricted 

cases are both about 1%, with an absolute decrease in DF values of about 0.2% for both the 

constricted cases as compared with the non-constricted results.

Alveolar DF predictions show opposite trends as compared to those observed in the upper 

airways. Alveolar deposition in the MDI non-constricted and constricted cases is higher than 

for the DPI cases, with DF values of 41.4% and 37.5% for both MDI cases, respectively, and 

for the DPI cases the values are 20.7% and 14.1%. With less drug lost in the MP and MT 

regions for the MDI cases, there is significantly more drug available for alveolar deposition 

than for the DPI cases. Also, constricted DF values in the alveolar region are reduced for 

both the MDI and DPI, presumably because in the constricted models more drug deposits in 

the extrathoracic and upper airway regions as compared with the non-constricted models, 

leaving less available for deposition in the alveolar region.

Deposition in the small TB airways (< 2 mm diameter)

To better understand the distribution of drug deposition in the small airways, the values of 

DF are divided between the large TB airway (> 2 mm diameter) and the small TB airway (< 

2 mm diameter) sub-regions and illustrated in Figure 7. The results show an even greater 

difference between large and small TB airway DF values as compared with the 

corresponding difference between DF in the B1-B7 and B8-B15 airways. For the MDI 

delivery cases, the DF values in the large and small TB airways in the healthy model are 

2.7% versus 0.4%, and for the asthmatic model the respective values are 4.3% and 0.3%. 

The DF results for DPI delivery were 5.4% and 0.4% in the large and small TB airways of 

the healthy model, respectively, while the corresponding predictions for the asthmatic model 

were 7.6% and 0.3%. Altogether, the DF predictions in the small TB airways were on the 

order of 0.3-0.4%.

Discussion

A primary finding of this study is that the small TB airways, which are typically inflamed in 

asthma2,7,8,21,22 and contain the important terminal bronchioles, receive very little 

medication (~1% of the aerosolized dose) with conventional MDI and DPI aerosols. This 
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study provides first estimates of pharmaceutical aerosol deposition in the lower TB region 

(B8-B15) of an asthmatic airway model, where both MDI and DPI aerosols were considered. 

The DF predictions show relatively small amounts of drug delivered to the lower TB 

airways, which was ~1% of the aerosolized dose for all cases. By comparison, the mass of 

drug delivered to the combination of the upper and middle TB regions was two to seven 

times greater than to the lower TB airways. Drug delivery to the lower TB airways of the 

constricted models was slightly less than with the healthy models. The net reductions in DF 

values in the lower TB airways for both MDI and DPI delivery from the non-constricted to 

the constricted models were 0.24% and 0.27%, respectively, which represent significant 

decreases on a relative basis (21% and 25%), though biological dose-response testing is 

needed to quantify the impact of these predicted differences. As an additional point of 

comparison, values of DF in the small TB airways (< 2 mm diameter) as defined in the 

literature1,16-18 were estimated to be even lower than for the lower TB region, with about 

0.3-0.4% of the aerosolized dose for all cases.

The effect of the small amount of predicted drug delivery to the lower TB airways would be 

further amplified by the exponential increase in surface area as a function of depth into the 

lungs. As mentioned in the Introduction, regional lung surface areas may be estimated using 

the measurements of Yeh and Schum19 as 0.2 m2 in the lower TB airways as compared with 

0.1 m2 in the combination of the upper and middle airways.

To visualize the distribution of particles in different regions of the lung in terms of dose per 

unit surface area, 1 cm2 representative samples of lung tissue are displayed in Figure 8. For 

this visualization, it was assumed that a 250 μg dose of fluticasone propionate was initially 

aerosolized and had a monodisperse particle size of 2.64 μm resulting in 19,808,806 initial 

particles. Based on the predicted DF in each region for the MDI in the non-constricted 

airway and the regional lung surface areas, the number of particles that would deposit in a 1 

cm2 area of each lung region is illustrated in Figure 8. The deposition locations are 

distributed randomly within the 1 cm2 areas only for illustration and the size of the particle 

markers are not to scale. This visualization represents how sparse deposition becomes in the 

lower TB and alveolar regions. Viewed another way, the drug dose that would be delivered 

to each 1 cm2 tissue section is also represented in Figure 8 for the case of the MDI and non-

constricted airways. While the MT tissue sample (1 cm2) would receive 0.71 μg of drug, the 

lower TB and alveolar regions would only receive 1.25 and 0.17 ng, respectively. Although 

fluticasone propionate is a potent molecule, it is difficult to envision that a 0.17 ng dose per 

cm2 would be therapeutically effective in the alveolar region.

Assuming an aerosolized dose of 250 μg from both inhalers and the previously specified 

lung surface areas, total dose per unit-surface-area in each lung region is reported in Figure 

9. Only the MT deposition is considered for the extrathoracic region, as opposed to Figure 6 

where both the MP and MT deposition values are considered together. Within each region 

the same trends (increasing vs. decreasing) between cases are observed as in Figure 6, 

except for the MT region which is slightly different since the MP deposition was omitted. 

Considering all four cases, the values of dose per unit-surface-area in the lower TB region 

range from 9.0 × 10−4 to 1.3 × 10−3 μg/cm2, which represent a four- to twenty-fold decrease 

when compared with the results from the combined upper and middle TB region. Alveolar 
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dose per unit-surface-area is even less than for the lower TB region, ranging from 5.6 × 10−5 

to 1.7 × 10−4 μg/cm2. Across the lung, dose per unit-surface-area varies by approximately 

two orders of magnitude. When the MT region is included, dose per unit-surface-area varies 

by four orders of magnitude. Altogether, it is clear that the CFD predictions show that 

uniform dosing on a regional basis is not achieved with the inhalers considered upon initial 

particle deposition.

Based on one-dimensional (1D) whole-lung model predictions and monodisperse bolus in 

vivo inhalation experiments, aerodynamic particle sizes of approximately 3 μm and below 

are typically viewed as effectively penetrating the upper TB region and reaching the small 

airways.32-34 However, results of this study demonstrate low deposition in the small TB 

airways for both inhalers and a relatively low alveolar deposition fraction for the DPI, even 

at initial MMADs less than 3 μm. This ineffective small airway delivery is due to high upper 

airway depositional losses stemming from turbulence and aerodynamic factors associated 

with the DPI and MDI inhalers.30 Increasing small airway deposition may require even 

smaller particle sizes; however, particle sizes below approximately 1.5 μm are expected to 

result in exhalation of the aerosol before deposition can occur,32 depending on the period of 

breath hold. Clinically, reduced particle sizes for inhaled corticosteroids generated from 

MDIs have demonstrated improved asthma treatment.1,26,73 A potential concern with 

reduced size is increased alveolar deposition leading to systemic absorption of the 

medication and associated corticosteroid side effects such as adrenal suppression. In contrast 

with this concern, it is observed that inflammation associated with asthma occurs at all 

levels of the lung making small airway delivery therapeutically effective.1,2 Surprisingly, 

Harrison74 observed that particle size reduction associated with switching from CFC to HFA 

MDIs did not increase systemic exposure to beclomethasone dipropionate (BDP), but 

instead reduced systemic exposure due to reduced MT deposition. Harrison74 points out that 

the additional alveolar dose of BDP is likely clinically beneficial, similar to expectations 

from more recent reviews.1,73,75 Still, pharmaceutical scientists and clinicians should remain 

aware of the potential for increased systemic drug exposure associated with increasing small 

airway delivery intended to treat asthmatic inflammation throughout the lungs.

The lower TB airway DF predictions obtained for this study agree well with those from a 

recent study by Longest et al.,29 who used SIP models to predict lower TB airway DF in a 

healthy lung model with DPI delivered albuterol sulfate. Comparison of the DPI non-

constricted DF value in the lower TB airway region with the results of Longest et al.29 

indicates 1.08% for the Flovent Diskus DPI in this study as opposed to 0.9% with the 

Novolizer DPI.29 Although inhaled pharmaceutical aerosols are nearly always polydisperse 

in nature, a direct comparison of the polydisperse data from this study with other published 

studies was difficult to obtain. Previously, CFD investigations into DF or DE values 

between non-constricted and constricted airways were conducted by simulating multiple 

cases with monodisperse particle injections over a certain range as a means of capturing the 

filtering capacity of the airways of interest for use in 1D whole-lung models.40,42,45 

Moreover, the previous asthma CFD models often focused on only a few bifurcations, as 

opposed to the complete CFD lung model considered here.42,45 Vinchurkar et al.41 

evaluated aerosol delivery in five patient-specific models of asthmatics that extended as far 
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as the ninth bifurcation level using CFD to predict MDI delivery of beclomethasone 

propionate/formoterol at 15, 30, and 60 L/min. Thoracic deposition was estimated by 

Vinchurkar et al.41 to be 28.3 ± 8.3%, 26.3 ± 8.6%, and 22.9 ± 8.6% when the aerosol was 

released between 0 and 0.3 s for the three flow rates, respectively, which were all lower than 

the DF of 42.5% reported for MDI delivery to the constricted model in this study. The 

smaller deposited mass reported by Vinchurkar et al.41 may be explained by the smaller 

mass median aerodynamic diameter (MMAD) of the formulation used in that study (1.30 

μm) as compared with the MDI particle distribution used in the current simulations (2.64 

μm). Additional differences between these two studies include the assumption by 

Vinchurkar et al.41 that particles penetrating beyond the upper TB airways deposit in the 

lungs and the use of patient specific vs. characteristic airway models.

As described in the Introduction, the whole-lung CFD-based modeling approach employed 

in this study accurately predicted (within 10% relative error) regional in vivo lung deposition 

data for a characteristic DPI and the Respimat spray inhaler.72 These model and in vivo 

comparisons were limited to the 2D projected lung regions identified in the in vivo data.72 In 

the future, model validations are needed based on comparisons with recent 3D in vivo 

aerosol deposition data. For example, Fleming et al.76 report 3D in vivo lung deposition data 

for aerosols from two different nebulizers based on a nested shell representation of the lung, 

which is mapped to different lung generation levels. Conway et al.77 report both 2D and 3D 

lung deposition in vivo data for well controlled particle sizes and inspiratory patterns 

together with patient-specific airway anatomy for a nebulized aerosol. Comparison of the 

Conway et al.77 data with a 1D lung deposition model showed limited agreement 

highlighting the need to improve lung deposition estimates, even for nebulized aerosols. An 

advantage of the Tian et al.72 in vivo validation study of CFD model predictions is the 

consideration of airway deposition data using a DPI and the Respimat spray inhaler, which 

are known to modify airway deposition patterns compared with nebulized aerosols that are 

slowly inhaled. The Tian et al.72 validation study did not compare MDI deposition 

predictions with in vivo data. Instead, previous studies and the current study validated model 

predictions for the MDI with concurrent in vitro data in a characteristic MT geometry,30 

where the MT geometry was shown to match in vivo aerosol deposition for a range of DPI 

aerosols.78,79 Future studies are needed to further validate MDI predictions with in vivo data 

across a range of relevant particle sizes produced by commercial products.

Among the limitations of the study was the assumption that five SIP geometries would 

provide an adequate representation of branch-averaged DE based on the study of Longest et 

al.,30 but it is possible that the addition of more SIP geometries may affect the data. The 

constricted models were constructed assuming a 30% diameter reduction in order to capture 

homogenous long-term airway remodeling associated with inflammation,7,59 but not an 

acute asthma attack. The combination of transient and steady simulations with interpolation 

of fluid velocities and particle trajectories is an assumption based on the findings of Tian et 

al.,31 but full transient simulations may further improve accuracy. Lastly, for computational 

efficiency turbulence was modeled using a Reynolds-averaged Navier-Stokes (RANS) 

approximation, but a model that captures more of the eddy characteristics, such as a large 

eddy model, would provide a more complete physical representation of the deposition 
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mechanisms,80,81 though it would present significant challenges in terms of the 

computational time required to simulate a full transient inspiratory breath.

Conclusions

Regional DF and branch-averaged DE values were predicted using CFD methods in 

conjunction with improved near-wall corrections of particle trajectories for MDI and DPI 

delivery through non-constricted and inflammation constricted lung models from the MT 

through B15. The branch-averaged DE predictions obtained from the CFD data were used to 

provide the first known CFD estimates of DF in the lower TB airways (B8-B15) for an 

asthmatic subject, where it was shown that values in the MDI and DPI non-constricted cases 

were 1.13% and 1.08%, respectively, which were reduced to constricted model values of 

0.89% and 0.81%. Predictions for the combined upper and middle TB (B1-B7) DF values 

were two- to seven-fold higher than the lower TB region. When the DF values were adjusted 

to consider small TB airway (< 2 mm diameter) deposition, the DF values dropped to a 

range of 0.3-0.4% for all cases. The deposited dose per unit-surface-area results were 9.0 × 

10−4 to 1.3 × 10−3 μg/cm2 in the lower TB region, which represented a four- to twenty-fold 

decrease from the combined upper and middle TB region predictions and indicated that 

uniform dosing on a regional basis does not occur for each of the four cases considered. 

Area normalized deposition in the alveolar region was even lower, ranging from 5.6 × 10−5 

to 1.7 × 10−4 μg/cm2. The deposition fraction and the dose per unit-surface-area predictions 

in the lower TB and alveolar airways suggest that inefficient delivery of medications to 

those regions may be a significant component of uncontrolled asthma.
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Abbreviations

1D one-dimensional

Bi ith bifurcation (trachea and main bronchi are B1)

CFC chlorofluorocarbon

CFD computational fluid dynamics

COPD chronic obstructive pulmonary disease

CT computed tomography

DE deposition efficiency

DF deposition fraction

DPI dry powder inhaler

dae aerodynamic particle diameter
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FEF forced expiratory flow

FEV1 forced expiratory volume in 1 s

FRBi fraction remaining of drug entering the ith bifurcation

FRC functional residual capacity

Gi airway generation number (trachea is G0)

GSD geometric standard deviation

HFA hydrofluoroalkane

k turbulent kinetic energy

LU left upper

LL left lower

LRN low Reynolds number

MDI metered dose inhaler

MMAD mass median aerodynamic diameter

MP mouthpiece

MT mouth-throat

n wall-normal coordinate

n+
limit upper limit for application of anisotropic fluctuating velocity correction

nwlimit near-wall limit

PET positron emission tomography

PIFR peak inspiratory flow rate

PRB physically realistic bifurcation

QD quick and deep

RANS Reynolds averaged Navier-Stokes

RL right lower

RM right middle

RU right upper

SD slow and deep

SIP stochastic individual path

T period of inhalation

TB tracheobronchial

tres potential maximum residence time

UDF user defined function
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y+ wall y-plus value

ω specific rate of turbulence dissipation
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Figure 1. 
Interior airspace of non-constricted and inflammation constricted mouth-throat (MT) plus 

upper tracheobronchial (TB) airways with a metered dose inhaler (MDI) (a and b) and with a 

dry powder inhaler (DPI) (c and d).
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Figure 2. 
Stochastic individual path (SIP) models of the left lower (LL) lobe from the fourth 

bifurcation (B4) through the fifteenth bifurcation (B15) for the (a) non-constricted and (b) 

inflammation constricted cases. The models are divided at the interface of B4-B7 and B8-

B15 to illustrate the different lung regions of interest.
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Figure 3. 
Deposition fraction (DF) predictions (percentage of aerosolized drug mass) in the 

mouthpiece (MP), mouth-throat (MT) and upper tracheobronchial (TB) regions for the non-

constricted and constricted airways with metered dose inhaler (MDI) delivery (a and b) and 

with dry powder inhaler (DPI) delivery (c and d).
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Figure 4. 
Deposition efficiency (DE) estimates based on CFD predictions for the fourth through the 

seventh bifurcations (B4-B7) of the left lower (LL) lobe stochastic individual path (SIP) 

model. The cases presented are for non-constricted and constricted airways with metered 

dose inhaler (MDI) delivery (a and b) and with dry powder inhaler (DPI) delivery (c and d).
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Figure 5. 
Deposition efficiency (DE) estimates based on CFD predictions for the eighth through the 

fifteenth bifurcations (B8-B15) of the left lower (LL) lobe stochastic individual path (SIP) 

model. The cases presented are for non-constricted and constricted airways with metered 

dose inhaler (MDI) delivery (a and b) and with dry powder inhaler (DPI) delivery (c and d).
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Figure 6. 
Deposition fraction (DF) predictions (percentage of aerosolized drug mass) in the 

mouthpiece plus the mouth-throat (MP+MT), the upper and middle tracheobronchial (TB) 

(B1-B7), lower TB (B8-B15), and alveolar regions for all four cases.
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Figure 7. 
Deposition fraction (DF) predictions (percentage of aerosolized drug mass) in the large (> 2 

mm diameter) and small (< 2 mm diameter) tracheobronchial (TB) airways.
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Figure 8. 
Representation of deposited particle number density on 1 cm2 lung surface tissue samples 

taken from the (a) extrathoracic, (b) upper and middle tracheobronchial (TB) (B1-B7), (c) 

lower TB (B8-B15), and (d) alveolar regions. An initial aerosol dose of 250 μg fluticasone 

propionate was assumed to consist of monodisperse 2.64 μm particles with DF values based 

on the non-constricted MDI results. The number of particles that would deposit on a 1 cm2 

tissue sample in each region is shown. The drug dose that would be delivered to each 1 cm2 

tissue sample is also reported.
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Figure 9. 
Concentration of drug mass per unit of surface area (μg/cm2) based on an aerosolized 

fluticasone proprionate dose of 250 μg evaluated within the mouth-throat (MT), the upper 

and middle tracheobronchial (TB) (B1-B7), lower TB (B8-B15), and alveolar regions.

Walenga and Longest Page 31

J Pharm Sci. Author manuscript; available in PMC 2017 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Walenga and Longest Page 32

T
ab

le
 1

A
ve

ra
ge

 b
if

ur
ca

tio
n 

di
am

et
er

 (
gi

ve
n 

in
 m

m
) 

fr
om

 th
e 

fo
ur

th
 b

if
ur

ca
tio

n 
(B

4)
 to

 th
e 

fi
ft

ee
nt

h 
bi

fu
rc

at
io

n 
(B

15
) 

fo
r 

th
e 

no
n-

co
ns

tr
ic

te
d 

an
d 

in
fl

am
m

at
io

n 

co
ns

tr
ic

te
d 

pa
th

w
ay

s 
in

 th
e 

fi
ve

 S
IP

 m
od

el
s:

 le
ft

 lo
w

er
 (

L
L

),
 le

ft
 u

pp
er

 (
L

U
),

 r
ig

ht
 lo

w
er

 (
R

L
),

 r
ig

ht
 m

id
dl

e 
(R

M
),

 a
nd

 r
ig

ht
 u

pp
er

 r
ig

ht
 (

R
U

).
 D

ia
m

et
er

 

m
ea

su
re

m
en

ts
 in

 th
e 

no
n-

co
ns

tr
ic

te
d 

pa
th

w
ay

s 
ar

e 
ba

se
d 

on
 s

ca
lin

g 
da

ta
 in

 th
e 

R
L

 lo
be

 f
ro

m
 Y

eh
 a

nd
 S

ch
um

(1
9)

 to
 a

 lu
ng

 v
ol

um
e 

of
 3

.5
 L

.

N
on

-C
on

st
ri

ct
ed

C
on

st
ri

ct
ed

B
if

ur
ca

ti
on

L
L

L
U

R
L

R
M

R
U

L
L

L
U

R
L

R
M

R
U

B
4

7.
38

7.
14

8.
64

6.
16

6.
50

5.
42

5.
00

6.
04

4.
31

4.
55

B
5

6.
13

5.
65

6.
84

4.
88

5.
15

4.
29

3.
96

4.
79

3.
41

3.
60

B
6

4.
98

4.
60

5.
56

3.
96

4.
18

3.
49

3.
22

3.
89

2.
77

2.
93

B
7

4.
46

4.
12

4.
98

3.
55

3.
75

3.
12

2.
88

3.
49

2.
49

2.
62

B
8

3.
61

3.
33

4.
03

2.
87

3.
03

2.
53

2.
33

2.
82

2.
01

2.
12

B
9

2.
81

2.
60

3.
14

2.
24

2.
36

1.
97

1.
82

2.
20

1.
57

1.
65

B
10

2.
66

2.
46

2.
97

2.
12

2.
23

1.
86

1.
72

2.
08

1.
48

1.
56

B
11

2.
43

2.
24

2.
71

1.
93

2.
04

1.
70

1.
57

1.
90

1.
35

1.
43

B
12

1.
91

1.
76

2.
13

1.
52

1.
60

1.
34

1.
23

1.
49

1.
06

1.
12

B
13

1.
39

1.
28

1.
55

1.
10

1.
17

0.
97

0.
90

1.
09

0.
77

0.
82

B
14

1.
03

0.
95

1.
15

0.
82

0.
87

0.
72

0.
67

0.
81

0.
57

0.
61

B
15

0.
77

0.
71

0.
86

0.
61

0.
65

0.
54

0.
50

0.
60

0.
43

0.
45

J Pharm Sci. Author manuscript; available in PMC 2017 January 13.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Walenga and Longest Page 33

Table 2

Normalized distribution of particle mass at B4 inlets of the five SIP models for MDI and DPI cases in non-

constricted and constricted geometries based on transport through the upper TB models. The mass values of 

each case are normalized using the average mass entering the five lung lobes.

MDI DPI

Lobe Non-Constricted Constricted Non-Constricted Constricted

LL 1.332 1.010 1.316 1.308

LU 1.066 1.130 1.051 1.032

RL 1.154 1.079 1.274 1.245

RM 0.366 0.395 0.361 0.365

RU 1.082 1.386 0.997 1.050
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Table 3

Deposition fraction (DF) values (given as a % of aerosolized dose) in the B4-B7, B8-B15 and B4-B15 regions 

for all cases. The values of DF in each region are the summation of results from all five lobes.

Deposition Fraction (% of Aerosolized Dose)

B4-B7 B8-B15 B4-B15

MDI Non-constricted 0.73 1.13 1.86

Constricted 1.40 0.89 2.29

DPI Non-constricted 1.85 1.08 2.93

Constricted 1.38 0.81 2.19

J Pharm Sci. Author manuscript; available in PMC 2017 January 13.


