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Abstract

Introduction: Respiratory drug delivery is a surprisingly complex process with a number of 

physical and biological challenges. Computational fluid dynamics (CFD) is a scientific simulation 

technique that is capable of providing spatially and temporally resolved predictions of many 

aspects related to respiratory drug delivery from initial aerosol formation through respiratory 

cellular drug absorption.

Areas Covered: This review article focuses on CFD-based deposition modeling applied to 

pharmaceutical aerosols. Areas covered include the development of new complete-airway CFD 

deposition models and the application of these models to develop a next generation of respiratory 

drug delivery strategies.

Expert Opinion: Complete-airway deposition modeling is a valuable research tool that can 

improve our understanding of pharmaceutical aerosol delivery and is already supporting medical 

hypotheses, such as the expected under-treatment of the small airways in asthma. These complete-

airway models are also being used to advance next generation aerosol delivery strategies, like 

controlled condensational growth. We envision future applications of CFD deposition modeling to 

reduce the need for human subject testing in developing new devices and formulations, to help 

establish bioequivalence for the accelerated approval of generic inhalers, and to provide valuable 

new insights related to drug dissolution and clearance leading to microdosimetry maps of drug 

absorption.
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1. Introduction

The delivery of pharmaceutical aerosols to the lungs for the treatment of lung diseases and 

through the lungs for the treatment of systemic conditions remains challenging for many 

medications. The breakup of liquid or powder into droplets or particles that are small enough 

to be efficiently inhaled and reach the lungs requires a surprising amount of energy [1]. This 

breakup or dispersion energy typically results in high airflow momentum and turbulence, 

which has the unintended consequence of large drug loss fractions in the inhaler and 

extrathoracic airways [2] reducing the amount of drug available for deposition in the lungs. 

The lung airways beginning with the trachea form a complex bifurcating network that 

efficiently filters incoming particulate matter and protects the sensitive alveolar region. 

Within this bifurcating network, effective drug action requires that the required dose of the 

inhaled medication be delivered to the target region. However, this site of action and the 

required dose varies depending on the disease or delivery application considered. For 

example, beta-adrenergic bronchodilators used for the treatment of asthma are most effective 

in the tracheobronchial airways [3]. The tracheobronchial airways at first appear to be a 

simple target for asthma medications, such as bronchodilators and corticosteroids; however, 

the smallest tracheobronchial airways are currently undertreated with inhaled corticosteroid 

medications in a majority of asthma patients [4, 5]. Other examples include administration 

of inhaled antibiotics, which should provide a uniform concentration of drug within the 

airway surface liquid or at least maintain values above the minimum inhibitory concentration 

[6, 7]. Inhaled surfactants are intended to be delivered primarily past the tracheobronchial 

region into the alveoli [8]. Once pharmaceutical aerosols are deposited, clearance 

mechanisms immediately starts to deactivate and remove the drug [9]. At the same time, 

drug molecule dissolution and absorption into the lung tissue are occurring [10]. For most 

commercially available inhalers, only approximately 15 to 40% of the aerosolized drug 

reaches the adult lung [11, 12]. Of this fraction, only a small percentage, which may be less 

than 1%, is typically deposited in an airway region, like the small tracheobronchial airways 

[13]. Absorption of the deposited drug then varies widely depending on the physicochemical 

properties of the drug molecule and formulation, and may be as low as 1% of the deposited 

dose for some hydrophobic medications [14, 15].

To better understand the complex process of respiratory drug delivery, aerosol deposition 

models have been in development for decades. As reviewed by Longest and Holbrook [16], 

the classic approach of algebraic whole-lung modeling can be sub-divided into semi-

empirical and one-dimensional (1D) models. Semi-empirical models provide correlations for 

predicting whole-lung deposition or regional deposition based on fitting empirical data as a 

function of analytical parameters [17]. Finlay and Martin [18] reviewed semi-empirical 

models and new developments in predicting aerosol deposition in the respiratory tract with 

comparisons to in vivo data. Overall, semi-empirical models can accurately match the 
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amount of inhaled drug that reaches the lungs. However, information is not provided 

regarding how this medication is distributed within the airways.

Whole-lung 1D models assume either a single path [19] or stochastic [20] lung geometry 

and employ algebraic expressions for aerosol deposition by different physical mechanisms 

such as sedimentation, impaction, and diffusion [21]. As a recent example of a whole-lung 

1D model, the study of Katz et al. [22] compared model predictions to a newly developed 

high resolution in vivo lung deposition dataset [23] and found limitations in the model’s 

predictive ability to capture mouth-throat (MT) deposition and to resolve deposition within 

the tracheobronchial region. Whole-lung 1D predictions in the alveolar region and exhaled 

mass fraction are also frequently inaccurate [24, 25, 26].

A challenge with both semi-empirical and 1D models is correcting the predictions for a 

number of factors related to the transport and deposition of pharmaceutical aerosols. 

Corrections are typically needed for factors such as jet and spray momentum associated with 

inhaler use [2], hygroscopic condensational and evaporative effects resulting in size change 

of droplets [27], turbulence [28], bifurcating geometries [29], and realistic alveolar 

structures [30]. Corrections can account for some of these factors [31]; however, this is often 

difficult and may rely on correlations developed from CFD simulations [32] or in vitro 

experiments [33]. Further details of these more traditional modeling approaches are provided 

in Longest and Holbrook [16].

An alternative approach to algebraic deposition modeling is the use of computational fluid 

dynamics (CFD) applied to gas flow and aerosol deposition in the respiratory airways. CFD 

was originally developed by engineers for the aerospace industry, and continues to advance 

and evolve for a variety of applications [34, 35]. At its core, this scientific simulation 

approach divides a realistic three-dimensional (3D) flow geometry into small control 

volumes, or voxels. The partial differential equations governing mass, momentum and 

energy transport are formed for each control volume, and solved in a coupled manner. A 

typical CFD mesh contains millions of control volumes, requiring the governing equations to 

be formed into large matrices (theoretically containing trillions of elements) and solved 

using efficient matrix solution algorithms. In this manner, CFD solutions can fully resolve 

all aspects of a flow field including a particle or droplet phase in 3D space and over time. As 

a scientific tool, CFD was initially applied to determine particle deposition in the respiratory 

airways on a consistent basis over 20 years ago with the pioneering work of Balashazy and 

Hofmann et al. [36], Finlay et al. [37], Kimbell et al. [38], Kleinstreuer et al. [39], and 

Martonen et al. [40].

CFD models of respiratory drug delivery have a number of advantages compared with semi-

empirical and 1D whole-lung approaches. CFD simulations are based on solution of the 

underlying transport equations, which can directly account for factors such as transient flow, 

turbulence and turbulent particle dispersion, hygroscopic particle size change, and fluid-wall 

interactions in complex geometries. With CFD simulations, realistic airway geometries are 

employed, which are necessary to account for deposition in complex structures like the 

larynx [41], airway bifurcations, and constricted airways [42]. Highly realistic models of the 

alveolar region including wall motion are also possible [43]. Considering pharmaceutical 
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aerosols, CFD simulations can directly predict the effects of jet and spray momentum on an 

aerosol as it is emitted from an inhaler into the mouth-throat and upper tracheobronchial 

airways [2]. Limitations of CFD models include complexity in capturing the physics 

associated with pharmaceutical aerosol generation and delivery, difficulty in resolving flow 

dynamics in the vast expanse of the bifurcating airways, and computational expense. As a 

result, CFD models are typically limited to sections of the respiratory tract [44, 45, 46, 47, 

48], such as from the oral cavity to as far as approximately the sixth airway generation [44]. 

CFD models of different regions including the extrathoracic, tracheobronchial and alveolar 

airways are more completely reviewed by Longest and Holbrook [16].

Primary areas in which CFD has been applied to respiratory drug delivery include (i) 

simulating aerosol formation, (ii) aiding inhaler design and optimizing device performance, 

and (iii) airway deposition modeling, as illustrated in Figure 1. Aerosol formation may 

include the breakup of liquids into droplets or powders into discrete particles. Due to 

physical complexity and coupling of the breakup process, these simulations are currently 

limited to small regions on the millimeter scale, or to even just a few particles or a single 

particle aggregate [49, 50]. Excellent overviews of simulating aerosol formation and 

multiscale modeling are available from Sommerfeld et al. [51] and Wong et al. [52]. 

Considering inhaler and device design, CFD has been implemented to understand 

aerosolization performance, reduce device depositional drug loss, and improve delivery of 

the aerosol through the extrathoracic region. This topic was recently reviewed by Ruzycki et 

al. [53] and Wong et al. [52].

The focus of this review is CFD applied to airway deposition modeling, which is the third 

key area illustrated in Figure 1. Previous reviews have covered this topic with a focus on 

regional deposition modeling [16]. However, this field has rapidly evolved over the past 5 to 

10 years, leading to major advances including complete-airway simulations and successful 

comparisons with in vivo gamma scintigraphy data in human subjects. Due to the breadth of 

this area, models simulating nasal sprays and nasally targeted aerosols are not included, 

except for when they are needed to illustrate a new modeling approach. This review first 

covers new findings from regional airway simulations that have physiological significance 

for the delivery of pharmaceutical aerosols. Progress in the development of complete-airway 

deposition models is then described, including validation with concurrent in vitro and 

previous in vivo experimental studies. Applications of these new complete-airway 

simulations can be divided into (i) the evaluation of existing inhalers and (ii) development of 

new respiratory drug delivery strategies, with recent findings reviewed in each area. The use 

of CFD deposition models to improve respiratory drug delivery in challenging scenarios is 

presented for the selected cases of infants, children and diseased lungs. Finally, we present 

our opinion related to current model contributions, necessary model improvements and new 

modeling directions.

2. State of the art in regional airway aerosol deposition modeling

Regional airway models have been used to evaluate sections of the respiratory tract 

including the mouth-throat and upper tracheobronchial regions [13, 27, 28, 54, 55], alveolar 

geometries [43, 56], and complete-airway models through approximately generation B8 with 
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some branches extended to B16 [57, 58, 59, 60]. As reviewed by Longest and Holbrook 

[16], early contributions of these regional models were the quantification of focal points of 

aerosol deposition within bifurcations, or hot spots, associated with deposition by impaction 

and diffusion. Whether a drug is rapidly or slowly absorbed, the initial deposition sites are 

expected to influence the absorption profile over time and spatially within each lung 

geometry. For quickly absorbed medications, that can dissolve in airway surface liquid and 

then be absorbed by the respiratory epithelium, the initial deposition site is expected to 

strongly influence the spatial absorption profile, leading to uneven microdosimetry patterns 

[41, 42, 61, 62].

Regional models of the mouth-throat geometry for pharmaceutical aerosols have frequently 

highlighted unwanted oropharyngeal deposition due to turbulent jets and aerosol spray 

momentum arising from inhalers [2, 63, 64]. As described by Finlay and Martin [65], these 

models can be used to develop quantitative algebraic correlations that can predict mouth-

throat deposition based on known input parameters such as inhaler flow rate and aerosol 

inlet jet diameter. Regional mouth-throat models have also been used to quantify reduced 

extrathoracic depositional loss expected with next generation delivery devices that reduce 

turbulence and spray momentum [27].

Beyond the oral airway, simulations of the laryngeal jet illustrate an additional hurdle to the 

lung delivery of pharmaceutical aerosols [41, 46, 66]. Xi et al. [41] reported that due to flow 

instabilities, the laryngeal jet was not centrally located within the trachea, but preferentially 

attached to the tracheal side wall, which can be referred to as the Coanda effect from fluid 

mechanics [41]. This asymmetrical pattern increases recirculation and turbulence in the 

trachea, which results in increased aerosol depositional loss. Furthermore, the laryngeal jet 

pattern was found to strongly influence the distribution of aerosol particles within the lung 

lobes and shift maximum drug surface concentration away from the main carina and to the 

lobar-to-segmental bifurcations [41]. These findings highlight the importance of including 

the laryngeal structure in CFD and in vitro analysis of aerosol delivery to the lungs. Using a 

similar regional airway geometry, Lambert et al. [44] studied regional aerosol distribution in 

a patient-specific CFD model, which began with the oral airway and included six 

generations of the tracheobronchial region. Their results showed that the left lung received a 

higher fraction of aerosol mass despite the right lung receiving the higher airflow 

ventilation, which they attributed to the effects of the laryngeal jet. Recently, Miyawaki et al. 

[67, 68] also reported the importance of correctly modeling the laryngeal jet for accurate 

prediction of gas flow and aerosol delivery in human lungs.

Recent advances in 3D imaging and numerical simulations have facilitated the development 

of physically realistic models of pulmonary alveolar airways at sub-millimeter scales. 

Sznitman and co-workers have developed an acinar geometry from repeating polyhedral-

shaped alveolar cavities that mimic the underlying space-filling acinar morphology [43, 69, 

70]. Their alveolar CFD model has been employed in understanding aerosol deposition 

characteristics in diseased emphysematous acini [71] and targeted alveolar deposition using 

magnetic particles [72]. Recently, they developed a new model [73] for particle deposition in 

the anatomically realistic heterogeneous acinar environment by employing the algorithm of 

Koshiyama and Wada [74], which captures the complete alveolar geometry of human acinar 
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morphometry. Talaat and Xi [75, 76] developed a CFD model for transient particle 

deposition in terminal alveoli using rhythmically moving alveolar boundary conditions in 

phase with measured chest wall motions and tidal volumes and showed that the periodic 

alveolar wall motion leads to enhanced particle dispersion that reduces particle deposition in 

the alveoli. Sera et al. [77] developed a pulmonary acinar model based on high-resolution 

CT scans of a mammalian lung and showed that the particle deposition in the realistic 

pulmonary acinar model is higher than in an idealized model. In highly complex but smaller 

scale models, of for example one alveolus, the importance of hysteresis in alveolar 

expansion and contraction has been demonstrated [78].

In contrast to passive tidal breathing, the delivery of pharmaceutical aerosols typically 

employs the use of deep inhalation volume [79], with either fast or slow rate of inhalation, 

followed by a breath-hold period. As described in later sections detailing the development of 

complete-airway models, Khajeh-Hosseini-Dalasm and Longest [56] used a realistic space-

filling representative model of a complete acinar region and developed correlations for 

alveolar particle deposition consistent with deep volume inhalation and a breath-hold 

periods.

3. Validation of regional airway model predictions with in vitro 

experimental data

Comparisons of CFD predictions with in vitro experimental data for pharmaceutical aerosol 

deposition were thoroughly covered by Longest and Holbrook [16], with additional 

comparisons having been reported since this previous review. The in vitro experiments 

employ a realistic airway geometry of the mouth-throat which can be extended up to 

generation B3 of the tracheobronchial region. Inhalation from the pharmaceutical inhaler is 

simulated using a realistic inhalation profile selected as appropriate for the test inhaler. Drug 

deposition in the inhaler, on the airway model and the amount of drug penetrating the 

extrathoracic region is quantified to estimate regional deposition and the lung delivery of the 

aerosol. Briefly, considering regional airway geometries with multiple inhaler types, 

successful comparisons have been made between CFD predictions and concurrent in vitro 

measurements of deposited drug mass for dry powder inhalers (DPI) [13, 28, 54, 55, 64, 80, 

81], pressurized metered dose inhalers (pMDI) [13, 63, 80] and soft mist inhalers (SMI) [2, 

27, 82, 83, 84, 85, 86]. Successful quantitative comparisons of aerosol drug deposition have 

been reported in the inhaler alone [83, 84], with a focus on quantitative device design, as 

well as in the inhaler and upper airways including the mouth-throat region [27] and 

sometimes extending through the third respiratory bifurcation [13, 28, 55]. Highly localized 

deposition has also been compared between CFD predictions and in vitro experiments that 

include individual particle counting in lower airway bifurcation regions [87, 88, 89]. 

Recently, the study of Holbrook and Longest [90] illustrated the effects of in vitro surface 

preparation characteristics on local aerosol deposition and the associated comparisons with 

CFD predictions on a millimeter scale grid with individual particle counting. In comparing 

pharmaceutical aerosol deposition between simulations and experiments, it is often critical 

to correctly capture inhaler effects including turbulent jets and aerosol spray momentum [2, 

64, 80, 91]. Additional factors may include droplet evaporation and hygroscopic growth, 
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electrostatic charge and two-way coupling. To correctly model turbulence, it is important to 

use an anisotropic turbulence model or to correct turbulence predictions in the near-wall 

region [27, 54, 81, 82, 92, 93]. In comparisons of CFD model predictions and in vitro 

results, relative errors are typically approximately 10% or less, often averaged over multiple 

regions (e.g., inhaler, mouth-throat, and upper tracheobronchial airways). Absolute 

difference errors, which may be more directly applicable to the amount of drug mass 

deposited, are typically 5% or less. High quality agreement is often assumed when the CFD 

predictions of drug mass fall within the standard deviation bars of the experimental data 

across multiple locations.

4. Development of complete-airway deposition models

Developing numerical models of the entire respiratory airways, from the nose, mouth, and 

throat through the terminal bronchioles and to the alveoli, as illustrated in Figure 2, poses 

multiple challenges. Division of the flow at each bifurcation, combined with decreasing 

airway diameters, results in a decrease in Reynolds number through the airways. This means 

the flow may enter the extrathoracic airways under fully-turbulent conditions, and then move 

through transitional and laminar regimes in more distal regions of the lung. The importance 

of transient forces, characterized by the Womersley number, also decreases as flow 

progresses from the upper to lower airways. Therefore, a transient formulation of the Navier-

Stokes equations may not be necessary in all conducting airways. Furthermore, distal 

regions of the lung are more compliant, so the movement of wall boundaries and the 

associated change in domain volume must be considered. This is especially true when 

modeling the alveoli, as flow is drawn into the lungs through expansion of these structures. 

Finally, the sheer number of airway generations in the human lung (over 1 million assuming 

an average of 20 bifurcation levels) makes it impossible to model all possible flow paths 

with CFD using current computational resources.

Our group has published a series of studies on the development of CFD methods to 

understand flow and particle deposition patterns in complete-airway models. The stochastic 

individual path (SIP) method [13, 28, 55, 94, 95] aims to overcome many of the issues 

outlined above, and has been successfully validated against both in vitro [13, 28, 55, 96], 

and in vivo [97, 98] data. Figure 3 represents a sample in vivo validation of complete-airway 

model predictions of deposited drug mass compared with the in vivo gamma scintigraphy 

study of Newman et al. [99] employing an earlier version of the Respimat inhaler [98].

The SIP approach models the airways in three individual sections, from the mouth-throat to 

bifurcation three (MT-B3), bifurcation four to seven (B4–B7), and bifurcation eight to 15 

(B8–B15). The MT-B3 region is a complete airway model developed from computed 

tomography (CT) scans [96]. The bifurcations in the B4–B7 and B8–B15 regions are also 

anatomically accurate, with physiological bifurcation data based on anatomical studies [100] 

and airway dimensions based on measurements from Yeh and Schum [101] or other lung 

morphometry datasets [1, 102, 103, 104, 105, 106]. These models are combined with our 

expanding alveolar model [56] to evaluate flow and aerosol deposition patterns in the entire 

lung (Figure 2). Separating the airways into three distinct regions overcomes the issues with 

changes in length scale and flow distribution, as each region can be modeled in a coupled 
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series. The MT-B3 region typically requires the use of a turbulence model and time-

dependent simulations due to high Reynolds and Womersley numbers; whereas the B4–B7 

and B8–B15 regions use laminar or turbulent and steady-state flow conditions, depending on 

the inhalation volume and flow rate. Multiple SIP geometries can be followed through each 

lobe to determine lobar deposition data [55], and previous work has shown that the lower-

left lobe provides a representative average of total lung deposition [28].

A fundamental element of the SIP complete-airway approach is the application of the SIP 

unit geometries to model deposition in the tracheobronchial region. The tracheobronchial 

airways from approximately B3 through B16 (terminal bronchioles) contain approximately 

130,000 airways. Considering that on the order of 100,000 control volumes at a minimum 

are required to adequately resolve inertial particle deposition in a single bifurcation [107, 

108], we feel that full simulation of deposition in the tracheobronchial region is not 

practical. The alternative is using SIP geometries, which follow randomly generated paths 

into each lung lobe, similar to the Monte Carlo technique developed by Koblinger and 

Hofmann [25] for 1D complete-airway models. To generate the SIP pathways, after each 

bifurcation one daughter branch is continued and one is not. Realistic SIP pathway 

geometries are defined using a space-filling algorithm in geometric models of each lung 

lobe. In this manner, we capture the effect of each bifurcation on deposition in a spatially 

accurate mapped 3D geometry. We have found that the number of SIP pathways required 

depends on the desired level of deposition resolution and the state of the lung airways in 

terms of disease state. Dividing deposition into only three lung regions, in order to match 2D 

gamma scintigraphy deposition data, required only one SIP in each lung lobe [97, 98]. In 

contrast, for more refined predictions, the stochastic nature of SIP modeling should be 

employed. As illustrated in Tian et al. [55], multiple pathways are simulated into each lung 

lobe with ensemble averages of regional deposition taken across the SIP geometries. 

Sufficient SIP pathways are taken until the ensemble average converges to within a defined 

tolerance for the resolution of deposition predictions that is desired. In this manner, lung 

generation level predictions of deposition and particle localization within bifurcations 

(microdosimetry) can be achieved in a spatially accurate manner. A complete-airway 

ventilation model, as described by Tawhai et al. [109] can be coupled with the 3D CFD 

model of particle transport and deposition to improve simulations of heterogeneous lung 

ventilation. As described by Tian et al. [55], the SIP approach reduces simulation time 

compared with modeling all airway branches by multiple orders of magnitude. In addition to 

more refined predictions, the simulation of many SIP airway geometries with a coupled lung 

ventilation model will be required for simulating deposition within diseased airways.

Kleinstreuer and co-workers have made numerous contributions in the field of complete-

airway CFD with their whole-lung airway model (WLAM) [110, 111, 112, 113, 114, 115], 

which has also been validated against in vitro [112, 113] and in vivo [111, 114, 115] particle 

deposition data. Similar to the SIP method, WLAM uses a multiscale approach and separates 

the airways to model discrete bifurcation regions. The extrathoracic and tracheobronchial 

region begins with geometry obtained from patient specific CT scans down to approximately 

the third bifurcation. Thereafter, anatomically accurate triple bifurcation units (TBUs) are 

used to model generations four through 21, with spherical alveoli introduced with increasing 
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density from generations 16 to 21. The whole lung model ends with a double bifurcation 

unit that represents generations 22 and 23, and a terminal alveolar sac.

Other studies of note in this field include a lung model of the first 17 generations from Islam 

et al. [116], and work from the Lin group who employ a hybrid 3D/1D method where CFD 

is applied in the 3D upper airway [117, 118, 119]. Finally, an interesting method developed 

by the University of Auckland uses a volume-filling, branching tree algorithm to define the 

large number of bifurcations in the lower airways, with dimensions based on anatomically 

accurate morphometric data [109, 120, 121].

5. Evaluation of existing inhalers

Previous studies have reviewed how airflow dynamics generated within inhalers can 

influence aerosol transport and deposition in the mouth-throat region and subsequent 

turbulence levels and aerosol deposition in the lungs [16, 65]. In this section we focus on 

initial CFD studies with spray inhalers that demonstrated the potential of CFD modeling 

followed by more recent findings arising from studies that have considered commercial 

products coupled with complete-airway models. Thorough reviews of turbulent jets arising 

from DPIs and the subsequent increase in mouth-throat particle deposition are provided in 

Finlay and Martin [65] and Ruzycki et al. [53].

Kleinstreuer et al. [63] were the first to simulate a MDI coupled with a representative 

mouth-throat geometry and predict the effects of inhaler spray momentum on aerosol 

transport and deposition. CFD results were in good agreement with both in vitro and in vivo 

studies in terms of inhaler and mouth-throat deposition as well as lung delivery of the 

aerosol. The CFD model successfully captured lung delivery differences for the two main 

types of MDIs (CFC and HFA) and reduced mouth-throat deposition with the use of a 

spacer. The CFD geometry did not extend beyond the mouth-throat and it was assumed that 

all aerosol exiting the upper airway geometry deposited in the lungs. Vinchurkar et al. [122] 

considered an HFA MDI coupled with patient-specific mouth-throat models extending 

through approximately bifurcation B5 to B9. Details of the spray simulation in the vicinity 

of the 0.5 mm MDI nozzle were not provided and it was assumed that aerosol deposited 

once it entered the lungs. Based on comparisons with concurrent in vivo studies, the average 

lung delivery efficiency of the six patient-specific models predicted by the CFD simulations 

matched the average experimental results. Both the studies of Kleinstreuer et al. [63] and 

Vinchurkar et al. [122] illustrated how CFD simulations that included the inhaler, physics of 

the inhaler’s effects on airflow, and an upper airway geometry could successfully predict 

lung delivery efficiency consistent with in vivo findings.

More recently, complete-airway simulations have been used to better understand respiratory 

drug delivery from commercial inhalers and to make new discoveries. This approach was 

first illustrated by Tian et al. [55] with the Flovent Diskus DPI delivering fluticasone 

propionate. In Tian et al. [55] and subsequent complete-airway studies, concurrent analysis 

was key in which realistic in vitro deposition experiments were used to measure the initial 

aerosol size emitted from the device and to benchmark regional aerosol deposition in the 

upper airways. The study of Tian et al. [55] illustrated the prediction of regional aerosol 
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deposition in the mouth-throat and in regional airway sections corresponding to the upper 

tracheobronchial (TB) airways (trachea to B3), mid-level TB airways (B4–B7), lower TB 

airways (B8–B15) and the alveolar region. An advantage of the CFD model results 

compared with in vivo studies using 2D gamma scintigraphy or 3D SPECT imaging is that 

regional deposition can be predicted directly and does not require translation from 2D 

images or 3D shells. The simulations correctly matched in vitro results for different 

inhalation profiles, supporting the idea that DPI testing should be conducted with realistic 

inhalation breath profiles for some inhalers [79].

In a subsequent study, Longest et al. [13] applied a complete-airway model to make a head-

to-head comparison between a commercial MDI and a commercial DPI, each delivering the 

same drug (fluticasone propionate) and the same nominal drug dose. Using the patient 

information leaflet recommended inhalation flow profile, the MDI was predicted to deliver 

approximately 8.1% of the inhaled dose to the TB region and 51.9% to the alveolar airways. 

For the DPI, delivery fractions were cut in half with 4.2% depositing in the TB region and 

26.1% depositing in the alveolar airways. Hence, both devices delivered nearly equal ratios 

for the TB : alveolar dose. Frequently, inhalation errors are cited as a reason for a preference 

to use DPIs, which are typically less efficient at lung delivery, compared with MDIs. 

However, the study of Longest et al. [13] showed that for at least one common significant 

inhalation error (inhalation flow rate), both inhalers were affected equally.

A potentially significant finding of complete-airway models is the relatively low drug dose 

that is delivered to the small TB airways. For commonly used MDIs and DPIs, several 

complete-airway studies reveal that the deposition fraction in the entire lower TB region is 

<1% of the total inhaled drug [13, 28]. When this area is refined further to include TB 

airways with a diameter of 2 mm or smaller, the deposited dose goes even lower to a value 

of approximately 0.4% of the inhaled drug [95]. Walenga and Longest [95] pointed out that 

this approximately 1 μg dose is spread over a small TB airway surface area of approximately 

2,000 cm2 when inhaling a nominal dose of 250 μg. Furthermore, the relative surface 

concentration of drug, assuming similar dissolution in each lung region, is three orders of 

magnitude lower in the small TB airways compared to the mouth-throat region. It has yet to 

be determined if these very low surface concentrations in the small airways can have an anti-

inflammatory effect and if they can quantitatively explain the observation of persistent 

inflammation that occurs in the lower lungs with asthma in many cases [4, 123, 124].

6. Development of new respiratory drug delivery strategies

Concurrent CFD and in vitro experimental analysis have been important tools in the 

development of new respiratory drug delivery strategies. The first newly proposed aerosol 

delivery strategy based on CFD simulations was developed by Kleinstreuer et al. [63]. This 

study suggested controlling the spatial release position of orally inhaled medications to 

target delivery within different regions of the lungs. Provided that inhalation is slow enough 

to maintain laminar conditions through the glottis, Kleinstreuer et al. [63] demonstrated 

control of the aerosol through the lobar bronchi. The use of magnetically targeted aerosols 

has also been evaluated using CFD studies [125]. However, CFD results for magnetic 
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aerosols presented by Xie et al. [126, 127] highlight that the required magnetic forces may 

be difficult to achieve on the spatial scale of human lungs.

A new aerosol targeting strategy referred to as controlled condensational growth has been 

largely developed based on concurrent CFD and realistic in vitro experimental analysis. 

With controlled condensational growth relatively small particles or droplets are inhaled to 

minimize extrathoracic depositional losses. Due to the small size of the aerosol, the 

individual particles or droplets would ordinarily lack the mass and momentum required for 

deposition in the airways and would be exhaled. However, with controlled condensational 

growth, different approaches are used to increase the size of the aerosol particles or droplets 

once inside the airways. Using the enhanced condensational growth (ECG) method, the 

submicrometer-sized aerosol is inhaled with a separate stream of saturated air that is a few 

degrees above body temperature [94, 128, 129]. Mixing the aerosol and water vapor streams 

and cooling to body temperature produces supersaturated conditions and rapid increase in 

aerosol size for any aerosol. Excipient enhanced growth (EEG) is a second condensational 

growth approach in which individual particles or droplets contain both the medication and 

hygroscopic excipient as an engineered submicrometer formulation [130, 131]. Once inside 

the airways, the hygroscopic excipient takes up water, due to the natural high humidity of 

the lungs, causing size increase and allowing for targeted lung deposition. With both ECG 

and EEG, the rate of size increase can be controlled with various input parameters, such as 

inhaled inlet temperature or amount of hygroscopic excipient, and the effects of these 

parameters can be analyzed and optimized with CFD simulations.

Considering controlled condensational growth, key findings from CFD and concurrent 

realistic in vitro experimental analysis include <1% mouth-throat depositional loss. For 

example, with ECG delivery of a nebulized aerosol produced using a novel mixer-heater 

system, total mouth-throat depositional loss was illustrated to be <1% and significant aerosol 

size increase was observed as the aerosol exited approximately the third respiratory 

bifurcation [128]. Longest et al. [132] considered a soft mist inhaler formulated to deliver a 

submicrometer EEG aerosol using CFD simulations and in vitro experimental analysis. Both 

the model and experiments indicated that mouth-throat depositional loss was less than 1% in 

a representative extrathoracic airway geometry. Due to the inclusion of the hygroscopic 

excipient, the geometric aerosol size after a time period consistent with inhalation, was 

approximately 2.8 to 4.6 μm, which is consistent with the initial sizes used in conventional 

respiratory drug delivery [132]. In comparison with conventional inhalers, which produce 

mouth-throat deposition of 25–75%, the controlled condensational growth technique was 

demonstrated to reduce extrathoracic depositional loss by 1 to 2 orders of magnitude and 

could be adapted for use with handheld DPIs, SMIs or nebulizers [128, 132]. The complete-

airway study of Tian et al. [133] indicated that EEG particles could attain diameters as large 

as ~5 μm entering the alveolar region. Moreover, EEG delivery could increase the small TB 

airway fraction by a factor of 40 compared with conventional inhalers, based on consistent 

complete-airway simulations [133].

A second aerosol delivery strategy that is being optimized with CFD simulations and 

concurrent in vitro experiments is nose-to-lung (N2L) or trans-nasal aerosol delivery with a 

nasal cannula interface. Longest et al. [134] considered conventional size aerosols (4–5 μm) 
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delivered through a high-flow nasal cannula (HFNC) patient interface at adult flow rates in 

the range of 30 to 45 L/min which is recognized to have very poor drug aerosol delivery 

efficiencies. The development of new streamlined connections and nasal cannula interface 

with CFD improved aerosol delivery efficiency through the system by factors of 

approximately 2 to 3. For a 4 μm aerosol delivered at 30 L/min with a streamlined nasal 

cannula interface, the system emitted dose was approximately 50% of the nebulized dose 

[134]. However, additional depositional losses are expected in the nasal extrathoracic 

airways.

To further maximize lung delivery efficiency and potentially enable the targeted delivery of 

pharmaceutical aerosols, trans-nasal aerosol administration has been coupled with controlled 

condensational growth and evaluated using concurrent CFD simulations and in vitro 

experiments. In an initial proof of concept study, ECG N2L delivery was evaluated in which 

a submicrometer aerosol was administered through one nostril and a saturated airstream was 

delivered through the other nostril [135]. CFD predictions indicated that nasal depositional 

loss was minimal (~5%) and that significant aerosol growth was achieved as the aerosol 

entered the lungs [135]. A CFD study by Walenga et al. [136] considered variability in N2L 

aerosol administration across four different nasal models that represented a wide range of 

expected depositional loss. For conventional size aerosols, in the range of 5 μm, deposition 

in the nasal airway ranged from 16 – 66%, whereas for EEG delivery, nasal depositional loss 

was only 2.3 – 3.1% [136]. Hence, EEG N2L delivery produced low inter-subject variability 

in the lung penetration of drug. In a series of studies, our group has also used concurrent 

analysis to optimize EEG N2L aerosol delivery with nasal cannula interfaces and cyclic 

breathing conditions for adult airway models [137, 138, 139, 140]. Concurrent analysis has 

also been used to demonstrate high efficiency lung delivery of EEG powder-based aerosol 

through nasal cannula [141] and facemask [142] interfaces.

7. Application of deposition modeling in challenging aerosol delivery 

scenarios

7.1 Pharmaceutical aerosol delivery to infants and children

The delivery of aerosolized medications to infants and children is known to be very 

inefficient with high intersubject variability [143, 144, 145]. A number of studies have 

highlighted challenges associated with pediatric aerosol delivery including low delivery 

efficiency in combination with very poor cooperation of the infant or pediatric subject in 

receiving the medication [146, 147, 148]. Benchtop realistic in vitro airway models with 

realistic inhalation conditions have frequently been used to better understand aerosol 

delivery to pediatric subjects and to improve delivery strategies [149, 150]. In contrast, CFD 

has been used only on limited basis, despite being well suited for applications in which 

human subjects testing is exceedingly difficult. A recent review by Carrigy et al. [151] 

addressed many aspects of CFD applied to simulating aerosol delivery to pediatric subjects. 

In the section below, we review highlights of CFD applied to respiratory drug delivery for 

infants and children organized based on CFD contributions in the areas of general 

observations, device development, and evaluation of new delivery strategies.
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Considering general observations, studies by Xi and co-workers have evaluated the nasal 

deposition fraction of aerosols inhaled without a patient interface [152, 153, 154]. Infants are 

obligate nasal breathers, so nasal delivery efficiency provides valuable information about 

potential trans-nasal aerosol delivery when the aerosol is administered via a mask interface. 

These CFD studies highlight high nasal depositional loss and very low lung delivery 

efficiency that is achieved with the inhalation of conventional aerosol sizes in the range of 3 

to 6 μm [154]. For example, the inhalation of a 5 μm droplet by a 5-year-old child at a 

typical flow rate of 20 L/min results in 80% nasal depositional loss of the aerosol [154]. 

Inhalation of an ultrafine aerosol in the range of 100 nm produces very low nasal 

depositional loss [152], but the aerosol will be largely exhaled from the lungs, as shown by 

Xi and Longest [155]. Xi et al. [153] illustrated that a 2.5 μm aerosol has overall <20% nasal 

depositional loss across a range of subject ages from 10 days old through adult, for one 

subject in each age range. This may indicate a better starting point for particle size to 

improve the efficiency of trans-nasal aerosol delivery at all ages.

Devices intended to improve respiratory drug delivery to pediatric subjects that have been 

analyzed or developed via CFD include an aerosol administration hood [156] and 

streamlined Y-connector [157] for use in mechanical ventilation. Shakked et al. [156] 

applied CFD modeling to evaluate the amount of nebulized aerosol that reached the nostrils 

of an infant when administered with a hood apparatus containing a delivery tube. CFD 

simulations indicated that when the tube was positioned directly over and within ~1 cm of 

the infant nostrils, approximately 18% of the released aerosol could enter the nose. However, 

a 10° angle of the delivery tube or a 10° rotation of the infant’s head reduced nostril 

inhalation efficiency by factors as high as 5-fold. As illustrated by Xi and coworkers [154], 

additional depositional loss in the infant nasal airways may be substantial. The significant 

variability in nasal delivery efficiency observed by Shakked et al. [156] further illustrates 

why blow-by aerosol delivery, where the nebulizer is simply held close to the infant’s nose, 

is not recommended [146, 148].

For infants receiving invasive mechanical ventilation with an endotracheal tube (ETT), 

Longest et al. [157] developed a streamlined Y-connector (joining inspiratory and expiratory 

lines with the ETT) and sought optimal conditions for the administration of conventional-

sized nebulized droplets. Delivery conditions were consistent with a full-term infant and a 3 

mm (internal diameter) curved ETT. Based on CFD simulations with cyclic ventilation, the 

streamlined Y-connector design reduced depositional losses in the connector by factors of 

approximately 2–4 and improved lung delivery efficiencies by a factor of approximately 2 

compared with the commercial non-streamlined Y-connector. Delivery of the aerosol over 

the first half of the inspiratory cycle reduced exhaled dose from the ventilation circuit by a 

factor of 4 compared with continuous delivery. Optimal lung deposition was achieved with 

the streamlined Y-connector and breath synchronized delivery resulting in 45% and 60% 

lung deposition for optimal polydisperse (~1.78 μm) and monodisperse (~2.5 μm) particle 

sizes, respectively. Optimization of selected factors and use of the new Y-connector was 

shown to substantially increase the predicted lung delivery efficiency of medical aerosols to 

infants from current values of <1–10% to a range of 45–60%.
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Considering the development of new aerosol delivery strategies with CFD, Longest and Tian 

[158] evaluated application of the EEG approach to a 6-month-old complete-airway infant 

model receiving mechanical ventilation with a 4 mm (internal diameter) ETT. Conventional 

aerosol delivery consisted of a mesh nebulizer positioned in the inspiratory arm of the 

ventilator circuit delivering an aerosol with a mass median aerodynamic (MMAD) diameter 

of 4.9 μm. With EEG delivery, two new streamlined Y-connectors were considered in which 

the aerosol was either administered upstream or administered in a port aligned with the ETT 

inlet. The EEG aerosol had a MMAD of approximately 0.9 μm and consisted of a model 

drug and NaCl as the hygroscopic excipient. CFD simulations indicated a size increase of 

the hygroscopic aerosol to approximately 5 μm in the mid- tracheobronchial airways. 

Compared to the commercial device and nebulized aerosol, the EEG approach with an initial 

0.9 μm aerosol combined with the streamlined and streamlined-port geometries reduced 

device depositional losses by factors of 3-fold and >10-fold, respectively. With EEG powder 

aerosols, the streamlined geometry provided the maximum tracheobronchial deposition 

fraction (55.7%), whereas the streamlined-port geometry provided the maximum alveolar 

(67.6%) and total lung (95.7%) deposition fractions, respectively. Provided the aerosol could 

be administered in the first portion of the inspiration cycle, the proposed new method was 

predicted to significantly improve the deposition of pharmaceutical aerosols in the lungs of 

intubated infants.

7.2 Aerosol delivery to diseased lungs

CFD models have evaluated respiratory flow and aerosol deposition in several lung and 

lung-related diseases, including asthma, bronchial tumors, chronic obstructive pulmonary 

disease (COPD), and cystic fibrosis (CF). Studies involving asthmatic lungs consider the 

effects of bronchodilator delivery with luminal wall narrowing throughout the entire lung as 

would occur with long term airway remodeling [95, 122, 159, 160, 161, 162], or acute 

bronchoconstriction during an asthma attack [163, 164]. A few studies have also evaluated 

flow fields and particle trajectories in bronchi with tumors [165, 166, 167, 168]. In this 

section we focus primarily on studies addressing COPD and CF.

De Backer and co-workers have developed a method called Functional Respiratory Imaging 

(FRI) to measure the effect of bronchodilators in a number of studies [169, 170, 171], 

whereby model geometry is developed from computed tomography (CT) scans of patients 

with COPD, and used with CFD to determine airway volumes and resistance. Recent airway 

models for rats [172] and humans [173] explore the effect of boundary conditions in great 

detail by comparing the effect of healthy and diseased distal flow rates applied to the outlets 

of upper-airway geometries from CT scans.

A new and emerging application of CFD is the prediction of aerosol deposition for the 

respiratory delivery of antibiotics used to treat bacterial infections associated with CF 

(particularly Pseudomonas aeruginosa). The first CFD study of CF lungs, conducted by 

Awadalla et al. [174], was a porcine model of CF that replicated CF in the human lung with 

the same genetic defect. Their geometries were developed by segmentation of CT scans 

from five healthy and five CF model newborn pigs, and flow solutions with particle tracking 

were obtained using an in-house Large Eddy Simulation (LES) code. Results show that the 
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CF lungs gave a higher pressure drop, flow velocity, and resistance, due to smaller diameter 

airways. The differences in lung structure between healthy and CF lungs also demonstrated 

variations in flow and aerosol deposition patterns, but there was also inter-subject variability 

within each group. They concluded that submicrometer particle sizes may be required to 

treat the narrower airways that are present in CF lungs. Soon after this study, Bos et al. [175] 

published the first CFD study on human CF lungs, with the primary objective of determining 

whether current doses of the antibiotic aztreonam lysine (AZLI) provide sufficient 

concentrations in the airway surface liquid. Models were developed using CT scans from 40 

children (5–17 years) and CFD simulations were run under transient conditions with LES 

turbulence models and Runge-Kutta particle tracking. An interesting finding from this study 

was that the more diseased lung lobes received less drug than healthier lobes. However, in 

the majority of cases considered, the concentration of AZLI in the airway surface liquid was 

deemed sufficient to treat the infection. One limitation of this study was that the CFD 

deposition data was not directly validated against in vitro or in vivo results, though predicted 

concentrations in the central airways were similar to sputum concentrations from clinical 

studies. Bos et al. extended this study and evaluated once- or twice-daily dosing of inhaled 

tobramycin from two different nebulizer platforms [57]. Twelve models (from the original 

set of 40 subjects) were chosen, with ages between 12–17 years, and results showed that the 

Akita nebulizer was twice as efficient as the PARI-LC in terms of lung delivery efficiency. 

They also concluded that the once daily, double dose of tobramycin would be more effective 

at killing bacteria and was expected to be safe compared to twice daily dosing, though 

further clinical testing was required.

8. Links to PK modeling and post-deposition transport

An important step in developing an inhaled medication is evaluating the pharmacokinetic 

(PK) distribution of drug throughout the body. Traditionally, this has been modeled with 1D 

or further simplified lung deposition predictions linked to PK or physiologically based (PB) 

pharmacokinetic models. However, research efforts are in progress to link CFD, or other 

mechanistic deposition models, with mechanistic simulations of dissolution, absorption and 

clearance, followed by traditional PK or PB-PK models to give a more accurate prediction of 

drug concentrations throughout the body [176, 177]. Linking CFD predictions of nasal 

uptake with a PK model of drug distribution was initially performed for tissue uptake of 

toxic gases [178]. Our group has proposed a complete nasal airway transport model to 

investigate the relationship between nasal spray drug deposition location in the nasal cavity 

and plasma drug concentrations [177, 179, 180], as illustrated in Figure 4. Realistic in vitro 

tests using a nasal airway model were first used to determine spray characteristics and 

validate local deposition within the nasal cavity. The new transport model implemented 

these deposition profiles as the suspended drug particle (mometasone furoate) starting 

locations for subsequent modeling of dissolution, absorption, and clearance in a nasal 

surface geometry [179, 180]. Once absorbed into the respiratory epithelium, a PK model was 

used to predict the drug plasma concentration profiles. The model predictions were validated 

using in vivo data for both nasal clearance rates and drug plasma concentration curves [177]. 

The model was then used to demonstrate a direct association between maximum blood 

concentration of drug (Cmax) and middle passage nasal deposition of the model drug. 
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However, both middle passage deposition and Cmax were shown to be highly sensitive to 

changes in patient-use parameters, such as spray nozzle insertion angle, nasal inhalation, and 

nose blowing, which could make the establishment of bioequivalence problematic [177]. As 

an alternative approach, it was suggested that a small PK (or radiological imaging) study be 

used to first validate a combination in vitro-in silico approach and this new combination 

method be used for establishing the local delivery component of bioequivalence testing 

[181].

9. Expert opinion

The development of complete-airway lung models represents a major advancement in the 

application of CFD to respiratory drug delivery. With these models, reasonably accurate 

predictions of how an inhaled drug distributes from the inhaler through the alveoli can be 

captured without the need for correction factors associated with multiple aspects of 

pharmaceutical aerosols [97, 98]. While relatively new, this approach is yielding interesting 

and compelling findings about existing inhalers and delivery strategies. For example, a 

comparison of MDI and DPI devices illustrated that a specific inhalation error, inappropriate 

flow rate, caused a similar decrease in tracheobronchial drug delivery for both inhalers [13]. 

In a side-by-side comparison, the DPI delivered the largest dose to the MT (~70%) and the 

MDI delivered the largest dose to the alveolar airways (~50%). In both cases, less than 1% 

of the aerosol dose deposited in the small tracheobronchial airways, which may be 

associated with the poor efficiency of inhaled corticosteroids in this area [5]. A comparison 

of the Respimat SMI and Novolizer DPI devices revealed that the Respimat device increased 

drug delivery efficiency to the small tracheobronchial areas by a factor of 10 [28]. However, 

total delivery efficiency to this important region remained less than 10% of the inhaled dose, 

resulting in surface concentrations of drug that were still significantly less than occur in the 

upper lung airways. Considering inhaled antibiotic delivery and a CFD model that included 

a majority of the tracheobronchial airways, Bos et al. [175] demonstrated how diseased 

airways lead to suboptimal antibiotic concentrations below the minimum inhibitory 

concentration (MIC) value. Considering small tracheobronchial airway deposition a step 

further, Walenga and Longest [95] reported that dose concentrations in this region are up to 

two orders of magnitude below concentrations in the upper airways for an MDI and DPI 

aerosol. Future studies are needed to determine if these drug concentration levels (in the 

range of 10−4 μg/cm2) can effectively treat inflammation in models of asthmatic lung cells. 

However, these results provide support to the current theory that the small airways are 

frequently undertreated with inhaled corticosteroid therapy in asthma, potentially leading to 

uncontrolled small airway disease and non-responsive asthma [4, 5, 123, 124, 182, 183].

In the evaluation of aerosol deposition for respiratory drug delivery, the importance of 

frequent model validations with experiments and, when possible, concurrent in vitro and 

CFD analysis should be a top priority. A growing dataset of in vitro deposition case studies 

for commercial inhalers is available from our lab and others [11, 12, 13, 27, 28, 55, 80, 184]. 

As described, we have validated complete-airway simulations of DPI and SMI lung 

deposition on a regional basis with 2D gamma scintigraphy studies conducted in healthy 

human subjects [97, 98]. However, it was concurrent in vitro and CFD analysis that made 

development of the complete-airway CFD model possible [13, 28, 55]. In this approach, in 
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vitro experiments are used to determine initial aerosol size distributions, benchmark upper 

airway deposition data, and evaluate other factors such as particle size distributions exiting 

the airway model and aerosol size change. As a first step, the CFD model is validated with 

the in vitro data, preferably for multiple cases that may include multiple geometries or 

regions. Once validated, insights from the CFD simulations related to the aerosol transport 

and deposition are then valuable for understanding the in vitro results and behavior of the 

drug delivery system or device. The validated CFD model is then available to test and 

optimize different device designs such as altering dilution airflow inlet positions or their size 

to vary the aerosol spray properties. The recommended CFD design or strategy should then 

be verified with additional in vitro results, as illustrated with Hindle and Longest [83]. Our 

group has applied this concurrent analysis for the evaluation of existing devices [27], the 

development of new inhalers [82, 185, 186, 187], and the development of new respiratory 

drug delivery strategies [132, 141]. As CFD codes advance, once the model is created and 

validated, optimization routines including neural networks and artificial intelligence can be 

implemented to decrease analysis time and to further improve outcomes.

While useful, it should be noted that in vitro data supporting CFD simulations is difficult to 

obtain requiring specialized methods that are often not part of typical pharmaceutical aerosol 

testing protocols. For example, spray aerosols evolve rapidly in the vicinity of the inhaler 

and potentially in the MT region. Accurately measuring an initial size distribution of an 

evolving spray aerosol is challenging and may be achieved with laser diffraction systems [2, 

27, 82]. The assessment of aerosol size distribution exiting the MT during realistic 

inhalation requires a specialized breath simulation system [79, 188]. Simple quantification 

methods such as HPLC may not be available for all medications, and labeling an aerosol 

with a quantifiable marker may change its size distribution or behavior. Continuing 

development and refinement of in vitro techniques for concurrent analysis is required in 

order to further improve the accuracy of CFD models. However, agreement between CFD 

predictions and in vitro results of regional and local aerosol deposition provides confidence 

that both techniques are being used effectively.

An important outcome of concurrent in vitro and CFD analysis as well as the use of 

complete-airway CFD models has been the development of new respiratory drug delivery 

strategies. As reviewed, both nose-to-lung delivery [136, 137, 141] and controlled 

condensational growth [128, 130, 133, 189] represent potentially important techniques that 

can dramatically improve aerosol lung delivery efficiency and target aerosolized medications 

within the lungs. Considering controlled condensational growth, initial concurrent analyses 

demonstrated that significant hygroscopic size increase was possible on the time scale of 

inhalation cycles for adults and children [129, 131, 189]. Concurrent analysis in regional 

models demonstrated that ~1% MT depositional loss could be achieved with ~99% lung 

delivery efficiency [128, 132]. Additional concurrent analysis has focused on developing 

aerosol generation and delivery devices [139, 185, 186, 187, 190].

Complete-airway simulations of N2L and oral inhalation delivery have demonstrated the 

potential for targeting drug deposition within lung regions, which will only be possible with 

high efficiency delivery methodologies [133, 191]. Based on this progression, a project is 

currently underway to test condensational growth aerosol delivery in human subjects using 
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2D gamma scintigraphy analysis. If successful, the controlled condensational growth 

strategy will represent the first significant improvement in respiratory drug delivery to arise 

from concurrent in vitro and CFD simulations including complete-airway CFD modeling.

A common question in the assessment and development of pulmonary products is what type 

of deposition model is sufficient. As described, 1D models are typically based on algebraic 

correlations and can be run on any current processor in a matter of seconds. In contrast, CFD 

models are based on first principles (fundamental conservation equations) and require many 

more input decisions, thorough training in CFD techniques, and considerable computational 

expense. Longest [192] recently addressed the question of model selection with comparisons 

of 1D, regional CFD, 3D/1D hybrid and complete-airway CFD models. In summary, this 

analysis emphasized that model selection depends on (i) complexity of the transport physics, 

(ii) availability and quality of the deposition correlations, and (iii) level of required detail in 

the output data. For simple low momentum aerosol delivery with wide mouthpieces, 1D 

models exhibit approximately 50–60% relative errors in comparison with in vivo data in the 

MT and alveolar regions [192]. Finlay and coworkers have improved MT deposition 

estimates for DPI aerosols delivered with a narrow diameter tube [18, 65]. However, the MT 

corrections may not be accurate for DPIs with more complex MP designs [185, 186, 193] 

and similar correlations have not been developed for spray aerosols or to account for the 

effect of nebulizer and SMI mouthpieces. Furthermore, correcting the MT deposition in 1D 

models is not sufficient to correct alveolar deposition, and large differences from in vivo 

measurements are expected to remain in this region [192]. Complete-airway CFD model 

predictions are currently within approximately 10% of in vivo data divided across the inhaler 

and three airway regions for complex spray and DPI aerosols [97, 98, 192].

An unresolved component of the model selection question relates to the need for additional 

model validations and for continued model refinements. Complexities of model validation 

with in vivo data are well described in Conway et al. [23] and include the need for adequate 

model inputs as well as variability in the in vivo data associated with factors such as subject 

positioning and the in vivo data processing approach selected. We believe that next steps in 

complete-airway CFD model validation include comparisons with 3D SPECT/CT data for 

nebulizer [23] and inhaler [194] generated aerosols, comparisons with branch-averaged data 

in the upper airways [23], and inclusion of significant aerosol size change. Fundamentally, 

1D models can be more easily adjusted (or corrected) to match in vivo deposition data. This 

is because 1D models are based on deposition correlations, which are less realistic compared 

with CFD simulations. In contrast, complete-airway CFD models are based on first 

principles and may require the inclusion of even more advanced physics to match in vivo 

deposition in 3D space. For example, motion of the tracheobronchial airways [195] and 

glottis [196] during inhalation may influence deposition patterns. As we have previously 

discussed [97], a priori model estimates are important for modeling benefits to be 

maximized, in which, once the model is developed concurrently with in vitro experiments, it 

should be able to capture in vivo data without further or case-specific adjustments. Due to 

the more realistic nature of CFD predictions and reliance on first principles versus algebraic 

correlations, we believe that CFD modeling will ultimately be shown to be capable of 

making accurate a prior estimates of in vivo deposition across a range of pharmaceutical 

aerosol products.

Longest et al. Page 18

Expert Opin Drug Deliv. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As a next step in CFD model development, CFD models are envisioned to be coupled with 

physiologically based pharmacokinetic (PB-PK) models. Such a joint model combination 

will provide regional lung tissue concentrations of drug and traditional pharmacokinetic 

metrics like maximum blood concentration of drug and area under the drug concentration 

curve. For example, the study of Rygg et al. [177] coupled direct 3D CFD simulations of 

dissolution, absorption and clearance (DAC) in a nasal model, developed in [179, 180], with 

a PB-PK model of tissue clearance and plasma concentration (Figure 4). The Gastroplus™ 

(SimulationsPlus Inc., Rochester, US) model described by Backman et al. [176] implements 

a 1D deposition model with mechanistic models for dissolution and absorption coupled with 

a whole-body PB-PK model. In both cases [176, 177], the PK model was capable of 

matching in vivo measurement points of drug concentration in the blood. In this manner, a 

union of CFD (or 1D deposition modeling) with PK modeling can be used for 

pharmaceutical formulation screening and development [176, 177]. However, our belief is 

that there may always be too many biological unknowns for this approach to accurately 

represent a population of subjects. Instead, it can be viewed as a single consistent platform 

with a defined set of PK parameters used to test the effect of different inhalation device and 

formulation combinations.

An important aspect of coupled CFD and PK modeling is where to switch from the 3D 

resolved CFD approach to mechanistic 1D models and/or PK rate equations. Based on the 

findings of Longest and Hindle [14], illustrated in Figure 5, we propose that CFD simulation 

all the way through epithelial cell absorption has important implications to bioavailability 

that cannot be captured with 1D approximations or PK rate equations. Therefore, when PK 

metrics such as plasma drug concentration are of interest, we recommend that the protocol 

implemented by Rygg et al. [177] be followed in which the PK model is applied after 

epithelial cell absorption occurs with a 3D or other mechanistic model. Once inside the lung 

tissue, we view a PK model as valuable for determining tissue clearance and the prediction 

of plasma concentrations and distribution of drug throughout the body. Our assessment is 

that without CFD predictions through absorption, potentially important metrics such as the 

percentage of cells absorbing drug above a predefined threshold [14] cannot be accurately 

predicted.

In order for a generic inhalation product to be approved, it must be shown to be 

bioequivalent with the innovator product [197]. In determining bioequivalence for locally 

acting drugs, the FDA is required to assess bioavailability using scientifically valid 

measurements to reflect the rate and extent to which the drug becomes available at the site of 

action. Ideally, the regulators would seek to establish that for the generic and innovator 

products there are (i) similar drug concentration and time course at the site of action and (ii) 

similar systemic PK profiles, both of which are challenging in a clinical setting using the 

products as intended for clinical use. It is currently an open question as to whether PK can 

accurately determine local drug concentration profiles in the nose or in the lungs due to the 

low concentrations employed for locally acting products and due to the possibility that drug 

depositing in multiple regions with the airways may result in similar PK curves despite 

regional deposition differences. Furthermore, selection of multiple arbitrary PK absorption 

and rate constants can be used to match a predicted particle deposition distribution in the 

airways with an experimentally determined PK curve from human subjects. Therefore, we 
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do not think that matching PK data with a combined CFD-PK model is adequate validation 

of the lung deposition conditions predicted by CFD results. Furthermore, adding a PK model 

to CFD results blurs the useful findings of CFD, which relate to the stated purpose of 

bioequivalence testing, i.e., similar drug concentrations and time course at the site of action. 

As an alternative, we propose that concurrent in vitro and complete-airway CFD deposition 

modeling can be used to establish similar local concentration profiles throughout the lungs. 

These deposition profiles may be extended to dissolution, absorption and clearance with 

mechanistic models to predict lung absorption and the percentage of cells receiving drug, as 

illustrated by Longest and Hindle [14]. The appropriate validation of this approach is likely 

2D gamma scintigraphy or 3D SPECT analysis with radiolabeled aerosols in human 

subjects, combined with clinical efficacy studies if possible. The combination of simulating 

complete-airway deposition patterns together with similar regional lung absorption and 

similar cellular absorption percentages (i.e., microdosimetry) is logically sufficient to 

establish similar local drug concentrations between a generic and innovator inhaler.

Based on decades of experimental research, intersubject variability in airway deposition is 

known to be very large for healthy subjects and in cases of airway disease [198, 199, 200]. 

In vitro models have helped to quantify expected intersubject variability for orally inhaled 

pharmaceutical products [11, 12, 184, 201], and for nasally inhaled aerosols in pediatric and 

infant populations [33, 202, 203, 204]. While CFD is well suited to study intersubject 

variability and diseased airway effects, studies have been relatively infrequent. One 

exception is the study of Walenga et al. [136], which used validated CFD simulations to 

demonstrate that the nasal deposition 95% confidence interval across a population of adults 

could be reduced from 15.5–66.3% to a range of 2.3–3.1% by the use of a small particle 

aerosol in N2L aerosol delivery. As demonstrated in Walenga et al. [136], once the CFD 

model is validated, it can be directly applied to different subject anatomies and flow 

conditions provided that the underlying physics of the flow are not changed. We believe that 

intersubject variability and the inclusion of diseased airway conditions are critical to 

consider in the development of new pulmonary delivery strategies and pharmaceutical 

aerosol products.

While currently proving useful, a number of advances are needed to improve CFD 

deposition models. More theoretical work is needed to understand and integrate the complex 

hydrodynamic process of particle or droplet near-wall interactions leading to deposition, and 

how this process is affected by the laminar sublayer, particle charge and airway or model 

surface properties. Complete-airway simulations require advancements to implement 

improved models of heterogeneous lung ventilation [121, 205, 206] in health and disease, as 

well as exhalation and cyclic breathing. Chronic and short term geometrical changes 

associated with airway disease need to be further investigated. Simulations of post-

deposition transport are in early stages of development. Backman [176] describes a number 

of unknowns required for accurate mechanistic models of post-deposition transport. 

Continued validation is needed for complete-airway predictions of commercial and next 

generation inhalers including multiple inhaler types, additional flow rates and extension to 

3D imaging results. Improved mechanisms are needed to validate drug absorption into lung 

tissue beyond PK profiles. Some studies on lung permeability and drug absorption using 

multiple radiolabeled small-molecule probes are already available [207]. Experimental 3D 
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rendering of drug absorption, perhaps through PET scanning [207], would be desirable to 

validate complete-airway simulations coupled with epithelial uptake. As suggested by 

Corcoran [207], imaging techniques that predict pathophysiology of disease could be used to 

generate patient-specific maps of the airways with drug delivery tailored using co-localized 

imaging or complete-airway CFD predictions.

In summary, effective respiratory drug delivery is a highly complex undertaking from both a 

physical and biological perspective. CFD deposition models have made significant progress 

over the last 20 years in helping to understand the physics of respiratory drug delivery. With 

the development of complete-airway CFD deposition models, new insights are being made 

regarding current inhalers that support clinical hypotheses, such as the common under 

treatment of the small airways in asthma [123] or suboptimal antibiotic concentrations in 

diseased airways [175]. These complete-airway models are also being used to advance next 

generation delivery strategies, like controlled condensational growth, which are currently in 

development for human subjects testing. Considering application to bioequivalence testing, 

we recommend further evaluation of currently available metrics including regional lung 

deposition profiles, regional drug absorption fractions and percentages of cells receiving 

drug without the blurring of results associated with linking PK and deposition. We view the 

next frontier in CFD deposition modeling as 3D time-resolved dissolution, absorption and 

clearance (DAC) predictions, as presented in our recent work [14] and illustrated in Figure 5. 

As envisioned many years ago, microdosimetry patterns are most likely important for many 

surface active molecules and the capability to use these patterns in predicting bioavailability 

and concentration-related aspect of efficacy may be within reach.
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Article highlights

• Computational fluid dynamics (CFD) is a scientific simulation technique that 

is capable of providing spatially and temporally resolved predictions of many 

aspects related to respiratory drug delivery.

• A key to successful use of CFD is conducting an analysis concurrent with in 

vitro experiments.

• Regional deposition models have provided an improved understanding of 

pharmaceutical aerosol delivery for several decades.

• Complete-airway deposition modeling is now being used in some cases to 

better understand existing respiratory drug delivery techniques and to develop 

new targeted delivery strategies.

• New strategies in development using concurrent analysis include controlled 

condensational growth and nose-to-lung aerosol administration for infants and 

children.

• We envision future applications of CFD deposition modeling to reduce the 

need for human subject testing in developing new devices and formulations, 

to help establish bioequivalence for the accelerated approval of generic 

inhalers, and to provide valuable new insights related to drug dissolution and 

clearance leading to microdosimetry maps of drug absorption throughout the 

lungs.
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Figure 1. 

Primary areas in which computational fluid dynamics (CFD) has been applied to respiratory 

drug delivery including the simulation of (i) liquid and powder aerosol formation, (ii) device 

design and performance, and (iii) airway deposition modeling.
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Figure 2. 

Overview of complete-airway CFD simulations beginning with the site of aerosol formation 

and continuing through particle deposition. Using the stochastic individual pathway (SIP) 

approach [13, 28, 55], an ensemble of airway paths is selected within each lung lobe. Only 

one SIP unit is illustrated in the left lower lobe in this figure. The model of the alveolar 

region is composed of a representative acinar segment beginning with a respiratory 

bronchiole and continuing through the alveolar sacs [56]. Complete-airway simulations can 

be continued through post-deposition transport [14].

Portions redrawn and adapted from Longest and Hindle [14] with permission of Springer 

Nature.

B#: bifurcation number; LL: left lower; NMT: nose-mouth-throat airway
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Figure 3. 

Comparison of in vivo [99] and CFD [98] predictions of deposition fraction (DF) in different 

regions of the airways for the Respimat inhaler with a fenoterol formulation. Reasonable 

agreement is achieved at the level of available in vivo data resolution including the mouth-

throat (MT), central (C), and intermediate + peripheral (I+P) airways with one SIP unit 

considered in each lung lobe. Diseased airways or more refined deposition predictions will 

require additional SIP pathways.

Reproduced from Tian et al. [98] with permission of Springer Nature.

EXP: in vivo experimental results; CFD: computational fluid dynamics predictions
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Figure 4. 

Overall methodology for CFD-PK simulations of a nasal spray application from Rygg et al. 

[177] and Longest et al. [181]. Particle deposition data in the (a) 3D model of the nose was 

mapped onto the (b) interior surface model. CFD simulations accounted for (c) particle 

movement due to mucociliary clearance, and (d) particle dissolution, diffusion and drug 

absorption at the epithelial surface. Pharmacokinetic simulations (e) provided plasma 

concentration vs time profiles (f).
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Reproduced with permission from Respiratory Drug Delivery 2016 [181], Virginia 

Commonwealth University and RDD Online.

PK: pharmacokinetics
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Figure 5. 

Overview of complete-airway modeling beginning with the inhaler and progressing through 

simulation of corticosteroid dissolution, absorption and clearance in airway generation G13. 

Deposition fraction (DF) from Walenga et al. [95] for the Flovent HFA MDI in the device 

mouthpiece (MP) and different regions of the conducting airways including the mouth-throat 

(MT), upper tracheobronchial (TB) region containing the main bifurcation (B1) through B3, 

and bifurcation segments B4–B7 and B8–B15. Magnified views of deposited particles in the 

lower airways are shown in the panels, including the deposition of particles in the size range 

of 1–3 μm in airway generation G13. Panels on the right side illustrate post-deposition 

absorption and clearance of the predicted deposited drug mass in G13 formulated as either a 

microparticle or true nanoaerosol. Values of the absorption enhancement factor (AEF) into 

respiratory epithelial cells are contoured, with AEF values below 0.1 excluded (i.e., left 

clear). AEF represents the local absorption in a 16×16 matrix of surface epithelial cells 

normalized by the total area-averaged absorption in the small airway geometry. An AEF of 

1000 in a single element indicates 1000 times more inhaled corticosteroid absorption in a 

16×16 matrix of cells compared to the total dose per total area.

Adapted from Longest and Hindle [14] with permission of Springer Nature.
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