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Abstract


The efficient generation of high concentrations of fine-particle, pure surfactant aerosols provides the possibility of new, rapid, and effective treatment modalities for Acute Respiratory Distress Syndrome (ARDS). SUPRAER-CATM is a patented technology by Kaer BiotherapeuticsTM, which is a new class of efficient aerosol drug generation and delivery system using Compressor Air (CA). SUPRAER-CA is capable of aerosolizing relatively viscous solutions or suspensions of proteins and surfactants and of delivering them as pure fine particle dry aerosols. In this Computational Fluid Dynamics (CFD) study, we select a number of sites within the upper 17 generations of the human respiratory tract for calculation of the deposition of dry pulmonary surfactant aerosol particles. We predict the percentage of inhaled dry pulmonary surfactant aerosol arriving from the respiratory bronchioles to the terminal alveolar sacs. The dry pulmonary surfactant aerosols, with a Mass Median Aerodynamic Diameter (MMAD) of 2.6 µm and standard deviation of 1.9 µm, are injected into the respiratory tract at a dry surfactant aerosol flow rate of 163 mg/min to be used in the CFD study at an air inhalation flow rate of 44 L/min. This CFD study in the upper 17th generation of a male adult lung has shown computationally that the penetration fraction (PF) is approximately 25% for the inhaled surfactant aerosols. In conclusion, an ARDS patient might receive approximately one gram of inspired dry surfactant aerosol during an administration period of one hour as a possible means of further inflating partly collapsed alveoli.
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1. Introduction


The pulmonary route is composed of two structural parts that have different physiological characteristics (Figure 1): the (upper) conducting airways and the respiratory airways [1,2,3,4]. The conducting airways extend from the trachea to the terminal bronchioles, a series of approximately 16 generations [5]. This is followed by the respiratory bronchioles, starting at approximately 17 generations and ending at the alveolar sacs. The conducting part has pseudo-stratified columnar ciliated epithelia with mucous-secreting cells, which are responsible for the mucociliary clearance of the airstream of any exogenous particles, dust, and bacteria (Figure 1). The thickness of the epithelium is approximately 60 μm, with a thick mucus layer overlying a watery periciliary layer that contains the airway cilia [6]. The surfactant is secreted in the airways by club cells [7]. The surface area of the epithelium cells is about 2 m2 [8]. Its main functions are to transport the air to the gas exchange area and to humidify, adjust the gas temperature, and filter the incoming air stream [9]. The respiratory airways are proximal to the terminal bronchioles and end in the alveolar sacs. In the alveoli, there is a very thin (0.2–2 μm) epithelium of alveolar cell type I (main cells) and type II cells, which secrete the pulmonary surfactant [10]. This large surface area (100–140 m2) is responsible for gas exchanges and demonstrates a high permeability toward water and macromolecules, making it a suitable target for drug delivery [11,12].



Acute Respiratory Distress Syndrome (ARDS) are common causes of respiratory failure in critically ill patients [13]. Such conditions are associated with insufficient surfactant in the peripheral lungs. When there is insufficient surfactant, more force is required to open and expand the airways and create a sufficient surface area for adequate gas exchange to support respiratory homeostasis. Currently, only in pediatric indications is surfactant instillation approved for administration through an endotracheal tube. In adult ARDS, despite the proven mechanistic functions and associated physiologic benefits of the surfactant, neither surfactant instillation nor aerosol administration of the surfactant has resulted in sustained, reproducible improvements in clinical outcomes or mortality [14]. The theoretical advantages of aerosol surfactant delivery include minimal manipulation of the respiratory tract, improved pulmonary gas distribution, and avoidance of the acute airway fluid load occurring immediately after surfactant instillation [15,16]. Delivery of a sufficient mass of aerosolized surfactant to the peripheral respiratory bronchi and alveoli to treat either the absence of surfactant and/or its continued depletion has been a recalcitrant problem [14]. To achieve this therapeutically effective dose in a meaningful treatment time (minutes, not hours), aerosols with high particle concentrations are required. The volume of a 10 µm diameter liquid particle is 523 µm3, which is 25 times larger than a 3.4 µm diameter particle’s volume of 20.5 µm3. Thus, the dose per 3.4 µm dry (solid-phase) particles generated then evaporated from a 40 mg/mL surfactant suspension by the SUPREAR-CA dry aerosol generator is 25 times higher than 10 µm liquid aerosols generated from a 40 mg/mL surfactant suspension by a nebulizer. This factor is high enough to substantially reduce the treatment time and/or increase the mass of the surfactant deposited [17].




2. Pulmonary Surfactant Aerosol Generation Methods


Surfactant solutions and suspensions have relatively high viscosity in the range of 10–40 cSt, which reduces or prevents adequate aerosol outputs from jet atomizers, as well as from vibrating mesh, ultrasonic nebulizers, or by the condensation of water vapor on a surfactant nucleolus using a capillary aerosol generator [18]. Dry powder inhalers, while potentially providing a higher dose of the active pharmaceutical ingredient per puff, often require the addition of excipients and the need for an excessive number of capsules [18].



Bianco et al. generated respirable phospholipid surfactant aerosols at a delivery rate of 18.5 mg/min with the customized eFlow-Neos vibrating membrane nebulizer systems [19]. Heng and Yeates [18] successfully generated 8.8 times higher dry aerosol surfactant delivery of 163 mg/min than Bianco et al. [19] with their SUPRAER-CA aerosol generation and delivery system. SUPRAER-CA is a novel dry pulmonary aerosol generation and delivery system developed by KAER Biotherapeutics. SUPRAER-CA uses compressed air at 60 psi to aerosolize an aqueous solution or suspension containing the active surfactant agent through a twin-fluid injector nozzle. The water from the generated droplets is rapidly evaporated in an IR (Infrared Radiation) evaporation chamber to form a solid-phase aerosol that is subsequently concentrated through a patented aerosol concentrator (virtual impactor) and delivered at the output section of the device as a respirable solid-phase aerosol [17]. Use of the aerosol concentrator produces an aerosol output that is comprised of a high concentration of particles in a smaller volume of gas (inhaled air).



Aerosolizing 10.3% concentrations of pulmonary surfactant suspensions at 3 mL/min with SUPAER-CA resulted in the delivery of up to 163 mg/min (2.716 mg/s) of dry pulmonary surfactant aerosols at an inhaled airflow rate of 44 L/min. The dry pulmonary surfactant aerosols were generated by SUPRAER-CA from a 10.3% (w/v) synthetic surfactant suspension with synthetic phospholipids of palmitoyl-oleoyl-phosphatidylglycerol (POPG) (21.3 mg/mL), dipalmitoylphosphatidylcholine (DPPC) (50.4 mg/mL), and palmitoyl-oleoyl-phosphatidylcholine (POPC) (31.3 mg/mL) (weight ratio 2:5:3) in 0.9% saline. The surface tension of the surfactant was not changed by these aerosol generation processes. SEM (scanning electron microscopy) showed dimpled particles of polyvinylpyrrolidone (PVP), albumin, and gamma globulin, indicating that their aerodynamic diameter was less than their morphometric diameter [18]. In this CFD study, 10.3% pulmonary dry aerosols were used because of their high delivery rate of 163 mg/min.



2.1. Respirable Dry Pulmonary Surfactant Aerosol Sizes


Respirable dry pulmonary surfactant aerosols are often measured by cascade impactors, yielding the aerosol size distributions based on the aerodynamic diameter. Cascade impactors are the instruments of choice for measuring the particle size distribution of the aerosol present in the complex discharge from pharmaceutical inhalers. The distribution of the drug captured in the cascade impactor may be usefully represented by the log-normal mass distribution. Only two parameters must be extracted from the analysis of the cascade impactor data in order to describe the distribution. These two parameters are the mass median aerodynamic diameter (MMAD) and the geometric standard deviation [20]. The aerodynamic diameter of a particle is defined as that of a sphere whose density is 1 g/cm3 (cf. density of water), which settles in still air at the same velocity as the particle in question (or more simply as 4× the surface area divided by the perimeter of the containing structure). This diameter is obtained from aerodynamic classifiers such as cascade impactors. The MMAD is defined as the diameter at which 50% of the particles by mass (volume) are larger and 50% are smaller than the median size.



Yu et al. [21] produced respirable dry pulmonary surfactant Naringenin-loaded DPPC (dipalmitoylphosphatidylcholine) aerosols by solvent evaporation and a freeze-drying method with an aerodynamic diameter of 12.48 µm and a fine particle fraction of 23.90%. Vanbever et al. [22] also produced 4% albuterol respirable dry powders made of water-soluble excipients combined with water-insoluble materials (e.g., pulmonary surfactant) using a standard single-step spray-drying process. The tap densities of the respirable dry porous albuterol particles were between 0.08 g/cm3 and 0.31 g/cm3, with a cascade impactor measured MMAD between 6.7 µm and 7.5 µm and with standard deviations ranging from 1.4 µm to 1.5 µm. Chow et al. [23] measured the particle MMADs of the spray-dried powders for solution compositions containing mannitol, L-leucine, and nucleic acid (HSDNA or short interfering RNA). The volumetric diameter of the spray-dried powders was measured by laser diffraction, and all powder formulations had a MMAD ranging from 1.91 µm to 4.43 µm, with a geometric standard deviation ranging from 2.08 µm to 3.52 µm. Gradon and Sosnowski [24] concluded that the most promising hollow or porous nanostructured particles have a tapped density below 0.4 g/cm3 and MMAD below 5 µm by spray-drying, spray freeze-drying, and supercritical antisolvent precipitation production methods. The tapped density is obtained by mechanically tapping a graduated measuring cylinder or vessel containing the powder sample.



Heng and Yeates [18] achieved a 2.6 µm MMAD with a standard deviation of 1.9 µm for the respirable dry 10.3% concentrated surfactant particles (obtained from a 10.3% (w/v) synthetic surfactant suspension with synthetic phospholipids of POPG (21.3 mg/mL), DPPC (50.4 mg/mL), and POPC (31.3 mg/mL) (weight ratio 2:5:3) in 0.9% saline by a SUPRAER-CA aerosol generator) using a 5-stage cascade impactor. They did not measure the tap density of the dry porous surfactant particles, but they roughly estimated the diameter of the initially aqueous aerosols between 4 µm and 10 µm based on solute concentration (10%, w/v) and the MMAD of the dry solid-phase aerosols (2 µm and 4 µm). Therefore, in this CFD study, the 10.3% concentration respirable dry surfactant particles were considered to enter the trachea (G0 generation) inlet surface area homogenously distributed as monodisperse particles with 2.6 µm MMAD and an aerodynamic particle (water) density    ρ  a p     = 1 g/cm3, as well as its equivalent Mass Median Geometric Diameters (MMGD) of 4.11 µm, 3.68 µm, and 3.36 µm at the assumed geometrical particle densities    ρ  g p     (tap densities for dry porous particles) of 0.5 g/cm3 (see CFD test cases M-1 and M-2 in Table 1). The Mass Median Geometric Diameter    D  M M G D     can be calculated with the geometric particle density    ρ  g p     (which is the tap density for the dry porous particles) by using the widely accepted rule [22,25,26,27]:


   D  M M G D   =  D  M M A D        ρ  a p      ρ  g p        



(1)




where    D  M M A D     is the Mass Median Aerodynamic Diameter (MMAD) measured by the cascade impactor based on the aerodynamic particle density (i.e., water)    ρ  a p    . As expected, the CFD simulation results of the particle deposition rates on the conduction airways are approximately the same for the CFD test cases M-1 for MMAD (73.48% particles deposited on the G0–G17 generations of the conducting airways) and M-2 for the corresponding MMGDs (73.48% particles deposited on the G0–G17 generations of the conducting airways).



Particles with diameters greater than 5 µm have a greater chance of being deposited in the throat, while particles with a diameter smaller than 0.5 µm may fail to be deposited due to their smaller inertial impaction effect (smaller Stokes number) by following the airflow streamlines. Thus, to effectively deliver inhaled particles deeply into the lungs, the aerodynamic particle sizes of inhaled particles must be within the suitable range of 0.5–5 µm [27]. This CFD simulation study has been conducted for a particle deposition with a polydisperse particle distribution between 0.5 and 5.5 µm. Heng and Yeates [18] provided the cascade impactor particle deposition measurement for the 10.3% surfactant dry aerosol with    d  M M A D     = 2.6 µm and standard deviation    σ a    = 1.9 µm for an airflow rate of 44 L/min. In commercial CFD code CFX, we used the log-normal mass distribution corresponding cascade impactor data for the polydisperse particle distribution at the tracheal inlet area (G0 generation) with particles between the minimum diameter of 0.5 µm and maximum diameter of 5.5 µm (see the CFD test case P-1 in Table 1 at the inhaled airflow rate of 44 L/min). The Ansys CFX code offers log-normal mass distribution, which requires the mass mean aerodynamic diameter (MMAD), geometric standard deviation, min diameter, and max diameter. These minimum and maximum diameters correspond to the last and first stages of the cascade impactor covering the measured aerodynamic size range. We used the dry surfactant particle sizes from Heng and Yeates [18], which were obtained by the SUPRAER-CA-produced aerosol generation and delivery system and measured by a cascade impactor in CFD test case P-1 in Table 1.





3. CFD Simulation of Respirable Pulmonary Surfactant Dry Aerosols


One of the problems in computer simulations of the surfactant penetrability of adult human lungs is the geometric growth of the number of bronchi. The bronchial tree begins from one trachea and ends with approximately 223 terminal airways, while the bronchial scale decreases approximately by a factor of 240 [28]. A recent review of human lung airway CFD simulations and particle depositions was completed by Islam et al. [29]. The currently used upper 17 generations of the human respiratory tract were first introduced in the airflow study by Gemci et al. [30] and, then, for the particle deposition studies by Islam et al. [31,32]. The computational mesh of the 17 generations of pulmonary human conducting airways with 720 bronchi outlets was based on abstracted topological graph data of an adult male human lung from High-Resolution Computed Tomography (HRTC) by Schmidt et al. [33]. The generated mesh model has 720 limited bronchi outlets because of the lack of high-resolution HRTC. The 17-generation airway model used unstructured tetrahedral elements and an inflation layer mesh for the bifurcating airways. The details of the computational mesh can be found in the co-author’s previous study [31]. Ansys CFX (Version 19.2) CFD software [34] was used here to predict the 3D airflow field in the upper 17 generations of human conducting airways tract geometry with 720 bronchi outlets by solving the Navier–Stokes equation numerically within the domain decomposed into computationally affordable finite-volume mesh elements of 6.744 × 106 tetrahedral cells and 12.5 million triangular interior faces. The number of cells needed to fully resolve the geometry of this 17-generation computational model with 30,000 particle tracking is currently not practical. Due to the current hardware limitations, one can only use approximately 6.744 million control volumes. A highly tetrahedral mesh has been generated at the deeper airway level, along with their bifurcation angles, to assess the complex flow behavior at the downstream (terminal bronchi) location. The mass and momentum equations were solved to calculate the fluid flow field. The continuum phase air was treated as a homogenous Newtonian fluid with a constant viscosity  μ  and air density  ρ . The governing continuity and momentum equations for the flow velocity vector  V  are given, respectively, as


    ∂ ρ   ∂ t   + ∇ ·  (  ρ V  )  = 0  



(2)






    ∂  (  ρ V  )    ∂ t   + ∇ ·  (  ρ V ⊗ V  )  = − ∇ p + ∇ ·  (  μ  [   (  ∇ V +    (  ∇ V  )   T   )  −  2 3  ∇ · V I  ]   )  + ρ g + F  



(3)




where  p  is the fluid static pressure,   ρ g   is the body force due to gravity, and  F  is the body force due to the external (particle–fluid interaction) force [35].



Figure 2 shows the CFD computational domain of the modeled G0–G17 conducting airways.



We adapted the anatomical graph data, free of pathological alterations, of Schmidt et al. [33] based on the measurements derived from high-resolution computer tomography (HRCT). The mouth, pharynx, epiglottis, larynx, and upper section of the trachea are not included in the present 17-generation pulmonary model. The tracheal inlet section (G0) has a surface area of 162.86 mm2 with a 14.4 mm tracheal diameter. The quasi-steady-state inlet velocity is 4.503 m/s, corresponding to an inhalation airflow rate of 44 L/min. A uniform inlet velocity field boundary condition corresponding to the airflow rate per inlet surface area is applied at the tracheal inlet section (G0). Particles are injected into the inlet section once the airflow field reaches a steady state after running the CFD simulation for 0.01 s. A fully developed parabolic velocity field is achieved within 1 cm downstream of the inlet section. The pressure at each outlet (total of 720 outlets) must be known a priori, reflecting the effect of the remaining truncated generations G18–G26 at the alveolar level. An alternative approach to setting the flow division ratios would be to use the flow ratio values given by Horsfield et al. [36]. Ma and Lutchen [37] attempted this, but the pressures computed at the 13 outlets of the G6 large airway model were unacceptably inaccurate, since this was a pressure-driven flow. Accordingly, we recommend the use of mass distributions to determine the outflow boundary conditions. The conclusion of Ma and Lutchen [37] regarding flow versus outlet pressure boundary conditions at the end of G6 do not appear relevant to our model, which comprises almost the complete anatomical replica of the pulmonary tree down to the 17th generation level, at which level a constant output p = 0 boundary condition is clearly more appropriate than at the upstream G6 level. From Ma and Lutchen [37], it appears that the turbulence does not have a significant effect on the total input impedance.



We used an inflow boundary condition at G0 and specified the open pressure outlet boundary conditions (p = 0) at all the terminal bronchi exits. The total diameter-dependent mass flow rate at all bronchial exits approximated the inlet value within 11.1 × 10−6 g/s. No-slip boundary conditions were assumed at the tracheobronchial airway walls. Generation G0 and the first bifurcation were represented by a less dense mesh (1.063 × 106 cells), as the flow was more uniform at this upstream location. The computational mesh, with a total of 6.744 × 106 cells, was divided into 1.063 × 106 tetrahedral cells in the G0 zone and into 5.680 × 106 unstructured tetrahedral cells in the remaining zones [30].



The respirable pulmonary surfactant dry aerosols were injected at an inhalation airflow velocity corresponding to the above-noted range of 15–60 L/min with a homogenous distribution throughout the tracheal inlet surface area. The dry aerosols were injected into the pulmonary airways in the direction normal to the face of their inlet (tracheal) cross-section.



3.1. The SST Turbulence Model for the Airflow in Human Respiratory Airways


The airflow in the human respiratory airways is in a transitional laminar-to-turbulent flow and must be considered accurately and effectively. Most industrial flows include turbulent structures that cannot be resolved numerically on the currently available computers. To overcome these limitations, CFD methods are employed to solve Reynolds-averaged Navier–Stokes equations, using turbulence models to compute the averaged turbulent stresses. These models often limit the accuracy of CFD simulations. Ansys CFX CFD software offers a Shear Stress Transport (SST) k-ω turbulence model, which is one of the most effective turbulence models tested for accuracy [38], and Ansys Guide 2018. The SST model is developed by solving a turbulent/frequency-based model (k-ω) at the wall and k-ε in the bulk flow. A blending function ensures a smooth transition between the two models. In a NASA Technical Memorandum [39], the SST model was rated the most accurate model for aerodynamic applications. The SST k-ω model is used in the current CFD simulations of the particle deposition in the G0–G17 conducting airway generations for its accuracy. Kolanjiyil and Kleinstreuer [40] also used the Ansys CFX’s SST k-ω turbulence model in their computational analysis of the aerosol dynamics in a human whole-lung airway model at an inhalation airflow rate of 15 L/min. Figure 3 and Figure 4 show the gas velocity streamline and pressure contours for the CFD test case P-1 in Table 1.




3.2. Lagrangian Particle Tracking in the Ansys CFX Code


For inhaled particles involving the tracking of discrete particles, it is not practical to track all physically existing particles in the conducting respiratory airways. Instead, representative particles (computational particle parcels) are used to track these discrete particles. Each representative particle parcel characterizes a certain number of actual particles (   N  p / p a r c e l    ). In Ansys CFX, the enabled forces in the particle equation of motion (Newton’s second law) are viscous drag and buoyancy force:


   m p    d  V p    d t   =  1 8  π ρ  D p 2   C D   |  V −  V p   |   (  V −  V p   )  +  F b   



(4)




where    C D    is the Schiller Naumann drag coefficient    (   C D  = 24 / R  e p  + 3.6 R  e p  − 0.313    )  ,   and    F b    is the buoyancy force. The Cunningham slip correction factor is not considered in Equation (4), because the particles less than 1 µm in diameter represent only 4.3% of the polydisperse particle size population. Additionally, the turbulent tracking for the particle-laden flow was switched on in all CFD runs. The particle position is obtained by   d  x p  / d t =  V p   . Particles hitting the interior airway surfaces are assumed to be deposited on the airways regardless of their impact velocity or impact angle. Particles escaping through one of the 720 bronchi outlets are assumed to escape into the further G18–G23 respiratory airways. Particles were distributed homogenously at the tracheal inlet surface (G0 generation) and were injected into the gas inlet velocity corresponding to the inhaled airflow rate.



The hygroscopic growth of particles is not considered in CFD simulations, because the particles consist of dry surfactant molecules, and the particles less than 1 µm in diameter represent only 4.3% of the polydisperse particle size population. Haddrell et al. [41] concluded in their growth dynamics study that the inhaled particles smaller than 1 µm in diameter can be assumed to respond instantaneously to the moisture content of the surrounding environment, except when they contain surfactant molecules or start as crystalline. In these instances, the absorption of moisture from the vapor phase and the ensuing growth in the particle size may be delayed by many seconds or longer. Inhaled particles larger than 1 µm in diameter absorb water much more slowly, over time scales typically longer than 5–10 s [41].





4. Results and Discussions for Respirable Dry Surfactant Aerosols Deposition


Respirable dry aerosols (particles) with high momentum (mass times velocity) struck the walls of the air ducts due to inertial impaction, mostly when the airflow rapidly turned. Particles that are able to penetrate these regions but have a relatively high mass can still fall gravitationally at an appreciable rate. Therefore, the chance of their penetration beyond the small bronchi, where the aerosol residence time is extended due to a decrease of the average flow velocity, is minute. Moreover, the diameter of the airways in this region is reduced so that the gravitational settling becomes effective. Submicron particles, which have a low inertia and a negligible sedimentation rate, penetrate the lung periphery to a greater extent. They can reach the airway walls of that region by Brownian diffusion [42].



The CFD test case matrix is shown in Table 1, which consists of monodisperse and polydisperse particle distributions: (1) the CFD test cases for monodisperse particles are completed at 44 L/min (CFD test cases M-1 and M-2), and (2) the CFD test cases for polydisperse particle distribution between 0.5 µm and 5.5 µm are completed at a 44 L/min inhalation airflow rate (see CFD test case P-1) with a MMAD 2.6 µm and standard deviation 1.9 µm (see Section 2.1 for these values taken from Heng and Yeates [18]. Heng and Yeates [18] were able to generate a high aerosol delivery rate of 163 mg/min (2.716 mg/s) dry pulmonary surfactant aerosols at an air inhalation flow rate of 44 L/min with their novel SUPRAER-CA aerosol generation and delivery system. The goal of this CFD study is to estimate the percentage of inhaled dry surfactant aerosol at 2.716 mg/s that is deposited on the G0–G17 conducting airways and the percentage that escapes into the further downstream pulmonary airways (G18–G23). The mass flow rate of 2.716 mg/s for dry surfactant particles is inhaled at a steady-state air inhalation velocity between 1.535 m/s and 6.140 m/s (corresponding to air inhalation flow rates between 15 L/min and 60 L/min). The particles are injected into the tracheal inlet during the period   Δ  t  i n j     = 0.1 s (   t  i n j , s t a r t     = 0.01 s and    t  i n j , e n d     = 0.11 s). The Courant number (  C = u Δ t / Δ x  ) used in all CFD simulations was less than 0.614, which evaluates the time step requirements (  Δ t  ) of a transient simulation for a given mesh size (  Δ x  ) and flow velocity ( u ). After the particle injection is stopped, the CFD computation is continued until all particles are either deposited on the conducting airway inner wall surfaces or they exit one of the 720 bronchi outlets. Figure 5 shows the progress of the computational particle parcel at the different time points inside the conducting airways (without showing the deposited particles) for CFD test case P-1.



Table 2 compares the current CFD results with the literature available from in vivo experimental studies and CFD studies for the MMAD around 2.5–3.5 µm particles in the total thoracic region particle deposition (throat, tracheobronchial, and alveolar airways), excluding oral throat deposition. The CFD particle deposition study of a symmetrical 16-generation model by Zhang et al. [43] estimated the 3 µm particle depositions as 10% for a 30 L/min flow rate. Kim and Hu [44] obtained a thoracic deposition of 68% for male subjects and 76% for female subjects for a 3 µm particle diameter and flow rate 30 L/min compared to the 10% result of Zhang et al. [43]. The CFD deposition study of the dual-path whole lung model by Kolanjiyil and Kleinstreuer [40] predicted a particle deposition of 57% for the 3 µm particle diameter and a flow rate of 15 L/min with a tidal volume of 1 L.



Zhang et al. [43] performed a CFD particle deposition study of the monodisperse aerodynamic particles from 1 µm to 11 µm in a (Weibel Type A) 16-generation model at the inhalation airflow rates of 15 and 30 L/min, respectively. For example, they received a 10% deposition fraction for 3 µm particles at 30 L/min, which was three-fold underestimated compared to an experiment by Lippmann [51] (see Figure 2 in Zhang et al. [43]). The current CFD study with polydisperse particles of a MMAD = 2.6 µm and standard deviation of 1.9 µm at 44 L/min in CFD test case P-1 produced a 74.65 % deposition fraction in a realistic human lung airway of the G0–G17 generations (see Table 1).



Katz et al. [50] studied the influence of lung volume on the particle deposition during imaging within realistic G0–G7 generation airway models. They used two different airways models from 24 subjects: (1) a Mean Lung Volume (MLV) airway model, where the images taken by High-Resolution Computed Tomography (HRTC) with an average of 30 airway exits from 24 subjects, and (2) a Total Lung Capacity (TLC) airway model, where the images were taken by Positron Emission Tomography (PET) with an average 46 airway exits from 24 subjects. For example, in their deposition study, an average 15% (MLV model) and 9% (TLC model) of the injected 3 µm monodisperse aerodynamic particles (   ρ  a p     = 1 g/cm3) at a 30 L/min airflow rate were deposited in the G0–G7 conducting airway generations (see Table 5 in Katz et al. [50]).



Islam et al. [31] studied coal dust particle (   ρ  g p     = 1.55 g/cm3) deposition in the G0–G17 generation human airways for monodisperse geometrical particle sizes of 1 µm, 5 µm, and 10 µm at three different airflow rates of 15 L/min, 30 L/min, and 60 L/min. They concluded, for example, that the deposition fraction of the 1 µm monodisperse geometrical particle diameter was 43.24% at an airflow rate of 30 L/min.



Conway et al. [48] performed radioactive aerosol deposition imaging measurements in the respiratory tract of 11 healthy human male subjects for model validation. The aerosol distribution in the lungs was measured by combined single-photon emission computed tomography and X-ray computer tomography (SPECT/CT). They used large aerosols with an average MMAD value of 5.7 µm (standard deviation 1.6) and small aerosols with an average MMAD value of 3.1 µm (standard deviation 1.5). Table 2 lists the results of their main study with three male subjects for inhaled small aerosols of an average diameter MMAD of 3.1 µm. Their total thoracic aerosol deposition fractions at an 18 L/min inhalation flow rate were, on average, 80% for a shallow breathing pattern with a 600 mL tidal volume and an average 91% for a deep breathing pattern with a 1000 mL tidal volume (see Table 6 in Conway et al. [48]).



4.1. Effect of Computational Particle Parcel Number on the Particle Deposition


The goal of this CFD dry particle deposition study of the inhaled dry surfactant medication is to quantify the total medication amount that penetrates into the deep lung region, i.e., into the respiratory bronchioles and alveoli. A simulation of the couple of hundred million particles/droplets using current computers, and even supercomputers, requires high computation times and memory and storage capacities. Therefore, the stochastic particle (parcel) techniques used in CFD codes are necessary, requiring that certain numbers of droplets or particles be represented by a single computational parcel and assumes that all particles in a parcel will act together as one. The CFD simulation approach to the quantitative description of particle deposition in the realistic human reparatory airways model is based on Lagrangian particle tracking during their flights/passages through the respiratory airways. The tracking of each particle parcel in the airflow field is done by the Lagrangian particle tracking approach in the Ansys CFX code, i.e., solving the mass balance of a single particle. Graham and Moyeed [52] proposed a strategy to determine in an efficient way how large the particle parcel sample size should be to produce results with the given confidence limits. The main task to answer this important concern is to perform repeated calculations with various samples of a given size. For example, CFD test case P-1 in Table 1 is repeated twice and yields the same deposition fraction of 74.65%. Lagrangian particles track models to dictate that the statistical reliability has been achieved when it can be demonstrated that the results are independent of increasing the number of particles in a parcel. An example includes Pascal and Oesterle [53], who compared results using 104, 2 × 104, and 4 × 104 particle parcels in a simple shear flow and concluded that 2 × 104 particle parcels were sufficient.



For the sake of limiting the computational time and memory, the CFD test cases were run with the 3 × 104 particle parcels injected in 0.1 sec, which corresponds to 3 × 105 parcels per second (see Table 1). Kolanjiyil and Kleinstreuer [40] used 5 × 104 particles injected per second for their 3 µm particle deposition study simulation in a symmetric dual-path human whole-lung airway model. Our study was conducted with 720 paths of airway generations (G0–G17). The particle-independent study of Kolanjiyil and Kleinstreuer [40] ensured that increasing the number of particles by a factor of two (105 particles per second) resulted in less than a 2% difference in the total and regional deposition results. We carried out the monodisperse CFD test case M-1 and polydisperse particle CFD test cases with 3 × 105 parcels per second (3 × 104 parcels in 0.1 s) with appropriate accuracy.




4.2. Effect of Particle Size Distribution on the Particle Deposition Fraction


The monodisperse particle size represented by the MMAD 2.6 µm (CFD test case M-1 at 44 L/min) is compared with polydisperse particle distribution represented by a MMAD of 2.6 µm and a standard deviation of 1.9 µm with a Normal Mass (Volume) Distribution, as set out in the Ansys CFX code (CFD test case P-1 at 44 L/min) from the 0.5 µm to 5.5 µm particle size range. The particle deposition fraction in our G0–G17 generations model increased by 1.59% from 73.48% to 74.65% at a 44 L/min airflow rate by using monodisperse vs. polydisperse particle sizes. This was to be expected, because 50% of the particles are now greater than the median value of 2.6 µm, and they have deposited more frequently because of their larger inertia compared to the smaller-sized particles.




4.3. Effect of Inhalation Airflow Rate on the Particle Deposition Fraction


Kolanjiyil and Kleinstreuer [40] estimated a total 57% deposition fraction in the tracheobronchial and bronchoalveolar regions (see Figure 8 in Kolanjiyil and Kleinstreuer [40]) in their dual-path human whole-lung airway model for a 3 µm aerodynamic particle diameter at 15 L/min for an inhalation tidal volume of 1 L. The in vivo experimental studies from Heyder et al. [54] for nasal breathing are shown in Table 2 as a summary that the total deposition fractions of 3 µm aerodynamic particles in the laryngeal, bronchial, and alveolar regions are 19% at 45 L/min with a 1.5 L tidal volume and a 4 s breathing cycle period. Darquenne et al. [49] also studied in vivo experimental particle deposition for nose inhalation in human lungs and obtained a deposition fraction of 79% at a 45 L/min inhalation airflow rate for 2.9 µm diameter monodisperse dry polystyrene particles at a unit density (see Table 2). We estimate in our current CFD study the on 17 generations shown in Table 1 a deposition fraction value of 74.65% at 44 L/min for the polydisperse particle distribution (0.5 µm ≤    D  a p     ≤ 5.5 µm with    D  M M A D     = 2.6 µm;    σ a    = 1.9 µm). It is highly expected that the deposition fraction can reach the 90–95% range if the CFD study includes the complete generations (G0–G23). Kim and Hu [44] studied in vivo experimental particle deposition for the aerodynamic particle diameters of 1, 3, and 5 µm in healthy adults (eight male and seven female) in a wide range of breathing patterns, tidal volumes, and respiratory flow rates. They measured the particle size by an aerodynamic particle sizer (APS 3310, TSI, St. Paul, MN, USA). For example, for 3 µm particles, they obtained a total DF of 68% for the males (a mean of eight males) and 76% for the females (a mean of seven females) at the inhaled airflow rate of 15 L/min and tidal volume of 1.5 L at a breathing frequency of five breaths per minute (see Table 2). The current CFD study in our 17 generations of a male adult human lung permits us to estimate the deposition fraction at 74.65% for a flow rate of 44 L/min with a polydisperse particle distribution (0.5 µm ≤    D  a p     ≤ 5.5 µm with    D  M M A D     = 2.6 µm;    σ a    = 1.9 µm), as set out in CFD test case P-1 in Table 1.



The overall penetration fraction is around 25% in the current CFD test case for the polydisperse particle distribution at the inhalation airflow rate of 44 L/min. The PF value in the current CFD study showed that these escaped particles will penetrate the bronchioles (G18–G23). The bronchioles end in tiny air sacs called alveoli, where oxygen is transferred from the inhaled air to the blood. For humans, the typical respiratory rate for a healthy adult at rest is 12 breaths per minute. The respiratory center sets the quiet respiratory rhythm at around two (2) seconds for inhalation and three (3) seconds for exhalation. Therefore, the total inhalation time is 24 s per minute. An ARDS patient during a one-minute respiratory duration might inspire and deposit 16.296 mg (=0.25 × 24 s/min × 2.716 mg/s) of active surfactant ingredients transferred to the alveolar surfaces when the patient is administered the surfactant aerosols generated by the novel SUPRAER-CA aerosol generation and delivery system. In conclusion, an ARDS patient might get around 1 g of respirable dry surfactant aerosol during 1 h of SUPRAER-CA aerosol administration time. It remains to be estimated the resulting transmural pressure on the alveolar sacs during that administration time, as excessive levels could lead to bursting and inadequate levels, resulting in alveolar collapse.





5. Conclusions


The ultimate goal is to deliver the inhaled active surfactant ingredients in respiratory drug administration to the alveolar sacs in the respiratory airways (generations G18–G23) of the deep lung region. A novel aerosol generation and delivery system SUPREAR-CA is able to produce respirable dry pulmonary surfactant active ingredients with a Mass Median Aerodynamic Diameter (MMAD) of 2.6 µm and standard deviation of 1.9 µm in the amount of 163 mg/min at an inhalation airflow rate of 44 L/min [6]. This CFD study in the upper 17th generation of a male adult lung showed computationally that the penetration fraction (PF) is approximately 25% of the inhaled surfactant aerosols amount, under the assumption of a total inhalation time of 24 s per minute (2 s of inhalation at 12 breaths per minute and 3 s of exhalation at 12 breaths per minute) Therefore, theoretically, during 12 inhalations (inspirations) per minute, an ARDS patient can be administered 16.296 mg of active surfactant ingredients during each one-minute inhalation cycle to where the pulmonary bronchioles end in tiny air sacs called alveoli, the locations at which oxygen is transferred from the inhaled air to the blood. In conclusion, an ARDS patient might receive approximately 1 g (977 mg) of inspired dry surfactant aerosol during an administration period of one hour as a possible means of further inflating partly collapsed alveoli. The pool size of the extracellular surfactant ranges from about 10 to 15 mg/kg body weight in adults. Therefore, a 70 kg person would have an estimated alveolar surfactant pool of approximately 0.7–1.0 g. An adequate single dose for the treatment of ARDS is thought to be in the range of 50–300 mg phospholipids/kg body weight. Alternatively, for example, a cumulative total dose of 4 g has been used [55,56]. Therefore 1 g of dry surfactant aerosol administration per hour can markedly improve the ARDS treatment time.
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Nomenclature




	Symbols
	Definitions
	SI Unit



	   D  a p     and    D  g p    
	Aerodynamic and geometrical particle diameters
	µm



	    D  M M A D     
	Mass Median Aerodynamic Diameter defined as the diameter at which 50% of the particles by mass are larger and 50% are smaller
	µm



	    D  M M G D     
	Mass Median Geometrical Diameter based on the porous particle tap density    ρ  g p     (see Equation (1))
	µm



	     Q ˙  g    
	Inhalation gas flow (airflow) rate
	L/min



	    N  p / p a r c e l     
	Number of physical particles in each computational particle parcel
	-



	    N  p a r c e l     
	Total number of injected computational particle parcels in   Δ  t  i n j     = 0.1 s
	-



	     m ˙  p    
	Inhaled particle mass flow rate
	mg/s



	   Δ  t  i n j     
	Particle injection time duration (0.1 s)
	s



	    V  g , i n     
	Gas velocity at tracheal inlet
	m/s



	    σ a    
	Standard deviation of MMAD measurement by Cascade impactor
	µm



	    ρ  a p     
	Aerodynamic particle (water) density
	g/m3



	    ρ  g p     
	geometrical particle density (tap density for dry porous particle)
	g/m3
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Figure 1. The pulmonary barrier structure in the conducting and respiratory airways [5]. 
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Figure 2. Computational domain of the G0–G17 human conducting airways with 720 bronchi outlets. 
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Figure 3. Magnitude of the air velocity for CFD test case P-1 in Table 1 with     Q ˙  g    = 44 L/min and    V  g , i n     = 4.503 m/s at the tracheal inlet. 
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Figure 4. Pressure contours for CFD Test Case P-1 in Table 1. 
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Figure 5. Movement progress of the computational particle parcels (without showing the deposited particles) at times t = 0.01 s (a), t = 0.09 s (b), t = 0.13 s (c), and t = 0.20 s (d) for the CFD test case P-1. Polydisperse particles (0.5 µm ≤    D  a p     ≤ 5.5 µm) are injected, noted by the different (to scale) sphere sizes. 
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Table 1. CFD test case matrix of dry pulmonary aerosol deposition in the G0–G17 airways with the SST turbulence model.
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CFD Test Case No.

   at     Q ˙  g      &    V  g , i n     

	
Dry Surfactant Aerosol Properties

	
      m ˙  p    =   2.716   mg / s   N  p a r c e l     and    N  p / p a r c e l    in   Δ t   =   0.1   s    

	
Deposition Fraction (%)






	
M-1

	
    Q ˙  g  = 44   L / min   and  

   V  g , i n     = 4.503 m/s

	
   ρ  a p   = 1   g /  cm 3   

   D  a p     = 2.6 µm

	
   N  p a r c e l     =   3   ×    10 4   

   N  p / p a r c e l     = 984

	
73.48




	
M-2

	
   ρ  g p   = 0.5   g /  cm 3   

   D  g p     = 3.68 µm

	
   N  p a r c e l   = 3   ×    10 4   

   N  p / p a r c e l     = 694

	
73.48




	
P-1

	
    Q ˙  g  = 44   L / min   and  

   V  g , i n     = 4.503 m/s

	
   ρ  a p   = 1   g /  cm 3   

  0.5   µ m   ≤    D  a p   ≤   5.5   µ m   with  

   D  M M A D      = 2.6   µ m ;    σ a    = 1.9 µm

	
   N  p a r c e l      = 3   ×    10 4   

   N  p / p a r c e l     = 984

	
74.65











 





Table 2. Comparison of the total thoracic particle deposition with the available in vivo experiments and CFD models for 2.5–3.5 µm particles (chronological order).
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Deposition Studies

	
In-Vivo

or CFD

	
MMAD (SD 3) (µm)

	
Inhalation Flow Rate (L/min)

	
Particle Deposition Fraction (%)

	
Comments






	
Foord et al. [45]

(see their Table 4)

	
In-Vivo

	
3.5 monodisperse

	
50

	
70

	
Particle deposition in pulmonary and tracheobronchial regions at TV 2 = 1 L and f 3 = 25 breaths/min (3 subjects on average)




	
Emmett & Aitken [46]

(see their Table 2)

	
In-Vivo

	
3.5

monodisperse

	
30

	
69

	
Particle deposition in tracheobronchial and alveolar region (3 subjects on average)




	
Heyder et al. [47]

(see their Table 3)

	
In Vivo

	
3.0

monodisperse

	
45

	
19

	
Particle deposition in laryngeal, bronchial, and alveolar regions for nasal breathing experiment with TV 1 = 1.5 L and f 2 = 15 breaths/min




	
Kim and Hu [44]

(see their Table 2)

	
In Vivo

	
3.0

monodisperse

	
30

	
68

	
Particle deposition in total lung region with TV 1 = 1.5 L and f 2 = 10 breaths/min (8 male subjects on average)




	
76

	
Particle deposition in total lung region with TV 1 = 1.5 L f 2 = 10 breaths/min (7 female subjects on average)




	
Zhang et al. [43]

(see their Figure 3)

	
CFD (Symmetrical G0–G16 model segmented into 5 levels)

	
3.0 monodisperse

	
30

	
10

	
Each level represented by a TBU (triple-bifurcation unit) and these scaled TBUs extend in the series and parallel in order to accommodate the TB (tracheobronchial) tree.

Symmetrical Weibel Type-A 16-generation model segmented into 5 levels.




	
Conway et al. [48]

(see their Figure 6

	
In-Vivo

	
3.1

(SD = 1.5)

	
18

	
80

	
Particle deposition in total thoracic region for shallow breathing pattern with TV 1 = 0.6 L (3 male subjects on average)




	
91

	
Particle deposition in total thoracic region for deep breathing pattern with TV 1 = 1 L (3 male subjects on average)




	
Darquenne et al. [49]

(see their Table A1)

	
In-Vivo

	
2.9

monodisperse

	
45

	
79

	
Particle deposition in nose and whole-lung region for nose breathing (9 healthy subjects on average)




	
Katz et al. [50]

(see their Table 5)

	
CFD

(G0–G7 generations)

	
3.0

monodisperse

	
30

	
15

	
Particle deposition in G0–G7 generations for MLV 4 airway models with an average of 30 airway exits (24 subjects on average)




	
9

	
Particle deposition in G0–G7 generations for TLC 5 irway models with an average of 70 airway exits (24 subjects average)




	
Kolanjiyil and Kleinstreuer [40]

(see their Figure 8)

	
CFD

(Dual-path whole lung model)

	
3.0

monodisperse

	
15

	
57

	
Particle deposition in tracheobronchial and bronchoalveolar regions at TV 1 = 1 L.

In their model, two outlets of the upper airway model are extended by attaching scaled triple bifurcation units (TBUs) in the series.




	
Current Study

(see Table 1 for detail)

	
CFD (Realistic G0–G17)

	
2.6

(SD = 1.9)

	
44

	
75

	
Particle deposition in realistic G0–G17 generations with 720 bronchi outlets.








1 TV = Tidal Volume (L); 2 f = Breathing frequency (breaths/min); 3 SD = Standard Deviation; 4 Mean Lung Volume (MLV)airway model based on images taken by HRTC; 5 Total Lung Capacity (TLC) airway model based on images taken by PET.
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