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Abstract: Metered Dose Inhalers (MDIs) play a crucial role in managing respiratory diseases, but their
effectiveness depends on whether the intended dose is delivered to the target, which can be influenced by
various factors. Accurate assessment of MDI performance is crucial for optimizing MDI delivery and ensuring
drug efficacy. This study numerically examined the role of evaporation dynamics and dosimetry methods in
assessing MDI delivery efficiency to different regions in a mouth-lung model extending to G11. Experimentally
determined spray exit speed, applied dose, and droplet size distribution were implemented as the
initial/boundary conditions. Large eddy simulations (LES) were used to resolve the transient inhalation flows,
and a chemical species model was applied to simulate vapor and temperature variations in the airflow. A multi-
component model was used to consider the heat and mass transfer between the droplets and airflow. The
model was validated against literature data and applied to evaluate the impact of evaporation on pulmonary
drug delivery using MDI, in comparison to inert particles. Three methods were used to quantify deposition:
based on droplet count, droplet mass, and the drug carried by the droplets. Results demonstrate that
evaporation notably alters the spray droplet size distribution and subsequent deposition patterns. Compared
to inert particles, evaporation led to significantly more droplets ranging from 1-5 um entering the pulmonary
region. For a given region, large discrepancies were observed in deposition fraction (DF) using different
dosimetry methods. In the lower lung, the count-based DF (33.9%) and mass-based DF (2.4%) differed by more
than one order of magnitude, while the drug-based DF fell between them (20.5%). This large difference
highlights the need to include evaporation in predictive dosimetry, as well as to use the appropriate method
to quantify the delivery efficiency of evaporating droplets.

Keywords: evaporation; Metered Dose Inhalers; pulmonary drug delivery; dosimetry; polydisperse
aerosol; lobar deposition; drug-based deposition

1. Introduction

Metered Dose Inhalers (MDIs) have been widely employed in managing various respiratory
disorders, including asthma and chronic obstructive pulmonary disease (COPD) [1-3]. The efficiency
of MDI spray delivery is a critical factor in ensuring that patients receive the intended dose of
medication [4,5]. This efficiency is influenced by various factors, including the physical properties of
the formulation, the design of the device, and environmental conditions [6,7]. The evaporation
process in MDI sprays begins immediately upon actuation and continues as the aerosol travels
through the air [8]. Also, current inhales deliver low doses to the peripheral airways, especially in
constricted lungs [9,10].

Studies of evaporation on MDI performance have primarily focused on experimental
approaches [11-13]. Martin et al. [14] recorded droplet evaporation using a microscope camera in a
chamber at 37 °C and either 100% or 10% relative humidity. Their recordings suggested that the
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evaporation rate of HFA-based formulations likely remain unchanged under high relative humidity
and that evaporation might not be responsible for increased deposition in highly humid, confined
airways. Similarly, Legh-Land et al. [15] measured the rapid evaporation of droplets that were
trapped by the electrodynamic field and illuminated by the laser. They observed that droplets with
water activity of 0.98 upon inhalation produced very different dose deposition patterns than those
with lower water activities. They emphasized that droplet size variation before inhalation affected
both the regional and total deposition. Sheth et al. [16] tested MDI formulations with varying
cosolvent properties in the U.S. Pharmacopeial induction port (USP) and the Alberta Idealized Throat
model. Their results suggested that MDI performance was sensitive to the cosolvent concentration
and vapor pressure, as well as the selection of the throat model. Also, the droplet lifetime closely
correlated with both the throat deposition and fine particle fraction, suggesting that evaporation
plays a crucial role in the drug delivery efficacy via metered dose inhalers (MDIs).

Shemirani et al. [17] investigated the effect of ambient humidity on regional delivered dose in
the Alberta Idealized Throat model with solution and suspension MDIs. For both BDP HFA134a and
Flixotide MDIs, the mouth-throat deposition increased with increasing RH. For the solution MDI
(BDP HFA134a), increasing temperature from 20°C to 40°C reduced the throat filtration and
enhanced lung delivery efficiency, but had no influence on the suspension MDI (Flixotide). Note that
quick droplet evaporation (i.e., freeze drying) has been commonly used to produce porous particles,
with a threshold for ambient RH value to produce porous particulate matters for a given formulation
[18-23].

One major challenge in these experimental studies was that the spray size distribution changes
substantially during the measurement process. Stein [24] suggested that the measured size
distribution was sensitive to the degree of evaporation prior to the measurement, which influenced
the number of modes in the size distribution. The MDI aerosols collected in the cascade impactor
exhibited a bimodal profile when preceded by a USP but exhibited a monomodal profile when
preceded by a large chamber. The large droplet mode with the USP inlet was from the same
monomodal distribution that had not fully evaporated. Moreover, traditional in vitro methods often
exhibit little correlation with in vivo performance in clinical studies, emphasizing the need for new
approaches to measure evaporation rates more accurately [25-28].

Researchers increasingly leverage computational fluid dynamics (CFD) to study evaporation
effects in MDIs. Longest and Kleinstreuer [29] assessed the performance of various evaporation
models across a spectrum of droplet volatilities, including a multicomponent evaporation model.
Their work demonstrated that the specific heat of the volatile phase is an important influencing factor
on evaporation and needs to be considered for respiratory droplets containing volatile species.
Longest et al. [30,31] extended this approach by coupling CFD simulations with whole-airway
deposition models. They showed that accounting for evaporation/condensation and size change
during particle transport significantly improved predictions of regional deposition fractions
compared to models assuming fixed particle sizes. Zanutto et al. [32] simulated the heating and
evaporation process of ethanol/iso-octane droplets by incorporating non-ideal mixture
thermodynamics and heat transfer effects inside the droplet. Their work revealed the significant
impact of formulation composition, particularly the presence of cosolvents like ethanol, on
evaporation rates and final particle size distributions. Talaat et al. [33] developed a multiscale model
that linked near-atomizer spray dynamics with pulmonary deposition predictions. Their work
highlighted the importance of considering the entire spray evolution process, as well as the dosimetry
method, for accurate performance assessment of polydisperse aerosols.

While significant progress has been made in understanding evaporation effects on MDI
performance, several challenges remain. Most existing models treat evaporation dynamics and
dosimetry as separate phenomena, potentially missing important interactions [34-36]. Particularly,
droplet size variation due to evaporation or condensation will not only affect its motion and
deposition site, but also its own mass and drug concentration. There is a need for validated,
integrated computational approaches that can accurately predict delivery efficiency in the targeted
region.
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This study aims to address this gap by developing and validating an integrated computational
approach that combines high-fidelity modeling of evaporation dynamics with mouth-lung dosimetry
predictions. Specific aims include:

1. Develop a CFD model that accurately captures the droplet evaporation process and validates the
model against existing literature data

2. Apply the validated model to assess the impact of droplet evaporation on droplet transport and
deposition in the respiratory tract.

3. Compare the dosages received in varying regions based on three different methods: count-based,
mass-based, and drug based.

4. Compare the regional and local deposition rates for MDI spray droplets with and without
evaporation.

2. Materials and Methods

2.1. Mouth-Lung Model

The mouth-lung model used in this study has been previous reported in Talaat et al. [37] and is
briefly described here. The mouth geometry was reconstructed from an oral impression [38]. The
pharynx and larynx were segmented from CT images of a 53-year-old female subject, with
comprehensive dimensions presented in [39]. For the lung network, an in-house algorithm called
Lung4Cer, developed by Kitaoka et al. was employed [40-42]. This lung model extended from the
trachea through the ninth bifurcation generation (G9), incorporating 512 bronchiolar outlets. To
simulate an upright posture, the trachea was angled 15° forward. SolidWorks was used to develop
the MDI model, which had a nozzle diameter of 0.4 mm. This MDI geometry was seamlessly
connected to the oral cavity through a mouthpiece Figure 1A, right lower panel). The near-nozzle
region was modeled using an ultrafine mesh to capture the highly transient evaporation process and
the droplet interactions with the local flow, temperature, and humidity.
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Figure 1. Computational model: (A) mouth-lung geometry, computational mesh, grid independent
study, and inhalation waveform, (B) spray plume captured by high-speed camera and droplet size
distribution measured using a particle size analyzer.

2.2. Experimental Methods

To evaluate the exit velocity of spray droplets, the temporospatial evolution of the spray plume
was recorded using a high-speed camera (Phantom VEO) at 1,200 fps. To enhance the contrast
between the aerosol cloud and the surrounding air, a laser sheet (OXlaser, 488 nm, 100 mW) was


https://doi.org/10.20944/preprints202410.0960.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 October 2024 d0i:10.20944/preprints202410.0960.v1

4

used. PIVLab was used to estimate the exiting speed of the spray droplets by analyzing the motions
of multiple droplets in consecutive frames, which was found to be around 20 m/s.

To measure the inhaler output per application, the inhaler was fired five times consecutively
and its mass reduction was weighed each time using a high-precision electronic scale (Bonvoisin, San
Jose, CA, USA). The average mass per application was 17.0+1.6 mg.

To evaluate the size distribution of the droplets, the sprays were measured immediately
downstream of the nozzle using a laser diffraction particle size analyzer (Spraylink, Dickinson, TX,
USA). For the tested inhaler, the spray had a D3: 6.848 um, D10: 9.068 um, D50: 16.322 pum, D90:
27.723 um, and D97: 34.544 pm, with a distribution as shown in Figure 1B. The measured spray
droplet size distribution, as well as the droplet exiting speed and spray mass per administration, was
subsequently used as the inlet and/or initial conditions for the computational simulations.

2.3. Numerical Methods

2.3.1. Boundary Conditions and Computational Mesh

The flow was assumed to be incompressible. There were two airflow sources: the jet flow from
the MDI nozzle, present only during actuation, and the patient's inspiratory flow, which persisted
throughout the delivery process. The MDI-jet flow followed a step-like profile lasting 0.1 s at 20 m/s
(red line, Figure 1A). In contrast, the inhaled airflow followed a deep, slow pattern typical of MDI
use, entering the airway through the gap between the MDI holder and canister (blue line, Figure 1A).
The inhalation lasted 5 seconds, reaching a peak flow rate of 61.2 L/min at 1.23 seconds after the start
of inhalation. Additionally, a 1-second breath-hold was simulated after the inhalation to ensure that
all droplets either completed deposition or exited the airway. The environment had a temperature of
22 °C and 30% relative humidity (RH).

The spray was administered at the beginning of inhalation for 0.1 s (Figure 1A) and the spray
droplets size distribution followed the laser-diffraction measurements, as shown in Figure 1B. The
droplet injection file consisted of 25,000 droplets, and each parcel had a mass flow rate of 6.8 x 10
kg/s, ensuring an administrated mass of 17 mg being released within 0.1 s. The initial temperature
and RH of the spray droplets was 10 °C and 100%.

The airway wall was modeled as rigid and smooth, with no-slip conditions applied. The
temperature and relative humidity on the airway wall were kept constant, matching average body
conditions at 37°C and 99%, respectively. The inhaled components considered in this study included
air, water vapor, and 1% saline droplets. The droplets had a density of 1.0 g/cm? and were considered
to deposit on the airway surface upon contact.

ANSYS Fluent 23 was employed to simulate respiratory airflows and droplet
evaporation/transport/deposition. ANSYS ICEMCFD was used to generate the multidomain
computational mesh with local refinement. A grid independence study was performed by testing
multiple meshes with incremental refinements (from 4 to 16 million). The mesh-independent results
for deposition were attained with a size of 12.6 million (Figure 1A).

2.3.2. Thermos-Humidity Governing Equations for Moist Air

The inhalation and MDI-jet flows were resolved using the LES-WALE model [43]. This method
has been shown to accurately capture the transitions between laminar and turbulent flow regimes
[44,45]. The heat and mass transfer equations governing the variation of air temperature (T) and
vapor concentration (Yv) in the airway are [46]:

ou; T Cv - Y.
pC a_T+pC J :i K’+p p’T a_T +Zshs pDv+& a_g (1)
P ot r Ox;  Ox; £ Py Ox; Ser ) ox;

ou;Y -
ai_'_#:i DV+V_T % +Sv (2)
ot  Ox;  Ox; Scp )| Ox;
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In these two equations, Cy and xg are the specific heat and thermal conductivity of the air,
respectively; Yv is the water vapor mass fraction, Scr is the turbulent Schmidt number (Scr=0.9), Prr

is the turbulent Prandtl number (Prr=0.9), and D, is the binary diffusion coefficient of water vapor

in the air. The enthalpy of the moist air is /. In the mass transport equation, thermal energy transport
due to diffusion was omitted, as the Lewis numbers for both air and water vapor were close to one.
For the two species considered, the mass fraction of air was determined to be Y»=1.0 - Yo
The relative humidity of the moist air is determined by the local temperature and local vapor
pressure. This local relative humidity affects the evaporation and condensation of water vapor on
droplet surfaces. The relative humidity (RH) of the moist air is represented as:
P, Yp,RT Y,

RH =—Y—= =V 3)
Pv,sat Yv,satpRvT Yv,sat

Here, Ro represents the gas constant of water vapor and p» denotes the mixture density. The
saturation pressure of the water vapor Posetis calculated using the Antoine equation [47]. The mass
flux of water vapor at the wall is influenced by the local RH value. If the near-wall RH is below 1,
evaporation from the surface is assumed. When the near-wall RH exceeds 1, condensation occurs on
the wall surface.

2.3.3. Droplet Evaporation and Condensation Model

Under rapid mixing model (RMM) conditions, the governing equations for energy and mass
conservation for a droplet are [48]:

dar _ _
Zmdcpd = _-[suif Geony dA— J‘surf nL, d4=—q.op, - A—n,L, - A 4)
d(my) -

Here, ma is the droplet mass, nv is the mass flux of the evaporating water vapor at the droplet
surface, Gy is the composite liquid specific heat, g is the convective heat flux, and Lo is the water
latent heat. The vapor concentration on the droplet surface can be modeled following Raoult’s law
[49],

XWK Pv,sat (Td ) (6)

P RvT d

where Xu is the mole fraction of the water based on soluble components. In this study, the
inhaled droplets consist of water and 1% salt. Following Eqn 6, the vapor pressure on the droplet
surface is lowered by approximately 1%. The effect of droplet size on the vapor concentration at the
droplet surface, i.e., Kelvin effect, is:

4o (1) 1

dgppR,Ty

vsurf =

K= exp[ (7)

Here, o(Ta) is the surface tension of the water, which is a function of local temperature.

2.3.4. Droplet Transport Model

The discrete phase Lagrangian tracking model was used to simulate the transport and deposition
of evaporating droplets:

ﬂ:a%.ﬁr f (ui _V[)+g[ (l_a)-‘rf;',Bmwnian (8)

dt Dt z7,C,

Here, a is the air-droplet density ratio, vi is the droplet velocity, 7 is the residence time of the
droplet (% = pp dy?/18) [50]. The drag coefficient f is calculated following Morsi and Alexander [51].
The Cunningham correction factor Cc was computed following Allen and Raabe [52], and A is the
mean free path of the air [50].

d
C = 1+di(2.34 +1.05 exp[—0.397pjj )

P
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2.4. Deposition Quantification

2.4.1. Deposition Fraction

Note that polydisperse aerosols were administered from the MDI nozzle. Thus, the deposited
droplets were also polydisperse, no matter if evaporation was considered or not. Accordingly, there
were three methods to quantify the deposition fraction, i.e., based on the droplet count, droplet mass,
or the drug carried by the droplets. For an evaporating droplet, the solvent (water) evaporates but
the solute (salt) does not. Thus, the evaporation process of a droplet will change its size, mass, and
trajectory, but not the non-volatile solute that it carries. Assuming that there are N droplets depositing
in a given region, the deposition fraction (DF) can be quantified as follows:
i

DF; = 10a
i,Count Total number of administered droplets ( )
N 3
DF prass = Lo (e /) (10b)
LMass Total mass of droplets after evaporation
Z;‘V:1 Pp(ﬂ-'d(?; ]‘/6)'C
DF; prug = (10c)

Total mass of administered droplets'C

Here dois the initial droplet size, drina is the final droplet size, and C is the drug concentration,
which can be canceled out in Eqn. 10c. Quantifying the drug-based DF requires two steps: (1) find
the IDs of each deposited particles, and (2) use these ID to find the initial mass of these deposited
droplets, which gives the deposited drug mass by multiplying the drug concentration. A user-defined
function (UDF) was developed to identify the deposited droplet IDs and retrieve their initial droplet
sizes for drug-based DF calculation.

2.4.2. Deposition Enhancement Factor (DEF)

Local dosimetry, termed as deposition enhancement factor (DEF), was assessed as the ratio of
the normalized DF on a 0.5-mm-diameter area over the averaged DF [53]. Like DF, there are three
methods to calculate the DEF value in the region i: count-based, mass-based, and drug-based,

DF i count/Ai

DEF; count = L - (11a)

’ Total number of seed droplets/ total area of the airway

DF; Mass/ Ai

DEF; pqss = — , (11b)

, Total mass of droplets after evaporation/ total area of the airway

DFi,Drug/Ai

DEF; pass = (11¢)

Total mass of drug in seed droplets/ total area of the airway

3. Results
3.1. Model Validation

3.1.1. Free Fall of 10-um Water Droplet

Figure 2A shows the CFD-predicted droplet size variation in comparison to the Wei and Li [54]
and Redrow et al (ref) at arithmetic scales. The initial droplet size is 10 um, which fall freely in still
air with 0% RH and 25 °C. A good agreement was achieved in this case, indicating that the
computational model in this study captured the evaporation mechanisms. Following Li et al. [55], the
same figure was also replotted in Figure 2B at log-log scales, which also exhibited a high degree of
match between the model in this study and the other studies [54,56].
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Figure 2. Model validation. A, B: droplet diameter variation vs. time for a free falling 10-pm droplet
at 0% RH and 25 °C in comparison to literature at arithmetic scale and log-log scale; C: evaporation
rate vs. time; D, E: effect of initial droplet size on evaporation rate and evaporated mass; F: effect of
relative humidity, G, H: CFD-predicted evaporation time vs. literature for different droplet sizes and
at different relative humidities.

Figure 2C shows the evaporate rate of one droplet with an initial dimeter of 10 um as a function
of time. The evaporation rate reaches the peak immediately upon exposure to a dry environment (0%
RH), and then gradually decreases, with a faster-than-linear rate. This is because the surface area per
unit mass increases as the droplet becomes smaller. It is also noted that the area under the curve (i.e.,
the integration of evaporation rate with time) is close to the mass of a 10-um water droplet (i.e., 5.236
x 107 mg), indicating that nearly all water content has evaporated.

3.1.2. Effect of Droplet Size and Relative Humidity

Figure 2D shows the effect of the initial size on the droplet evaporation rate. The droplet sizes
considered include 5, 10, 20, 40, and 60 um. As expected, the peak evaporation rate is higher for larger
droplets. It is also observed that the peak evaporation rate is approximately linear with the diameter
(1.216 x 10> mg for 20 um and 2.591 x 10 mg for 40 um), while the evaporation time is roughly
proportional to the diameter squared (e.g., 0.5 s for 20 um and 2.1 s for 40 um). As such, the area
under the curve is proportional to the diameter cubed, consistent with the droplet volume or mass.

The cumulative evaporated mass is shown in Figure 2E. Considering the large difference in mass
between the droplet of 5 um and 20 pum, the semi-log cale was adopted in the y-axis. Similarly, due
to the even larger variation in evaporation time, a zoomed-out inset showing t = 0-0.2 s was also

d0i:10.20944/preprints202410.0960.v1
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presented in Figure 2F, showing the complete evaporation process for small droplets (5 and 10 pum,
Figure 2E).

The effect of relative humidity (RH) on the evaporation rate of a 40-pum droplet is shown in
Figure 2F. The RH considered ranges from 30% to 90%. The evaporation rate is observed to be very
sensitive to local relative humidity. It takes 2 s for a 40-um droplet to complete evaporation at 30%
RH, but it will take 14 s at 90% RH (Figure 2F). As a result, the spray droplets may experience large
variations in the upper airway during and shortly after spray administration. Cool and dry air is
inhaled into the mouth during spray administration, which then interacts with the warm humid air
in the airway, leading to a highly heterogeneous temperature distribution in the upper airway. Good
agreement in the evaporation time was obtained between CFD predictions in this study and the
theoretical results by Xie et al. [57], as shown in Figs. 2G and 2H.

3.2. Droplet Evaporation in Respiratory Tract

3.2.1. Temporospatial Thermo-Humidity Dynamics

As shown in Figure 3, the inhalation of cool, dry ambient air (20 °C, 30% RH), as well as the
cooler spray flow (10 °C) generates a temperature field that is colder and drier than body conditions
(37 °C and 99% RH). The warming and humidifying effects from the airway tissue take time to bring
the inhaled air closer to body conditions. On the other hand, the increasing flow rate during
inhalation prolongs the time needed for the airway tissue to warm and humidify the air, as
demonstrated by the more extended colder and drier areas (green color) from 0.2 s to 1.0 s.

A Temperature (°C) B RH (%)

Figure 3. Thermo-humidity inside the airway at different instants (0.2 s and 1.0 s) after the start of
inhalation: (A) temperature and (B) relative humidity (RH).

3.2.2. Droplet Dynamics

The instantaneous droplet dynamics are shown in Figure 4, during 0.025-0.5 s after being
administered from the MDI into the mouth. All droplets have a temperature of 10 °C upon release (t
=0 s) at the MDI nozzle. Their location, temperature, and evaporation-induced size variation were
tracked thenceforth. Note that the temperature scale adopted here ranges from 22 °C (room
temperature) to 35 °C. Thus, the spray plume at 0.025 s is still below 22 °C (blue color, Figure 4A). At
0.05 s, some droplets warm to above 22°C, and even some close to the roof of the mouth approach 35
°C. The droplet temperature increases quickly between 0.05 s and 0.10 s (Figure 4A); at the same time,
the droplets evaporate, shrink in size, and deposit onto the walls of the MDI and airways.
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Figure 4. Spray droplet dynamics within the mouth-lung geometry at varying instants after
inhalation: (A) 0.2 s, (B) 0.3 s, and (C) 0.5 s, with droplets colored by temperature.

From Figure 4B, the spray plume reached the carina ridge of the trachea at 0.2 s. The temperature
of the droplets is the highest on the two lateral sides of the mouth, while that near the roof and back
of the mouth is the lowest. The former was because of the low speeds of the droplets, allowing
sufficient time for heat transfer, and the latter was because of their fast motion, as well as convection-
enhanced evaporation, which was consistent with the cold sensation often experienced during MDI
application. The temperature of the droplets in the trachea fell between them, with a mix of droplets
of temperature ranging 30-35 °C.

At 0.3 s (Figure 4C), the droplets advanced to the seventh or eighth generations (G7/G8) of the
lung. One notable difference between Figs. 4B and 4C is the close-to-body temperature of the droplets
in the lung in Figure 4C. Both the smaller flow speeds and smaller droplet sizes contribute to this
uniformity, allowing sufficient time for these more responsive droplets to adapt to the local
temperature.

At 0.5 s (Figure 4D), it is observed that most of the inhaled droplets have been deposited, leaving
a very small faction of droplets lingering within the entire mouth-lung airway. These droplets would
gradually deposit, taking another 0.6-1.0 s to complete deposition (figures not shown).

3.2.3. Spray Evaporation Rate and Evaporated Mass

In this study, the total injected dose was 17 mg and was administered within 0.1 s, which was
based on the measurement with an in-house MDI and was shown by the dashed step profile in Figure
5A. The instantaneous evaporation rate increases with the administrated dose and decreases after the
completion of spray administration, which lasts another 0.5 s (0.1-0.6 s) until becoming unnoticeable
(Figure 5A). The cumulative evaporated mass is shown in Figure 5B (red solid line), in comparison
to the administrated spray mass (dashed black line). It is noted that the spray aerosol evaporates
around 70% of the applied mass by the end of administration (0.1 s). Evaporation continues
thereafter, but at a much lower rate. However, at 1 s, there is still 10% of the mass remaining, which
reaches an equilibrium.
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mouth-lung geometry.
3.3. Droplet Deposistion Visulization

3.3.1. Surface Deposition with and without Evaporation
Figure 6A shows the surface deposition of MDI spray droplets with evaporation in different

regions. Considering the varying sizes of different regions and the inevitable blockage of certain
regions at any given direction, the surface deposition was shown individually for each region at its

best possible orientation.
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Figure 6. Comparison of surface deposition in the mouth-lung geometry: (A) with evaporation and

(B) without evaporation, with arrows highlighting the disparities in various regions.
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Significant discrepancies were noted in deposition distribution with and without evaporation
(Figs. 6A vs. 6B), especially in the MDI and mouth-throat regions. Firstly, evaporation not only
deposited more droplets in the MDI, but also elicited a more dispersive pattern, indicating an
elevated mixing between flows (nozzle jet and inspiration) and evaporating droplets. By contrast, the
MDI deposition in the absence of evaporation appeared more regular and its wedge-shaped profile
could be attributed to the cone-shaped spray plume within the MDI mouthpiece (Figure 6B). Similar
observations were also noted in the mouth (second panel, Figs. 6A vs. 6B). In contrast to the more
focused deposition without evaporation, including evaporation led to more dispersed deposition.
Thus, fewer droplets deposited in the front of the mouth (solid arrow, second panel, Figure 6A).
Droplets also entered the narrow spaces between the tongue and the lateral side (hollow arrow,
second panel, Figure 6A), which was absent when evaporation was excluded.

More dispersed deposition profiles were also found in the pharynx and larynx (third and fourth
panels), but with less significant levels. Considering the lung, which includes the tracheobronchial
(TB) region and five lobes, evaporation led to less global deposition, as well as less local accumulation
at the bifurcations (Figs. 6A vs, 6B); this was presumably attributed to the enhanced depletion of
droplets in the upstream mouth-throat region.

3.3.2. Deposition Enhancement Factor (DEF)

When plotted on the same scale, the DEF exhibit notably different patterns with vs. without
evaporation, regardless of the quantification method used. Evaporation caused more dispersive
patterns in the mouth, as demonstrated by the larger areas/content of hot spots in the mouth roof (top
view) and the tongue (bottom view) in Figure 7A.

A Count-based Mass-based Drug-hased
Evaporation

Latera

view

DEF

B Count-based
No evaporation
ator:

Figure 7. Comparison of DEF (deposition enhancement factor) with (A) and without (B) considering
droplet evaporation quantified using count-, mass-, and drug-based methods.

Considering the effect of quantification methods, very different patterns were observed between
the count-based DEF and the mass-/drug-based ones, with the count-based DEF having larger
magnitudes than those of the other two methods. The lower magnitudes of the mass-based or drug-
based DEF in the mouth-throat region are due to the high deposition rate in this region, compared to
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which all other regions have lower DF, leading to lower DEF values. The DEF patterns appear similar
(but not identical) between the mass-based and drug-based methods in the mouth-throat region (Figs.
7A and 7B). This is because the deposition rate, when calculated using these two methods, is close in
magnitude in the mouth-throat region. Note that the mass-based and drug-based DEF values can be
very different in the lower airways, but due to the non-planar, cascade-bifurcating architecture,
visualizing these differences is not straightforward. Quantitative comparisons of local or regional
droplet accumulation are needed, as will be presented in the following section.

3.4. Quantifciation of Regional Deposistion

3.4.1. Temporal Variation of DF (Deposition Fraction)

Figure 8 shows the temporal variation of deposition fraction (DF) after spray administration
based on the count, mass, and carried drug of applied sprays, with evaporating droplets in Figure
8A and non-evaporating droplets in Figure 8B. Different scales on the y-axis have been used for the
three quantitative methods so that, for a given method, the regional DFs can be best compared among
themselves. For instance, the y-axis maximal value is 50% for the count-based (Figure 8A), 84% for
the mass-based (Figure 8B), and 70% for the drug-based (Figure 8C).
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Figure 8. Regional deposition fraction (DF) vs. time for evaporating droplets based on different
dosimetry methods: (A) count-based, (B) mass-based, and (C) drug-based.

Significant fractions of administered spray droplets deposit in the mouth, regardless of the DF
quantification method (black solid line, Figs. 8A-C). However, the count-based DF is the lowest
(44.7%), the mass-based DF is the highest (78.1%), and the drug-based DF falls in between (56.5%).
This is reasonable because the droplets depositing in the mouth are mostly large in size, and thus
have larger masses (proportional to diameter cubed), leading to much a higher mass-based DF value
than the count-based DF in this region. The drug-based DF in the mouth is lower than the mass-based
counterpart. This is because evaporation is not yet complete, and the droplets in the mouth possess
a higher water-to-drug ratio than those in the downstream respiratory tract, where evaporation
continually depletes water.

Temporally, deposition in the mouth starts immediately after administration (Figure 9).
Deposition starts sequentially in the downstream airways, i.e., about 0.05 s in the larynx, 0.17 s in the
TB region, 0.19 s in the conducting lung (G2-G10), and 0.23 s in the small airways (G11 and beyond).
In comparison to evaporating droplets, similar patterns of DF variations, but with different
magnitudes, are observed for non-evaporating (or inert) particles (Figs. 8 vs. 9). which will be
examined further in the following sections. Moreover, for non-evaporating droplets, the mass-based
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and drug-based DFs are identical, as shown in Figs. 9B and 9C, due to the same drug concentration
in the spray solution before administration.
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Figure 9. Regional deposition fraction (DF) vs. time for inert droplets based on different dosimetry
methods: (A) count-based, (B) mass-based, and (C) drug-based.

3.4.2. Regional DF vs. Dosimetry Methods

To assess the effect of dosimetry methods (i.e., count-, mass-, and drug-based) on the MDI spray
delivery efficiency, the three DF values are compared side by side in Figure 10.
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Figure 10. Comparison of DFs based on droplet count, mass, and contained drug. A, B: with
evaporation, and C, D: without evaporation. A, C: all regions; B, D: upper and lower lungs.

Again, for evaporating droplets deposited in the mouth, the count-based DF is the lowest
(44.7%), followed by the drug-based (56.5%, or 26% relatively higher, from [56.5%-44.7%]/44.7% =
26%) and the mass-based (78.1%, or 75% relatively higher). An ascending trend is also observed in
the pharynx and larynx, but with a diminishing discrepancy.
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The trend reserves to be descending in the upper and lower lungs, where the count-based DF is
the highest while the mass-based DF is the lowest, characteristic of the deposition of smaller droplets
from a polydisperse aerosol. Moreover, the level of discrepancy relative to the count-based DF
increase drastically from the upper lung to the lower lung, indicating a significant increase in the
deposition of even smaller droplets in the lower lung due to evaporation. Take the LL (left-lower)
lobar DF as an example. In the upper lung, the count-, mass-, and drug-based DF is 3.0%, 1.4%, and
2.6%, respectively (Figure 10B); relative to the count-based DF, the mass-based DF decreases by 53%
and the drug-based decreases by 13%. By comparison, in the lower lung, the count-, mass-, and drug-
based DF is 12.9%, 1.0%, 7.9%, respectively (Figure 10B), representing a decrease of 92% for the mass-
based DF and 46% for the drug-based DF. This increasing level of discrepancy in small airways
highlights the need to use the appropriate methodology to quantify and report the delivery efficiency
of inhalers with evaporating droplets.

Considering the non-evaporating droplets, the mass- and drug-based DFs are identical, as noted
in Figure9. Furthermore, evaporation results in notable variations in the deposition across all regions
considered.

3 43 . DFMass/DFCount

To further evaluate the evaporation-induced variations in deposition, the ratio of mass-based
DF to count-based DF (i.e., DFmass/DFcount) was calculated for each region for both evaporating and
non-evaporating droplets. A large value of DFuass/DFcount indicates that more large droplets are
deposited; conversely, a small value of DFuass/DFcount indicates that predominately smaller droplets
deposit in this region. In Figure 114, it is observed that the DFmass/DFcount value progressively
decreases along the respiratory tract, consistent with the fact that larger droplets deposit in the larger
airway, leaving smaller droplets to deposit in the lower airways. The DFwmass/DFcount value begins to
fall below one in the TB region, indicating that the deposited droplet diameter is less than the mean

size.
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Figure 11. Comparison of DFwmass/DFcount ratios with and without evaporation: (A) across all regions,
and (B) in the upper and lower lobes of the lung.

In Figure 11A, the lower DFmass/DFcount value in the mouth for evaporating droplets than inert
particles reflect the rapid evaporation and size shrinking during spray releasing. On the other hand,
in the five lobes of the lower lung, the DFuass/DFcount values with evaporation are much smaller than
those without evaporation (Figure 11B), indicating that evaporation exerts a significant impact on the
doses delivered to the deep lungs.

3.4.4. Size Distribution of Deposited Droplets

Different colors were used for different groups of airways: black for MDI and mouth, brown for
pharynx and larynx, cyan for TB, pink for the five lung lobes with G2-G11 (dashed for lower lobes:
RL and LL), and green for the five lobes beyond G11 (Figure 12). For both cases, droplets deposited
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in the MDI have the largest average size, followed by, in descending order, the mouth, pharynx,
larynx, TB, the five lobes in the upper lung, and the five lobes in the lower lung (Figs. 12A and 12B).
Differences are also apparent between these two cases, with the average droplet size in each region
being smaller with evaporation than without. The size distribution of the droplets in the MDI without
evaporation is bi-modal with peaks at 24 um and 32 um, respectively, while those with evaporation
are mono-modal, with the peak at 18 um (Figure 12). This may partially explain the concentrated
deposition pattern for inert particles vs. the dispersed pattern for evaporating droplets, as shown
earlier in Figure 6 (surface deposition) and Figure 7 (DEF).
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Figure 12. Droplet size distributions at different regions: (A) with evaporation, and (B) without
evaporation.

Another difference is the size distribution of droplets that escape the mouth-lung region and
enter the lower lung (green lines). In comparison to the peak value of 8 um for inert particles (without
evaporation), the evaporating droplets exhibit a bi-modal profile, with the first peak at 2 um and the
second peak at 6 um. Moreover, the wider and higher size distribution profile of the evaporating
droplets is consistent with the enhanced doses in the deep lungs, as presented in Figure 10B.

4. Discussion

The integration of evaporation dynamics with deposition modeling offers insights into the
behavior and fate of an evaporating droplet, the factors influencing its behavior, and how these
factors affect the assessment of MDI performance, as discussed below.

4.1. Evaporation Effects

In this study, experimentally determined spray properties of an MDI were used as the
initial/boundary conditions, including the applied mass of 17 mg per actuation. We noticed that
evaporation occurs in the oropharyngeal airway quickly upon administration (Figure 5), with 70% of
the applied mass being evaporated at the end of administration (0.1 s). Evaporation continues
thereafter at a much lower rate and remains 10% after 1 s, reaching an equilibrium. These
observations are consistent with Figure 3, where both the temperature and relative humidity (RH) in
the oropharyngeal region are non-equilibrium, whereas they become equilibrium in the lung. The
inhaled airflow is cooler (22 °C) and drier (30% RH) than the body condition, creating a region
amendable for the high-speed, cold (10 °C), and saturated spray droplets to evaporate (Figure 3). Both
the inhaled air and injected droplets gradually warm up due to heat exchange with the airway tissue,
as demonstrated by the instantaneous temperature transition of the droplets during the
administration (0-0.1 s). At 0.3 s, the droplets reach the lung (Figure 4C). Their temperature also
reaches the body condition. Thus, an equilibrium between the droplets and airflow is attained,
deterring further evaporation.

Spray droplet evaporation in the oropharyngeal region significantly alters the behavior and fate
of these droplets. In Figs. 6 and 7, we observed very different patterns in surface deposition and
deposition enhancement factor (DEF) between cases with and without evaporation. While the most
visually apparent difference is noted in the mouth, significant differences also occur in the lower
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lung, which often is the primary target of MDI delivery. As shown in Figs. 9 and 10, the drug-based
deposition fraction (DF) was 20.5% with evaporation, in comparison to 3.4% without evaporation.
This is because evaporation significantly reduces the droplet size, shifting more droplets to the range
of 1-5 um and thus increasing the fine particle fraction (FPF). By contrast, the drug-based DF in the
mouth is 56.5% with evaporation, only slightly lower than that without evaporation (62.5%, Fig 10).

Also note that the final droplet size distribution in the lower lung exhibits a bimodal shape for
evaporating droplets, with the primary peak around 2 um and the second peak 6.5 um (green lines,
Figure 12A). Instead, a monomodal profile is observed for inert particles, with the peak around 7.5
pm (green lines in 12B). The proximity of the large droplet peaks between evaporating droplets and
inert particles indicates that these droplets are from the same monomodal distribution that has not
yet fully evaporated. A similar observation has been reported by Stein [24], who experimentally
measured the MDI droplet sizes in a cascade impactor that was preceded by either the U.S.
Pharmacopeial induction port (USP) or a large chamber. Stein [24] reported a bimodal profile after
the USP but a monomodal profile after the large chamber, leading to the speculation that large droplet
modes in the two cases were from the same original monomodal distribution, only that these large
droplets escaped the USP filtration and meanwhile did not fully evaporate. Stein [24] also
emphasized that the MDI droplet size distribution changed substantially during the measurement
process, which was sensitive to the degree of evaporation before measurement, rendering it highly
challenging to accurately characterize the evaporation process.

The observation that evaporation increased the fine particle fraction (1-5 um), thus enhancing
peripheral doses, has favorable implications in MDI delivery. By carefully selecting propellant and
solvent, formulations can be designed with specific evaporation profiles tailored to target specific
regions of the lung. For instance, Hindle and Longest leveraged the enhanced condensation growth
to reduce drug losses in the mouth-throat region and increase the retention in the small airways [58].
Similarly, Saleem and Smyth utilized cosolvents and surfactants to tune MDI aerosol size distribution
to the desired range [59].

4.2. Dosimetry Methods: Count-, Mass-, Drug-Based

The results of this study demonstrate that the deposition fraction (DF) magnitude can be highly
sensitive to the dosimetry method (count-based, mass-based, or drug-based). In the lower lung, the
count-based DF (33.9%) and mass-based DF (2.4%) deferred by more than one order of magnitude,
while the drug-based DF fell between them (20.5%), as shown in Figure 9. The DF sensitivity to
dosimetry method is lower in the upper lung, with the DF being 7.8% count-based, 3.6% mass-based,
and 6.8% drug-based for evaporating droplets (Figure 9A). Because the droplets deposited in the
lungs are the smallest of the aerosol, their count-based DF is always higher than the mass-based DF
in these regions (due to lower mass per droplet count).

Also, the DF sensitivity to the dosimetry method depends on the region of interest. The DF
difference among the three methods is the lowest in the tracheobronchial (TB) region, but starts to
increase in the larynx, pharynx, and mouth. This is because larger droplets deposit in the upper
airway and smaller droplets deposit in the small airways, with average-sized droplets depositing in
the TB region, as depicted by the regional size distributions in Figure 12.

Collectively, we observed high DF sensitivity to the dosimetry method in the two ends: the
oropharyngeal region (wasted dose) and the peripheral airways (effective dose). This highlights the
need to use the appropriate method to quantify the delivery efficiency of evaporating droplets.
Previous predictive dosimetry studies often adopted a monodisperse aerosol and calculated the DF
as the ratio of the number of deposited particles over the number of administered particles, as shown
in Eqn. 10a. This practice, however, is only valid when the aerosol has a very narrow range and is
non-evaporating [33]. If the aerosol consists of volatile components or is hygroscopic in nature, the
subsequent mass change of the aerosol particles due to evaporation or condensation will change not
only their trajectories and deposition sites but also the drug concentrations within them. For MDI
formulations, which have initially homogeneous concentrations of nonvolatile drugs within volatile
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solvents, evaporation needs to be considered to accurately capture the droplets deposited in the
pulmonary region, and the drug-based method should be used to report the deposited doses.

5. Conclusions

A computational model was developed and validated that integrated aerosol evaporation
dynamics and mouth-lung dosimetry. Experimentally determined spray speed, mass, and size
distribution of an MDI were implemented as the initial/boundary conditions. Specific findings were
listed below:

1. Evaporation occurs quickly upon administration, with 70% of applied mass being evaporated at
the end of administration (0.1 s).

2. The value of regional deposition fraction (DF) is highly sensitive to the dosimetry methods
(count-based, mass-based, or drug-based).

3. The mass-based over count-based DF ratio in the lower lung was 0.07 for evaporating droplets
and 0.21 for inert particles. By contrast, the ratio in the MDI was 2.3 for evaporating droplets and
4.7 for inert particles.

4. Compared to the non-evaporation case, the drug-based DF with evaporation slightly decreased
(from 62.5% to 56.5%) in the mouth but significantly increased (from 3.4% to 20.5%) in the lower
lung.

5. Evaporation significantly shifted the droplet size distribution in the lower lung lobes from a
monomodal profile to a bimodal profile.

6. Droplet evaporation and drug-based DF are recommended for numerical assessment of MDI
performance in pulmonary drug delivery.
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