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Abstract: Even though inhalation dosimetry is determined by three factors (i.e., breathing, aerosols,
and the respiratory tract), the first two categories have been more widely studied than the last. Both
breathing and aerosols are quantitative variables that can be easily changed, while respiratory
airway morphologies are difficult to reconstruct, modify, and quantify. Despite several methods are
available for model reconstruction and modification, developing an anatomically accurate airway
model and morphing it to various physiological conditions remains labor-intensive and technically
challenging. The objective of this study is to explore the feasibility of using an adjoint-CFD model
to understand airway shape effects on vapor deposition and control vapor flux into the lung. A
mouth-throat model was used, with the shape of the mouth and tongue being automatically varied
via adjoint morphing, and the vapor transport being simulated using ANSYS Fluent coupled with
a wall absorption model. Two chemicals with varying adsorption rates, Acetaldehyde and Benzene,
were considered, which exhibited large differences in dosimetry sensitivity to airway shapes. For
both chemicals, large shape deformations were explored to find the maximal possible morphing;
both the maximal and intermediate deformations were simulated for morphology parametric
studies. Results show that changing the mouth-tongue shape can alter the oral filtration by 3.2% for
Acetaldehyde and 0.27% for Benzene under a given inhalation condition. This study demonstrates
that the hybrid adjoint-CFD approach can be a practical and efficient method to investigate
morphology-associated variability in inhalation dosimetry of vapors and nanomedicines.

Keywords: morphological effect; adjoint solver; shape sensitivity; computational fluid dynamics
(CFD); mucus-tissue layer; vapor transport; wall absorption; Acetaldehyde; Benzene

1. Introduction

Respiratory morphology is a key component in predicting pulmonary drug delivery [1]. In
contrast to extensive studies on aerosol properties (device and formulations) and breathing
conditions (patients and delivery methods), studies of the effects of the respiratory tract and
variability are scarce. Generating anatomically accurate airway models is still challenging and time-
consuming. It is more challenging to generate representative airway models specific to different ages,
genders, races, and diseases [2]. Furthermore, the respiratory tract is multiscale, from nose-mouth-
throat, tracheobronchial, central airway, down to submicron alveoli [3]. The smaller the airway, the
more difficult it is to reconstruct from images. The respiratory tract is compliant and can be dynamic
during drug delivery. The drug aerosol transport and deposition involve multiple physics, including
inertial impaction, diffusion, and sedimentation. Particle transport and deposition are highly
sensitive to anatomical details, such as airway curvature, and disease-induced airway remodeling.
Interactions between airway morphology and other factors (aerosols, breathing, etc.) can also be
important [4].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Current methods to generate respiratory airway models include computer-aided design (CAD),
segmentation of medical images, and algorithm-based morphing [5]. The CAD-based approaches
historically include Gambit and SolidWorks to generate new geometries, and HyperMorph, MAYA,
and/or Blender to modify existing geometries [6]. Zhao et al. [7] and Talaat et al. [8] used user-defined
functions (UDFs) to control the opening/closing of the glottis and expansion-contraction of the alveoli
following the tidal breathing waveforms. Wang et al. [9] used a multi-point approach in MAYA to
control the boundary motions such as the uvula flapping. Similar methods have also been applied in
hydrodynamics of fish fins and aerodynamics of insect wings [10,11]. The segmentation method used
computed tomography (CT) scans and magnetic resonance imaging (MRI) scans to reconstruct
anatomically accurate, patient-specific airway models [12]. With quick advances in both imaging and
segmentation techniques, this approach has become mainstream in airway model development in
recent years, starting from relatively simple geometries such as the trachea to increasingly more
sophisticated structures such as the nose and deep lungs [13-17]. Image segmentation has also been
used to develop respiratory airway models in other species, with an emphasis on lab animals like
mice, rats, rabbits, dogs, and monkeys to decrease animal usage [18-24]. However, this approach has
been limited by ethical issues, low image resolutions, and data availability to meaningfully study the
shape variation effects [25,26].

Tongue variability among subjects during inhalation drug delivery: The tongue position can
significantly affect the upper airway geometry and airflow dynamics during inhalation, which is
crucial for effective drug delivery to the lungs [27]. The variability in tongue position among subjects
during inhalation drug delivery can be attributed to several factors. First, the size, shape, and position
of the tongue, as well as the dimensions of the oral cavity, vary considerably among individuals.
These anatomical differences can lead to differences in tongue positioning during inhalation. Second,
breathing patterns, such as nasal vs. oronasal or shallow vs. deep breathing, can influence the tongue
position. The coordination of the muscles involved in breathing maneuvers, including the
genioglossus, hyoglossus, and styloglossus muscles, can vary among individuals and activities.
Third, the posture and head position during drug delivery can also affect the positioning of the
tongue and the pharyngeal morphology [28]. Other factors contributing to tongue position variability
include age, health (e.g., obesity), medical condition (e.g., obstructive sleep apnea), medication use
(e.g., sedatives or muscle relaxants), and inhalation devices (DPI, MDI, and nebulizer) [29-31]. The
variability in tongue position can impact the airflow patterns, particle deposition, and overall
effectiveness of inhaled drug delivery [32]. Considering this variability is key to optimizing
inhalation drug delivery techniques and devices to ensure consistent and efficient delivery to the
targets within the respiratory tract.

The adjoint solver was proposed in the 1970s in the field of aerodynamics, particularly in the
context of aircraft design optimization [33]. The adjoint method has the advantage of efficiently
computing the system performance with respect to shape design variables. Its earliest applications
involved the design optimization of transonic airfoils and wings. By using the adjoint solver,
researchers could efficiently compute the sensitivity of aerodynamic quantities (such as drag or lift)
to changes in the shape of the airfoil or wing. This information was then used in optimization
algorithms to iteratively modify the shape and improve the aerodynamic performance [34,35]. Since
its inception, the adjoint solver has found applications in various other fields, including structural
optimization, inverse design problems, shape optimization, and multiphase flows [36-39]. Note that
the observables in the adjoint solver requires field variables, such as velocity, pressure, and
temperature to compute the adjoint sensitivity, thus precluding its usage in simulations of inhalation
drug delivery, where aerosols were often considered as the discrete phase [40]. One exception is when
aerosols are treated as the chemical species or probability density, the concentration or probability
are field variables, and thus can be used to construct design observables for adjoint sensitivity
calculation and shape optimization.

The objective of this study is to evaluate the feasibility of using adjoint solver to study the
morphology sensitivity to inhalation dosimetry of inhaled vapor or nanomedicine to the mouth-
tongue morphology. A CFD with wall adsorption (physiology-based pharmacokinetics, PBPK) was
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employed and two chemical species, Acetaldehyde and Benzene, were considered. Specific aims
included:

1. Develop an adjoint-based CFD-PBPK model for vapors and nanomedicines.

2. Evaluate the sensitivity of the filtration efficiency to the airway shape.

3. Optimize the airway shape for prescribed species-specific filtration efficiencies.

2. Methods

2.1. Study Design

An adjoint-CFD solver used in this study consists of three components: a flow solver, an adjoint
solver, and morphing, which is followed by an optimization loop (Figure 1). The flow solver
simulates the flow/vapor fields in the upper airway based on inputs and computes the objective
function or observable (exiting vapor flux). The adjoint equations solve for shape sensitivity and
modify the geometry according to a prescribed target for the observable. The updated observable is
compared to the target, and the above process will continue until the target is reached.
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Figure 1. The adjoint-CFD solver with three phases: flow solution, adjoint solution, and design.

A mouth-tongue-throat model that had been previously developed in [41] was used to evaluate
the airway morphological impacts on inhalation dosimetry (Figures 2a&Db). Specifically, the effects of
tongue shape and position on vapor filtration were investigated using the adjoint method. To study
the vapor filtration at different tongue positions, the observable in the adjoint equation was defined
as the surface integral of the vapor concentration at the tracheal outlet (i.e., the exiting mass flux).
Adjoint outputs include shape sensitivity and normal displacement. Due to the large range of
sensitivity variation, the shape sensitivity magnitude at the log10 scale was adopted to visualize the
sensitivity on the surface.

Automatic airway remodeling was realized was obtained by morphing mesh according to the
calculated adjoint sensitivities and targeted optimization. Controls included zone selection, objective,
design constraints, region, smoothness, and a number of optimizations. Polynomial interpolation
method for defining new surface shapes based on the existing surface of the mouth and tongue. The
optimization was carried out using the gradient-based optimizer. To evalaute the applicability and
robustness of the adjoint solver, the airway geometry was modified until the resultant geometry was
anatomically unrealistic or the computational mesh became unrepairable from negative cells.

To study the effects of different chemicals, two vapors, Acetaldehyde and Benzene, were
considered in this study for their similar diffusivities but different solubility in liquids [42,43]. Both
computional and analytical methods to study the transport and absorption of inhaled chemicals. To
consider the differences between chemicals, an analytical wall boundary condition was developed at
the air-mucus interface that included the solubilities and diffusivities in different media, as well as
the thicknesses of the media.
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Figure 2. Models: (a) geometry model of mouth-tongue throat, (b) computational mesh, and (3) mass
transfer at the airway wall with mucus, tissue, and blood.

2.2. Airflow and Vapor Transport

Airflows were assumed to be isothermal and incompressible. The Low Reynolds number (LRN)
k- model was used to simulate respiratory airflow and vapor transport in the airway [44,45]. The
LRN k-w model has also been well validated to capture turbulent and transitional flows that featured
human respirations [46—48]. The governing equations are [45],

Ou, Ou, _ Ou, lop 0 ou, Ou,
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here u; is the airflow velocity components (i = 1, 2, and 3), v is the viscosity, k is turbulent kinetic

energy and w is the specific dissipation rate (w),
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where T ij is the shear stress tensor [45]. The mass transport of the Chemical concentration (c) in the

airflow and liquid are governed by diffusion and/or convection, which are expressed below,
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here D is the Chemical diffusivity in the medium and ScT is the Schmidt number (0.9).

2.2. Boundary Conditions at Air-Mucus Interface

Particles readily adhere to sticky airway surfaces upon contact, whereas vapors do not deposit
or absorb entirely due to their finite solubility. The absorption of vapors from the air into another
medium is governed by various factors, including solubility, diffusivity, and reactivity in both phases.
These parameters are specific to the materials involved and must be determined through
experimental investigations [49]. This study does not account for any chemical reactions. In steady-
flow conditions, the rate of mass transfer per unit area (mass flux, 711 ) occurring at the air-liquid
interface can be expressed as follows [50],
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Here Ds, Dw, D: are the avopr diffusivitiesin air, mucus, and tissue, ds represents the distance between
the near-wall cell center and the interface, while th denotes the thickness of the liquid layer, as
illustrated in Figure 2c. Due to the differences in chemical solubilities in air and liquid, there exists a
discontinuity in the vapor concentration across the interface. This can be expressed as Cimo= AmiCam,
where Am is the air-mucus partition factor for the chemical. Based on the above equations, the
chemical concentration at the interface in the air phase can be calculated as,

1 b ,.2,D D

CH ) _ Cu i : K -t ma’ tm m t (6)
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The transport properties of Acetaldehyde and Benzene are listed in Table 1 [50]. For a given
medium, their diffusivities do not differ much. However, their partition factors are significantly
different, with Acetaldehyde being two orders of magnitude higher than Benzene at the air-mucus
interface, while being one order of magnitude lower than Benzene at the mucus-tissue interface
(Table 1). Putting all transport parameters into eqn. 6, the kappa K was 117.73 for Acetaldehyde and
9.42 for Benzene. A user-defined function (UDF) was developed to account for the airway wall vapor
concentration for different chemicals [50].

Table 1. Trasport properties of chemical vaoprs.

Dy (cm?/s) Ama D (cm’/s) Atm D: (cm?/s)
Acetaldehyde 8.0x1072 3.2x10? 8.0x106 5.9x10"! 2.64x10°
Benzene 8.8x1072 4.4 9.8x10°° 4.1 3.23x10°

2.2. Adjoint State Euqation

The adjoint equations for fluid flows are derived from introducing adjoint variables into the
Navier-Stokes equations [51-54]. These adjoint variables represent the sensitivity of a specific
objective function, or observable to changes in the design variables, such as shape or material
properties). Note that the boundaries, () determined the shape. The flow solution ¢ with inputs ¢ can

be expressed as zero residuals of the Navier-Stokes equations, i.e., R, (g (¢)ic ) =0. For an observable
J (g ( c ); c ), which is a function of both the inputs and flow solution, the adjoint sensitivities can be
expressed as,

d]_ﬂ[a_J+~T8_RJ+8J R

= = + -
e de q @)

dq — 0q @—ag

Here, QT is the adjoint solution variables, such that,

T T
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Thus, the adjoint sensitivity equation (7) was reduced to a linear problem,

d_J—a_J+~Ta_R 8

The above equation was assessed at every mesh point within the computational model. When
considering shape sensitivity, the computational mesh (x, y, z) serves as the input vector. The term
on the left-hand side represents the overall sensitivity of J. The initial term on the right-hand side is
the variation of ] with respect to x, y, z at a given mesh node, while the second term is the change of
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J due to the flow solution. Note that &/ / 6c and OR / Oc are computed using expressions derived from

the definitions of the observables and the CFD discretized equations, respectively. The adjoint
method makes it practical to compute the shape derivative in large-scale optimization. The algebraic
multigrid (AMG) iterative approach is used to compute an approximate solution to the above
equation [55].

2.4. Numerical Methods

ANYSYS Fluent (Canonsburg, PA) was implemented to simulate the steady airflows within the
upper airway at 30 L/min. The transport and absorption of inhaled chemical vapors were simulated
by means of user defined scalers (UDS). The vapor concentration on the airway walls was considered
using a user-defined function. Zero vapor mass flux was specified at the tracheal outlet. Space
discretization of second-order accuracy was implemented for all transport equations. ANSYS ICEM
CFD (Canonsburg, PA) was utilized to generate computational mesh (Figure 2b). Grid-independent
studies were performed following Xi et al. [56]. Five mesh finnesses (0.6-2.6 million cells) were tested
and the grid-independnet results were estalished at 1.8 million cells, which was used for vapor
transport/absorption in this study (Figure 2b). A normalized residual of 1x10 was used for flow
continuity and 1x10-'8 for UDS.

Discrete adjoint equations were used in this study, which discretized the flow solver first and
then discretized the adjoint equation on the same mesh. In this manner, better accuracy of CFD
solutions can be obtained, especially for the turbulence problem [57]. Similar to the flow solver, the
least square cell-based approach was selected for gradient, standard approach for pressure, and
second order upwind differencing for momentum. The dissipation suppression scheme was used for
stabilization.

Airway remodeling was realized by morphing the mesh according to the calculated design
change. Polynomial interpolation methods were used to define new surface shapes. Before mesh
morphing, the recommended modified geometry was previewed relative to the original mesh to
ensure its physical reasonability. The design space (i.e., region) enclosed the oral cavity (mouth and
tongue). Mobile motion and symmetric plane were enabled for x, y, z directions to allow for
deformation in all directions. A residual of 1e-6 was used for adjoint continuity and 1e-18 for adjoint
UDS.

3. Results

3.1. Control Cases

Figure 3 shows the vapor concentration fields within the airway, as well as the vapor
concentration on the airway surface. Both chemicals show a decrease in concentration along the
airway, exhibited by the tapering red zone in the mid-sagittal planes. However, Acetaldehyde
decreases at a higher rate and thus has a higher absorption rate than Benzene. This is consistent with
the higher solubility of Acetaldehyde in mucus (Table 1). Due to the higher wall absorption rate and
quicker depletion, the concentration of Acetaldehyde on the wall is much lower than that of Benzene.
It is also clear that the Acetaldehyde gradient for Acetaldehyde is larger. In addition, the
Acetaldehyde concentration field appears more heterogeneous, indicating a higher sensitivity to local
flows and anatomical details.
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Figure 3. Vapor concentration in the core flows and on the wall surfaces for (a) acetaldehyde and (b)
benzene. Different concentration ranges were used to highlight the concentration variation.
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Figure 4 shows the adjoint sensitivity relative to the mouth-tongue morphology at log10 scale.
Overall, larger shape sensitivity magnitudes are observed for Acetaldehyde than Benzene (Figures
4a vs. 4b). The sensitivity distributions are highly heterogeneous. Locally, higher sensitivities are
observed at the mouth inlet, tongue (bottom view), and throat, while low sensitivities are observed
at the lateral oral cavity and mouth roof (top view). The statistics of the shape sensitivities over the
entire airway are shown as histograms in the right panels of Figures 4a and 4b, for Acetaldehyde and
Benzene, respectively, both of which exhibit an approximate normal distribution.
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Figure 4. Adjoint shape sensitivity at log10 scale: (a) Acetaldehyde, and (b) Benzene.

3.2. Adjoint-Modified Aiway Models with varying Observale Targets

Figure 5 shows the modified mouth-tongue morphologies (red) specific to a target variation in
the observable in comparison to the control (green). The first row shows the mouth roof (top view),
the second row shows the tongue (bottom view), and the third row shows the lateral view of the oral
cavity. Recall that the observable, which must be a field variable, is defined as the surface integral of
the vapor concentration at the tracheal outlet, being equivalent to the mass flux escaping the filtration
by the upper airway and entering the lung. The cases of decreasing the exiting mass flux by 1.2% (i.e.,
-1.2%) or increasing by 2% (i.e., +2%) are those with successful geometry/mesh modifications. Targets
beyond this range for Acetaldehyde exit mass flux (i.e., -1.2 ~ +2%) have led to failed mesh with
negative cell volumes. Likewise, the adjoint solutions for Benzene with exiting mass flux are limited
to -0.12% to +0.15%, indicating a small design space to control Benzene uptake, as well as a smaller
dosimetry variability for Benzene than Acetaldehyde.
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Figure 5. Comparison between original and adjoint-modified airway models with four different
observable targets in terms of 3D morphology and dimension variation: (a) Acetaldehyde, and (b)
Benzene.

The lower panels of Figure 5 compare the variation in morphological dimensions (area and
volume) among the four models with different observable targets. Increasing the oral cavity
volume/surface area decreases the exiting mass flux for both chemicals. This decrease may result
from a longer residence time to interact with the wall or a larger surface area for absorption.
Moreover, the volume varies at a much higher ratio than the surface area (lower panels, Figure 5).
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Figure 6. Comparison of the 2D contours between original and adjoint-modified airway geometries
with four different observable targets: (a) Acetaldehyde, and (b) Benzene.

The four shape variants for Acetaldehyde and Benzene are further shown in Figure 6 in 2D plots
with the mid-sagittal plane and two coronal slides. The filled gray represents the control case, while
the red line represents the adjoint-morphed geometry. Two observations are notable. First, Slice 1
experienced limited morphing for all cases considered, while Slice 2 underwent drastic changes,
particularly with the target of increasing mass flux exiting the upper airway. In particular, the case
that increased the exiting concentration of Acetaldehyde by 2% (+2% for short) resulted in severe
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constriction in the back oral cavity (right panel, Figure 6a). This geometry was deformed to a level
that was likely beyond the physiological feasibility. Second, the geometrical variation patterns appear
similar between Acetaldehyde and Benzene for any of the first three columns (i.e., Acetaldehyde: -
1.2% vs. Benzene: -0.12%, Figure 6). Considering that the geometry modification is determined by
adjoint sensibility and target observables, this similarity indicates the overall alikeness in adjoint-
determined shape normal sensitivity between Acetaldehyde and Benzene, in addition to the local
discrepancies as shown in Figure 5.

3.3. Flow Fields in Adjoint-Modified Airway Models

The velocity fields in the adjoint-morphed oral airways from the Acetaldehyde control case are
shown in Figure 7. Different color codes are used for the coronal and sagittal planes, reflective of their
large differences in velocity ranges. Because the sagittal plane cuts through the main flow, while the
coronal slices cut through the transverse secondary flows, the velocity range is 0-3 m/s for the sagittal
plane and 0-1 m/s for the two coronal slices.

(a) -1.2% (b) -0.6% (c) Control (d) +1% (e) +2%

Coronal

2 2

i lice 1
Slice 1 Slice 1 ‘g":/:) y Sfee 25 Slice 1
’ 2.0
“os s
B 1.0
slice 2 Slice 2 0.4 Slice 2 0.5 Slice 2 Slice 2
0.2 0.0

Figure 7. Airflow fields in modified airway models with different targets in Acetaldehyde exit mass
flux: (a) -1.2%, (b) -0.6%, (c) control, (d) +1%, and (e) +2%.

Clear differences exist among the five models in both the mid-sagittal plane and the two coronal
slices. From Figures 7a to 7e, the exit mass flux of Acetaldehyde progressively increases. The oral
cavity becomes increasingly constricted at the back, accelerating airflow in the oropharyngeal region
(blue arrow). At the same time, the core flow intensity constantly increases because of a gradual
airway constriction, as indicated by the red-color zone in Slice 2. The flow dynamics in the modified
geometries with Benzene are similar and are thus not presented.

Figure 8 shows the vortex structures in terms of Q-criterion within the airway, as well as two
coronal slices. Note that the 3D iso-surfaces of the Q-criterion are colored by velocity, while the cross-
sectional contour in the two coronal slices is colored by the Q-criterion per se in the range from -4000
to 4000. In the most constricted case (i.e., +2%), the cortices are significantly intensified in the
oropharyngeal region than the other three due to the high flow speed. Comparing the Q-contour in
the coronal slices, vorticity pairs are noted in the two larger oral cavities (i.e., -1.2% and -0.6% in
Figures 8a and 8b), particularly in Slice 2. These vortices may increase the residence time of the vapor,
increasing its chance of being absorbed by the mucus.
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(a) 0.6% (b) Control (c) +1% (d) +2%

Figure 8. Iso-surfaces of Q-criterion in modified airway models with different targets in Acetaldehyde
exit mass flux: (a) -1.2%, (b) -0.6%, (c) control, (d) +1%, and (e) +2%.

3.4. Vapor Transport and Wall Concentration in Adjoint-Modified Airway Models

The vapor transport in the modified oral airways is shown in Figure 9 in four models, whose
exit mass flux increases from the left (i.e., -1.2%) to the right (+2%). Considering Acetaldehyde in
Figure 9a, a high concentration of Acetaldehyde enters the mouth and tapers off due to diffusion,
advection, and wall absorption. Dispersions are apparent in the oral cavity, which is featured by an
abrupt expansion after the mouth opening. The secondary flows divert the Acetaldehyde vapor
laterally toward the cheeks, further diluting the vapor concentration. However, the adjoint-morphed
geometries from the left to the right successfully delayed the tapering process and prolonged the
penetration depth of the vapor.
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Figure 9. Vapor transport in modified airway models with different targets for the exit mass flux

Slice 1

relative to the control case: (a) Acetaldehyde, and (b) Benzene.

Considering Benzene (Figure 9b), very different patterns and magnitudes from those of
Acetaldehyde are observed in both the midsagittal plane and two coronal slices. Note that the color
code is 0.0470-0.0495 for Benzene, which is much higher than that of Acetaldehyde, 0.040-0.045
(Figures 9b vs. 9a). When comparing the vapor pattern from left to right, the modified geometries
progressively increase the vapor penetration depth. However, due to its relatively low absorption
rate, the vapor concentration is consistently higher than that in Figure 9a. The gradient of Benzene
concentration is lower, as indicated by the continuous, similar colors in the near-wall region, in
contrast to the drastic color transition from red to blue for Acetaldehyde (Figure 9a).

Vapor concentrations on the airway wall are shown in Figure 10 in four modified airway
geometries with increasing exit mass fluxes. Again, the oral cavity becomes narrower and more
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constricted in the models from the left to the right. Simultaneously, the shape of the mouth roof and
tongue evolve, appearing to be more irregular from the case of “-1.2%"” to “+2%”. The vapor
concentration on the lateral oral cavity (blue arrow, Figure 10a) is apparently higher at the “+2%”
case than the cases of “-1.2%"” and “-0.6%", which constitutes a lower concentration gradient and thus
a lower absorption rate (Figure 10a). Considering the top view (mouth roof), the wall concentration
on the back mouth increases, thus reducing the vapor concentration gradient and slowing vapor
absorption. Similarly, the high-concentration zone on the tongue (bottom view) shifts from the front
to the back, slowing the absorption-induced vapor depletion.
Bottom View
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Figure 10. Vapor concentration distributions on the wall surfaces in modified airway models: (a)
Acetaldehyde, and (b) Benzene.

@

Large differences exist in the wall vapor concentration between Benzene and acetaldehyde, as
evidenced by the overall red color in Figure 10b vs. the greenish yellow in Figure 10a. The color code
in Figure 10b ranges from 0.040 to 0.049, which is significantly higher than that of 0.011-0.044 in
Figure 10a, especially for the lower end. Comparing the four cases in Figure 10b reveals that
modifying the oral cavity with a similar magnitude as in Figure 9a generates a much smaller change
in the wall vapor concentration, limiting the potential to effectively reduce vapor absorption. For
Benzene (Figure 10b), the region with the most vapor concentration change is the lateral oral cavity
or the lumen between the teeth and check (white arrow).

Figure 11 examines the correlation between the flow resistance and observable in adjoint-
modified airway models with different target observables. Again, Acetaldehyde shows a higher
sensitivity to pressure drop than Benzene (Figures 11a vs. 11b), consistent with the observations in
Figures 9 and 10. Also, the potential for vapor uptake control through varying flow resistance is much
smaller for Benzene than for Acetaldehyde (Figure 11c).
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Figure 11. Correlation between flow resistance and observable: (a) Acetaldehyde, (b) Benzene, and (c)
pressure drop vs. observable.

4. Discussion

In this study, we explored the adjoint-CFD approach in studying the effects of mouth-tongue
shape on the dosimetry of orally inhaled vapors. A practical method to study the influences of
morphological variations on aerosol transport and deposition can open a new door to understanding
drug bioavailability and bioequivalence among different subjects and between health and disease
[58-61]. Despite large intersubject and intrasubject variability in respiratory anatomy, their effects on
inhalation dosimetry have been historically less studied than other parameters, such as the flow rate
and particle size. This has been attributed to challenges in varying the airway morphology while still
keeping it physiologically realistic and representative. The results of this study demonstrate that the
adjoint solver can provide a practical approach to examining the impacts of morphological factors.
The adjoint sensitivity identified the most important factors affecting the vapor dosimetry, allowing
exploration of mouth-tongue shape variations to minimize or maximize the vapor uptake in the
upper airway (Figures 9-11). Instead of remodeling the airway geometry and solving the problem
multiple times, the adjoint solver computes the observable gradient with respect to mesh points
(shape sensitivity) by solving an additional set of equations (adjoint equations) only once. The
structural modification can be a consequence of node displacements in a specific domain for a
prescribed observable target, as shown in Figures 4-6). This makes the adjoint solver particularly
powerful for inhalation dosimetry predictions, where the airway variability is tremendous,
significantly reducing the computational cost compared to sensitivity analysis with individually
modified airway models. Furthermore, detailed mechanisms for transport and deposition can also be
explored after shape morphing by examining the shape variations and subsequent variations in
flow/vapor dynamics (Figures 7-9)

Due to the automatic morphing capacity, this approach can be more user-friendly than other
morphing methods based on CAD, image segmentation, mathematical algorithms (e.g., statistical
shape modeling), or manual remodeling (e.g., Hypermesh, MAYA, Blender) [62]. Note that the
statistical shape modeling needs a training database of airway shape models, which are difficult to
obtain per se, let alone consistent shapes with desired variability. The HyperMorph modifies a shape
by enclosing the region using a lattice and moving individual lattice points [63]. Even though it
provides controlled shape remodeling, HyperMorph is labor-intensive and can generate unrealistic
or unintended shapes due to the spline function [64]. By comparison, the adjoint solver does not need
a training dataset and is automatic and controllable. It is also noted that the adjoint solver is
optimization-orientated with a final output of static, optimized shapes; it is not suitable for dynamic
shape variations as seen in fluid-structure interactions [65-67].

This study can be further improved by enhancing several simplifications, such as steady flow,
oral airway only, rigid wall, and single observable. Inhalation dosimetry of chemical vapors and
nanomedicines is sensitive to breathing maneuvers and can vary in different regions of the
respiratory tract. An airway model extending beyond the oral airway can provide more realistic
predictions of pulmonary dosimetry of orally inhaled aerosols. Including more bifurcations of the
lung can even provide local or regional dosimetry in the lungs per se, providing granular information
on bioavailability. Formulating and solving adjoint equations can be mathematically complex, and
adapting existing simulation codes to include adjoint solvers can be challenging. Recall that the
adjoint solver must use instantaneous field variables to constitute the observables (or objective
function) for optimization. As a result, only a limited number of field variables are available, like
pressure, velocity, temperature, and chemical species in the latest Fluent 23. Many field variables, as
well as all discrete-phase variables, are still not available to be used for optimization. The level of
geometry remodeling is also limited and susceptible to negative cells. In this study, the feasible
control of the exiting mass flux is limited to “-1.2 — 2%” for Acetaldehyde and is even one order of
magnitude lower for Benzene, “-0.12 — 1.5%, as shown in Figures 4&5.
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5. Conclusions

In summary, the hybrid adjoint-CFD model with a wall absorption model was demonstrated to
provide a practical approach to explore mouth-tongue shape effects on vapor deposition. Similar
efforts can be extended to other respiratory tract regions or the same region between health and
disease or among different groups. The adjoint shape sensitivity analysis and optimization are
significantly more efficient than conventional parametric analysis methods. However, at this stage,
only continuous field variables can be used to constitute design observables to calculate the adjoint
shape sensitivity; thus, the adjoint-CFD method is still infeasible for dosimetry control of discrete

phase particles.
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