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ABSTRACT

Assessing the risk or benefit of an inhaled substance is challenging due to the variety of forms it can take (gas, vapor, particle,
or droplet) and the complex biological processes involved in its uptake and retention. Physiologically based kinetic (PBK) models
offer an alternative to in vivo experiments. However, PBK models for inhalational uptake are to date either designed for gases/
vapors or airborne particulates, often with only low regional compartmentalization. The here-presented, newly developed model
combines both applications. Its mechanisms are an amalgamation of PBK and non-PBK models integrated into a multicom-
partmental description of the human lung to include the relevant uptake and clearance processes in the different lung regions,
of which macrophage-mediated dissolution is novel to PBK modeling. The model was designed to use a minimal number of
substance-specific input parameters, which can be derived from in vitro assays or in silico methods. Model predictions for hy-
pothetical substances with varying physicochemical properties were performed, along with rudimentary sensitivity analyses to
identify the most important parameters for gases/vapors and particles. This novel PBK model combines all these aspects and
provides in silico predictions of systemic and local lung concentrations, reducing uncertainty in risk assessments and supporting
drug development. It serves as a valuable tool to translate nominal ambient air doses into effective localized doses within the
lung.

1 | Introduction modeling can refine these default assumptions, offering a more
accurate prediction of substance bioavailability.

The lung is the major portal of entry for gases, vapors, and air-

borne particles. It is consequently an organ with a complex anat-
omy and physiology. The nominal dose of an inhaled substance
(i.e., ambient air concentration) is, for that reason, an insufficient
metric to assess adverse or beneficial responses. Understanding
the actual or effective dose within the lung is therefore critical
for toxicologists and pharmacologists. However, direct in vivo
measurements are often inaccessible. Instead, assumptions,
such as full absorption of chemicals in the respiratory tract, are
used for chemical hazard assessments when substance-specific
data are unavailable [1]. Physiologically based kinetic (PBK)

PBK models are mathematical frameworks that simulate the
distribution of substances within an organism. These models
divide the body into interconnected compartments represent-
ing different tissues and incorporate ADME processes (ab-
sorption, distribution, metabolism, excretion). Required input
parameters can be categorized as physiological (e.g., tissue vol-
umes, blood flows), chemical-specific (physico- and biochem-
ical properties), and exposure-related. QIVIVE (quantitative
in vitro to in vivo) PBK models are “bottom-up” models which
use ADME data derived from in vitro and in silico approaches,
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Study Highlights

« What is the current knowledge on the topic?

o Existing PBK models for inhalational uptake are
typically specific to gases, vapors, or particles, with
limited regional lung compartmentalization. Most
models focus on predicting systemic concentra-
tions, often neglecting localized lung dynamics and
mechanisms like macrophage-mediated particle
dissolution.

« What question did this study address?

o How can a unified PBK model predict inhalational
uptake, retention, and systemic distribution of gases,
vapors, and particles, considering lung compartmen-
talization and diverse physicochemical properties?

« What does this study add to our knowledge?

o This study presents a comprehensive PBK model
incorporating multiple lung compartments to
simulate uptake, retention, and clearance mecha-
nisms including longitudinal diffusion and novel
macrophage-mediated particle dissolution. It in-
tegrates parameters obtainable through NAMs,
enabling systemic and localized predictions across
various scenarios.

« How might this change drug discovery, development,
and/or therapeutics?

o The model enhances inhalation risk assessments,
facilitates targeted drug delivery system designs,
and supports translational research by providing de-
tailed in silico predictions of localized lung effects
and systemic exposure.

allowing for predictions based on new approach methodolo-
gies (NAMs) [2, 3]. NAMs are non-animal scientific tech-
niques and tools, such as in vitro assays and computational
models, developed to assess chemical safety without relying
on traditional animal testing according to the 3R principle
[3]. QIVIVE and NAMs are integral to next-generation risk
assessment (NGRA) [3] of using human-relevant, exposure-
led, and hypothesis-driven testing. Typical in vitro assays for
inhalation measure the apparent permeability of the lung bar-
rier. For example, in vitro assays for inhalation use alveolar
or tracheobronchial cell lines to measure lung permeability in
submersed or air-liquid interface setups [4]. These data are ex-
trapolated to the in vivo context through QIVIVE. PBK mod-
els can also be used to extrapolate between different species
by changing the underlying physiological data [5] or to a target
substance by filling data gaps with a validated, structurally or
functionally analogous substance using read-across [6].

The first model for inhalational uptake described gas uptake
in the human lung and blood [7]. Subsequent efforts incor-
porated mechanisms such as cyclic breathing [8], mucus ab-
sorption [9], and permeation and metabolism in the air-blood
barrier [10]. Still not addressed is longitudinal diffusion along
airways, which replaces convective flow as the dominant
mechanism in the deep lung.

While chemical-specific models are highly accurate for individ-
ual substances, they lack generalizability for other chemicals or

drug formulations. This limitation has spurred the development
of generalized PBK models. Generalized models for vapor uptake
have evolved, with early semi-empirical models demonstrating
reasonable predictive capabilities [11]. However, their applica-
bility remains limited by the chemical space of the parametri-
zation data. A recent advancement is the httk (high-throughput
toxicokinetics) model published by the US EPA, which enables
broad chemical screening using simplified parameters [12].

Describing the lung with more than a single, homogeneous com-
partment for the alveolar region was already introduced much ear-
lier by Johanson [9]. Johanson considered the inclusion of multiple
airway compartments necessary to adequately model the uptake
of hydrophilic substances, which are readily absorbed in the con-
ducting airways. While not a PBK model, as it is not entirely physio-
logically based, the semi-empirical and revised human respiratory
tract model (HRTM) of the ICRP (International Commission on
Radiological Protection) [13, 14] compartmentalizes the respira-
tory tract to predict particular uptake and clearance.

More detailed models, particularly those designed for aerosolized
pharmaceuticals, incorporate sub-compartments of the lung to ac-
count for its heterogeneity, describing either different lung lobes
[15] or lung generations for aerosol uptake [16, 17]. These subdivi-
sions improve estimates of local deposition and total uptake while
addressing the lung's structural and functional complexity.

Current PBK models prioritize predicting blood and urine concen-
trations, often omitting mechanisms relevant to very short or long
timeframes. For example, alveolar macrophages play a critical role
in particle clearance over years and may influence particle disso-
lution due to their acidic environment [18]. Similarly, irritant gases
can cause damage within minutes of inhalation [19].

A unified PBK model for both gases and aerosols is necessary
to address these gaps. The proposed model introduces a multi-
compartmental framework for predicting inhalational uptake of
gases, vapors, and aerosols in both liquid and solid forms. Key
improvements include longitudinal diffusion, which facilitates
mixing in the deep lung, and the role of alveolar macrophages
in particle dissolution. Parameter studies highlight the model's
sensitivity to physicochemical properties, demonstrating its ap-
plicability across various exposure scenarios. This generalized
approach represents a significant step forward in understand-
ing inhalation toxico- and pharmacokinetics and supports more
comprehensive risk assessments.

2 | Methods

Gases and vapors behave identically regarding inhalational up-
take and will be used interchangeably in this publication.

2.1 | Model Structure

2.11 | Physiology

The model describes the lung as a multicompartmental organ di-

vided into 25 lung generations (G1 to G25) according to Yeh and
Schum's symmetrical lung geometry model [20], categorized
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FIGURE1 | Model structure comprising 25 sections of particle, epithelial lining fluid (ELF) and air lumen compartments to describe the human

lung. Compartments are interconnected by mucociliary clearance, particle dissolution in ELF and macrophages, macrophage uptake and clearance,

and consecutive diffusion through epithelial and endothelial cell layers.

into three broader regions (Figure 1). Generations 1-16 repre-
sent the conducting airways starting at the trachea (G1) and con-
tinuing to the bronchi and bronchioles, ending at the terminal
bronchioles (G16). The remaining generations 17-25 account for
the respiratory airways. G24 represents alveolar sacs, and G25
represents all alveoli lumped together.

Airways are considered hollow cylinders with a concentric,
three-layered structure: airway lumen for gas uptake, epithelial
lining fluid (ELF) with compartments for deposited particles
and (dis)solved substances, and lung tissue. Tissue compart-
ments are shared between generations of the same region and
represent epithelium, subepithelial tissue, interstitial space, and
endothelium (not explicitly modeled). Tissues are perfused by
the bronchial and pulmonary circulation [21]. The pulmonary
circulation transports deoxygenated blood from the venous
blood pool to the respiratory airways and oxygenated blood
back into the arterial blood pool. The bronchial circulation is
part of the systemic circulation and supplies oxygenated blood
from arterial blood to the conducting airways, from where de-
oxygenated blood drains into the venous blood. However, due
to intrapulmonary shunting/anastomosis, approximately 67%
of the blood from the bronchial veins is drained into arterial
blood [22].

The lung is connected to the systemic part of the PBK model,
which consists of 11 permeability-limited tissue compartments:
heart, brain, muscle, skin, kidneys, gastrointestinal tract (GIT),
spleen, liver, bone, fat, and separate arterial and venous blood
compartments (Figure S1). The structure and equations em-
ployed in the systemic part, as well as the underlying physiologi-
cal data, are described in Appendix S1 in further detail.

2.1.2 | Gas Modeling

Lung compartments are interconnected by a variety of inter-
actions. An inhaled gas flows along airway lumina due to res-
piration (convection) and diffusion. Diffusion also governs the
absorption into ELF and subsequent passage across the epithe-
lium and endothelium into tissue and capillary blood, respec-
tively. Cross-tissue diffusion between lung generations is not
explicitly modeled but is indirectly accounted for within a lung
region by the three lumped and well-stirred (immediate mixing)
tissue compartments.

The thickness of ELF, consisting of a thick mucus layer in the
upper airways and a thin, surfactant-containing fluid film in the
deep airways, scales down with increasing airway generation.
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2.1.3 | Aerosol Modeling

Particles and droplets deposit on the lung's surface. While drop-
lets, once deposited, are treated identically to an absorbed gas,
particles are submerged in ELF in which they can dissolve.
Slowly dissolving or bioinert particles are removed by mucocil-
iary clearance in the upper airways or phagocytized by alveolar
macrophages in the pulmonary region. Phagocytized particles
are either dissolved inside macrophages, released back to ELF
due to apoptosis, or cleared by slow migration of loaded mac-
rophages to the upper respiratory tract. Particles cleared by the
mucociliary escalator or macrophages are subsequently swal-
lowed. Secondary uptake over the gastrointestinal tract is not
considered.

2.1.4 | Usage

In total, the here described lung consists of 81 compartments.
Despite its complexity, the number of additional parameters re-
quired to run the model is quite low and even less when consid-
ering only one substance class (gas/vapor, particle, or droplet).
However, computations are possible for any combinations of
them with different exposure or dosing regimens. Inputs were
designed to be obtainable by available NAMs, thus enabling a
full QIVIVE or bottom-up model. The substances' specific input
parameters can be roughly separated into bio- and physico-
chemical parameters and application-specific parameters de-
pendent on the exposure scenario. A complete list is shown in
Table 1. Note that knowledge of the complete set of parameters is
usually not required, for example, gas diffusion coefficients are
not necessary for aerosols; dissolution rate constants are only
applicable to solid particles.

The model was implemented in R (v4.2.2) and utilizes the
R package deSolve (v1.34) [23] to solve the ordinary differ-
ential equations numerically. A detailed description of the
model's underlying mechanisms and equations is given in
Appendix S2.

2.2 | Model Parametrization

Physiological parameters on extrapulmonary tissues are rep-
resentative for a standard-sized adult man (73kg) according to
reference data [24]. Lung parameters were largely taken from
Yeh and Schum [20] based on the findings on a silicon lung cast
(male, 60years, 81kg). Breathing parameters for a resting per-
son, that is, a typical tidal volume and breathing frequency of
750mL and 12 breaths/min, were used. Further information on
the employed physiological data can be found in Appendix S1.
Regarding chemical-specific parameters, instead of modeling a
specific substance, hypothetical substances with a range of dif-
ferent physiochemical properties were used. A summary of their
values is listed in Table S1.

The Henry's law constant describes the equilibrium concen-
trations of a substance between its aqueous solution and air.
Plausible value ranges for Henry's law constant, water solubil-
ity, and diffusion coefficients in air and water were identified
from literature (Figure S2). For Henry's law constant (for water

as solvent), experimentally measured values at 25°C were re-
trieved from a compiled database including 2848 entries of inor-
ganic species, hydrocarbons and other organic substances [25].
Experimentally measured and predicted diffusion coefficients in
air and water were extracted from a dataset containing 4770 and
2979 entries for organic compounds (1-100 carbon atoms), re-
spectively [26]. The upper limit of these parameters was defined
as the third quartile (Q,) plus the interquartile range (Q, — Q,) for
the purpose of this study. Lower limits were respectively defined
as Q, — (Q; — Q,). Diffusion coefficients in air and water show
a relatively narrow spread of possible values (within an order
of magnitude), with water coefficients being approximately four
orders of magnitude smaller than those in air. The water diffu-
sion coefficient has therefore been fixed to Dy, = Dy, - 1074

For the parameter study on gas uptake, the model's sensitivity
to the Henry's law constant and the diffusion coefficients in air
and water was explored, as these parameters directly relate to
the new model description of the lung. The absorption of gases
or vapors by inhalation is influenced by multiple factors, in-
cluding their solubility in the lining fluid, the vapor pressure of
the substance dissolved in the fluid (quantified by Henry's law
constant, representing the equilibrium between the gaseous and
aqueous phases), and their diffusion properties in both air and
water (cf. equation S14+S15). The following value ranges are
considered:

« Henry's law constant (H®): Equilibrium between the
gaseous and aqueous phases. It has a lower limit of
7.30 - 10-"mol/Pa/m?3, a median value of 1.60-10-2mol/Pa/
m?, and an upper limit of 5.92 - 10> mol/Pa/m?.

« Diffusion coefficient in air (D,,): The values range from
2.40-1072cm?/s (lower limit) to 1.05-10"'cm?/s (upper
limit), with a median value of 6.29-10~2cm?/s.

« Diffusion coefficient in water (D,,,,): The range spans from
2.39-10"%cm?/s (lower limit) to 1.15-10~°cm?/s (upper
limit), with a median value of 7.02-10~%cm?/s.

For the particle retention study, particle size and dissolution
rate were varied for the same reason. Required deposition frac-
tions were obtained from the Multiple-Path Particle Dosimetry
(MPPD) model (v3.04) [27]. Bioinert particles were distributed
among lung generations accordingly (Figure S4).

While this data was used to inform the respective parameter
studies, assumptions were made for solubility and cell perme-
ability, which can also have an impact on uptake, as briefly de-
scribed below:

« The solubility limit in water was set to an extremely high
number, effectively deactivating its influence on gas uptake.

« To avoid any buildup within the lung due to slow diffusion
into the blood system, a very high apparent permeability
of 1- 1073 cm/s for the epithelial cell layer was chosen. This
way, the influence of the cell barrier on lung concentrations
was reduced to a minimum. The permeability of the endo-
thelial cell layer was set arbitrarily to twice the permeability
of the epithelium, as it is more permeable than the epithelial
layer [28].

4
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TABLE1 | Chemical-specific and scenario-dependent input parameters for the model.

Type
Parameter Symbol Unit Gas/vapor Droplet Particle
Administration Initial masses® Minit j ug v v v
External gas concentration Coas mg/m3 v X X
Deposition rates (droplets)® Jaroplet,i ug/min X v X
Deposition rates (particles)® Jptels,i ug/min X X v
Physicochemical Solubility limit Crnax mg/mL v X v
Henry's law constant H®P mol/Pa/m3 v X X
Initial particle size Aptcl_init um X X v
Particle density Pl g/cm? X X v
Gas diffusion coefficient in air D, cm?/s v X X
Gas diffusion coefficient in water Dyater cm?/s v X X
Biochemical Apparent permeability (epithelium) Py cm/s v v v
Apparent permeability (endothelium) Pendo ung cm/s v v v
Permeability-area product (endothelium)® PA 0 mL/s v v v
Fraction unbound in plasma Jup — v v v
Tissue to plasma (unbound) Kropuy — v v v
partition coefficients®

Red blood cell to plasma Krpcapu — v v v

(unbound) partition coefficient
Dissolution rate constant in lining fluid k4is um/h X X v
Dissolution rate constant in macrophages Kgismp um/h X X v
Intrinsic hepatic clearance Cliy mL/h v v v
Biliary clearance rate constant kyite h! v v v
Fraction of peritubular reabsorption Jreabsorption — v v v
Fraction of peritubular secretion Ssecrection — v v v

Note: Required input parameters depend on the type of the inhaled compounds, being either a gas/vapor, droplet or particle aerosol.

2For all model compartments j.
YFor all 25 lung generations.
“For all modeled tissues t (e.g., lung, liver, spleen, and so forth).

All remaining model inputs listed in Table S1 have negligible
impact on uptake. Arbitrary values were picked for them or set
to zero to deactivate their respective processes.

3 | Results

The inhalation of gases and aerosolized particles was evaluated
separately in two studies. Droplets were not explicitly explored,
as they behave kinetically similar to nearly instantaneously dis-
solving particles or gases, once deposited onto the lining fluid.
Particles were applied as a bolus while vapor uptake was mod-
eled for continuous exposure.

The two studies assess the impact of substance-specific input
parameters, as well as typical model assumptions; these are:

« Parameter study on gas/vapor absorption (continuous ex-
posure)—investigates the impact of Henry's law constant
and the diffusion coefficient in air on different absorption
mechanisms to predict lung and blood concentrations.

« Parameter study on particle retention (bolus application)—
demonstrates how alveolar macrophages influence particle
retention in the deep lung due to long-term clearance or
phagolysosome-aided dissolution.

3.1 | Parameter Study on Gas/Vapor Absorption

Figure 2 shows the predicted lung lumen concentration of the
trachea (G1) and alveoli (G25) for a 30 min exposure duration to
100mg/m?3 of a hypothetical gaseous substance. Median values
for Henry's law constant and diffusion coefficient exemplify the
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FIGURE 2 | Predicted ratio of lumen to external air concentration during inhalation of a hypothetical gas (100 mg/m?) in generation 1 (trachea)
and 25 (alveoli) for median values of Henry's law constant, air diffusion coefficient and fast lung permeation. Left: Initial filling of airways during

the first three breaths. Right: Quasi-steady state and transitional phase.

most common case study. Due to cycling breathing, concentra-
tions fluctuate breath-by-breath but eventually equilibrate into
a quasi-steady state. The passage of the inhaled gas from the tra-
chea to the alveoli is evident by a 1-2s time delay of breath-by-
breath peak concentrations.

Gas concentrations peak during inhalation and are lowest during
exhalation. Note that in the following results, smoothed values
are plotted instead of the actual, fluctuating values.

Plausible values of Henry's law constant and air diffusion coef-
ficient were used to simulate gas absorption of a hypothetical
gas during a 30-min exposure to 100mg/m3. Figure 3 shows
predicted lung lumen and ELF concentrations and the transfer
rate from lumen to fluid across time and all lung generations.
Comparing low (7.30 - 10~ mol/Pa/m?), median (1.60 - 10~2mol/
Pa/m?3), and high (5.92 - 102mol/Pa/m?3) Henry's law constant with
a constant median diffusion coefficient indicates its major impact
on the resulting model outputs. Substances with a low Henry's
law constant equilibrate rapidly in the lung lumen and ELF, with
minimal uptake in the ELF, primarily occurring in G25.

Median values yield higher ELF concentrations and increased
absorption in pulmonary generations. Gas concentrations in the
lumen are below the ambient exposure concentration and lowest
where absorption is highest.

High Henry's law constants result in lower lumen gas concentra-
tions, with no gas reaching the pulmonary region. ELF concen-
trations peak in bronchiolar regions (G9-G16) and drop sharply
due to high absorption in richly perfused pulmonary tissues
(G17-G18), which result in fast drainage from lining fluid over
tissue into blood.

Total absorption at quasi-steady-state is approximately
2.7-1073, 22, and 45mg/h for low, median, and high Henry's
law constants, respectively. Radial diffusion leads to both
absorption and desorption, with desorption reducing up-
take by up to 15% initially and settling to 10% or none during
quasi-steady-state, depending on the Henry's law constant
(Figure 4A).

The Henry's law constant strongly affects ELF and blood con-
centrations, while the diffusion coefficient has minimal effect
on blood concentrations due to the rate-limiting transport across
the tissue barrier (Figure 4B). The diffusion coefficient shows a
strong effect on ELF concentrations in conjunction with a high
Henry's law constant.

3.2 | Parameter Study on Particle Retention

To assess clearance processes’ impact on lung burden, that is the
total amount of deposited particles over time, a bolus inhalation
of 10 mg of monodisperse, bioinert particles (MMAD: 2 um) was
modeled. Of the 10mg, 88% was predicted by the MPPD model
to deposit in the lung.

Figure 5 (bottom) depicts predicted total lung burden as a frac-
tion of initially deposited particles during the fast clearance
phase. Lung retention per generation is shown in Figure S5.
Approximately 22% of the initial dose is cleared within 48h via
mucociliary mechanisms. In the deep lung, nearly all particles
are captured by alveolar macrophages within the same period.
Afterward, dynamic equilibrium between phagocytosis and
apoptosis is reached, leaving ~2.7% of free particles on the lung's
surface.

Figure 5 (top) illustrates the slow clearance phase, with a typ-
ical half-life of 250days for different particle sizes. After rapid
clearance in the first 2days (inset), particles are slowly removed
via macrophages exiting the trachea. The transition between
fast and slow clearance depends on particle deposition ratios be-
tween tracheobronchial and pulmonary regions, influenced by
particle size. Larger particles (e.g., 10um) represent the upper
limit for alveolar deposition [29].

To evaluate dissolution impacts, model predictions spanned disso-
lution rates from 1-1078 to 1-10? pug/h/cm?. Figure 6 shows lung
retention for particles dissolving in epithelial lining or phagolyso-
somal fluid. After the first day, dissolution rates spanning roughly
two orders of magnitude (0.1-10 ug/h/cm?) significantly impact re-
tention. Below or above this range, any dissolution rate will either
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have negligible influence on lung retention or completely dissolve
all particles. Outside this range, dissolution rates either have neg-
ligible effects or completely dissolve particles. For macrophage-
mediated dissolution, the critical range shifts to lower rates over a
year. Predictions for lining fluid dissolution beyond 24 h were not
made, as particles are nearly completely phagocytized at this point
and are no longer exposed to lining fluid.

4 | Discussion
4.1 | Model Structure

The presented PBK model offers a detailed framework to
predict local concentrations within the lung, enabling eval-
uation of concentration-time profiles for individual airway
generations.

41.1 | Key Mechanisms

Unlike earlier models, which relied on plug flow assumptions
and overlooked diffusion effects [8], this model incorporates
longitudinal diffusion between air compartments. This inclu-
sion allows substances to mix between tidal air and residual air,
ensuring deeper lung penetration even under shallow breathing
or breath-holding scenarios.

The transition from convective to diffusional flow, a phenome-
non captured by the Peclet number, occurs around generation
18 in this model (Figure S3), aligning with literature for rest-
ing individuals [30]. The gradual dominance of diffusion over
convection in distal airways minimizes fluctuations in lumen
concentrations compared to proximal airways, influenced by
both absorption into lining fluid and mixing between airway
generations (Figure 2).

85U017 SUOWIWOD) 8AITeR1D) 3dedl|dde ayy Aq peussnob afe 8ol O ‘@SN JO S9N 10} Akeid 78U UO 48] UO (SUONIPUOD-PpUR-SUB)W0D" A8 | 1M A eIq 1 BUI UO//:SANY) SUOTHIPUOD pue SWis | 3U1 88S *[520z/0T/zz] Uo ARiqiTauluo A8|im ‘g1 Bjoyuneld Aq ZTT0. #dsd/Z00T OT/10p/wod"Ae|im Aiq 1 pul|uoidase)/sdiy wioiy pepeojumod ‘0 ‘90E8E9TZ



(A)

ES HeP
C
=159 .

9 o ° High

C -+
© Low

2 S10%

o c Median

5 9 "
S

O e 5%

a o
%]
Q0
©  0%|

0 10 20 30
Time in min
(B)
30
1 Hcp I Dalr
E 0.016 | 0.024
2 20 0.016 | 0.063
£ 0.016 | 0.1
g
8 1o ——— 590 | 0.024
L — — 590 | 0.063
0 SEEETD 590 | 0.1
7.3e-07 | 0.02¢
- 7.3e-07 | 0.067

_ - 7.3e-07 | 0.1
£
£
(o))
o
£
5]
c
(o]
(9]
©
(o]
Ke}
[an]

Time in min

FIGURE 4 | (A) Wash-in/wash-out effect for different Henry's law constant (Hcp) shown as the ratio of cumulative desorption and absorption

from/to the lining fluid and the gas phase over time during inhalation of a hypothetical gas (100 mg/m?3). (B) Volume-weighted mean concentration

in lining fluid across all airway generations (left) and blood concentrations (right) for different Henry's law constants (mol/Pa/m?) and diffusion co-

efficients (cm?/s) during constant exposure of 100 mg/m? of a hypothetical gas.

For aerosols, the model extends beyond the typical focus on
either insoluble particles [31] or rapidly dissolving particles
[16, 17]. It incorporates macrophage-assisted dissolution, an
often-overlooked process in risk assessments [32]. While in vitro
dissolution tests commonly use artificial lining fluids, they fail
to replicate the acidic environment of phagolysosomes, which
can significantly alter dissolution kinetics [18]. This capability
is particularly relevant for understanding long-term particle re-
tention and bioaccumulation in the deep lung or for evaluating
pharmaceutical delivery systems targeting macrophages [33].

The model tracks multiple particle metrics, that is, size, mass,
number, and surface area, providing insights into toxicological
and pharmacological mechanisms [34, 35]. These metrics can
be calculated for each airway generation and expressed rela-
tive to local surface areas. However, the current implementa-
tion tracks only single-sized particles, limiting its applicability
to scenarios involving bolus injections or uniform dissolution
rates. Integrating algorithms to handle particle size distribu-
tions would expand the model's scope to continuous inhalation
of variable-sized particles or different dissolution rates across
compartments [16, 17, 36].

4.1.2 | Model Assumptions and Limitations

Several assumptions and limitations in the current model imple-
mentation should be noted:

« The presented PBK model only includes the lower respira-
tory tract (i.e., the lung). The upper respiratory tract and
therefore mucosal absorption via the larynx, pharynx,
nasal airways, or the mouth cavity are not considered.

« Whole lung models cannot be validated on the level of airway
generations. Experimental in vivo data on lung uptake or re-
tention is currently only available for the lung in its entirety.

« Morphometric data are based on a single lung cast [20, 37],
limiting its representativeness for diverse populations.

e Only passive diffusion across the epithelial barrier is
modeled, excluding membrane transporters and active
transport.

« Clearance in ELF or lung tissue due to chemical reactions or
metabolic degradation is not included, though these can be
integrated in future iterations [10, 38].

CPT: Pharmacometrics & Systems Pharmacology, 2025
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responding lung retention during the short-term clearance phase (within 48 h).

« The diffusional exchange area between capillary blood
and lung tissue assumes complete capillary recruitment.
Complete recruitment occurs due to increased lung perfusion
and blood pressure and may not reflect resting conditions.

« The Henry's law constant is per definition only valid for low
molar fractions in a fluid.

« Dissolution assumes single-species solubility, excluding
cases involving multiple dissolution products. In these
cases, only lung burden (under sink conditions for the dis-
solved species) can be computed.

+ Stained pulmonary lymph nodes indicate particles can
cross the epithelial barrier into interstitial spaces, poten-
tially moving to the lymph system or blood [39]. However,
the mechanisms and rates remain unclear, and transloca-
tion has minimal impact on overall particle fate [40]. For
these reasons, translocation is not modeled.

4.2 | Parameter Studies

The model was applied to hypothetical vapor and aerosol sce-
narios to investigate key mechanisms influencing inhalational
uptake and lung retention.

4.2.1 | Vapor Uptake

Vapor concentration-time curves follow three characteristic
phases: quasi-steady-state absorption, transitional equilib-
rium, and steady-state clearance [41]. The first two phases
were observed in the study (Figure 2), with Henry's law con-
stant identified as a critical determinant of lung concentra-
tions (Figure 3):

« Low Henry's law constant: Limited absorption occurs due
to low lining fluid concentrations, with most uptake con-
fined to the alveolar region. This behavior is in line with the
well-known properties of oxygen, a typical gas with a low
Henry's law constant of 1.3-10~>mol/m?3/Pa [25] which is
also mainly absorbed in the alveolar region.

« Median Henry's law constant: Higher lining fluid con-
centrations enable faster diffusion across the cell barrier,
shifting uptake to be limited by tidal volume and breath-
ing frequency. This shift becomes more apparent using very
high Henry's law constants.

« High Henry's law constant: Rapid absorption in transitional
airways prevents substantial penetration into the pulmonary
region, emphasizing the role of radial diffusion. This is also
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apparent in the increasing mean concentration in lining fluid,
although blood concentrations are unaffected (Figure 4B).

The wash-in/wash-out effect [9, 42], that is, initial absorption
followed by partial desorption, is evident for substances with
median and high Henry's law constants (Figure 4A). Simpler
models that assume instant equilibrium between gas and tissue
are unsuitable for such substances, as they fail to account for
desorption dynamics in upper airways.

4.2.2 | Particle Retention and Clearance

Predicted particle retention after 48h (~2.7%) (Figure 5) aligns
with clinical observations (~3.5%) [43] but underestimates total
retention, possibly due to the omission of exocytosis as a release
mechanism [44, 45].

Predicted clearance by mucociliary and macrophage-mediated re-
moval (Figure 5) was consistent with empirical data, though parti-
cle properties such as size and surface charge may influence these
rates. Nano-sized particles, for example, are captured randomly
via pinocytosis rather than chemotactic attraction, which affects
their clearance efficiency [46]. Depending on their size and surface
charge, particles might avoid mucociliary clearance by penetrating
the mobile gel layer into the stationary sol layer beneath [47].

Model results indicate that lung burden predictions after 24h
are most sensitive to dissolution rates between 0.01 and 70 ug/h/
cm? (Figure 6). These findings require further validation. Low
solubility or slow drainage of dissolved material from ELF may
abruptly halt dissolution. Additionally, this model assumes

spherical particles, excluding effects from agglomeration or
non-spherical shapes, that is, phagocytosis impairing fibrous
asbestos [48, 49]. Additionally, the limits found here vary with
different endpoints; for example, after 24h, slow macrophage
clearance has minimal impact. Over a year, particles with disso-
lution rates above 0.01 pug/h/cm? are largely cleared, with three-
quarters dissolved and the remainder removed by macrophages
(Figure 6).

4.3 | Limitations of Parameter Studies

A full sensitivity analysis, as recommended by OECD guid-
ance [6], was not conducted due to substance-specific variabil-
ity. Analyzing a hypothetical substance can misrepresent the
importance of individual parameters due to the complexity of
inhalational uptake, influenced by numerous factors. Covering
all variations is beyond this publication's scope. The presented
results are generalizable only to a certain extent and are intended
as rough guidance for predicting outcomes based on specific
substance properties. Factors like solubility and diffusion can be-
come limiting under specific conditions. Changing tidal volume
or breathing patterns may also significantly affect outcomes.

5 | Conclusion

The presented physiologically based kinetic (PBK) model offers
a unified framework to predict inhalational uptake of gases, va-
pors, and aerosols. By dividing the lung into multiple compart-
ments representing the 25 airway generations of the respiratory
tree, the model accounts for mechanisms relevant to a broad

10
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range of physicochemical properties of inhaled substances. In
total, the model comprises 81 compartments, including 25 each
for the airway lumen, particles, and epithelial lining fluid, along
with compartments for tissues, blood, and alveolar macrophages.

Despite its detailed structure, the model requires relatively few
additional parameters, especially when focused on a single sub-
stance class (e.g., gases/vapors or particles). Input requirements
are designed to align with data obtainable from NAMs, enabling
full QIVIVE or bottom-up applications.

Parameter studies have demonstrated the model's utility. For
gases and vapors, variations in Henry's law constant and air dif-
fusion coefficients elucidate their effects on absorption mecha-
nisms, predicting both local lung and systemic concentrations.
For particles, the role of alveolar macrophages in long-term
retention and phagolysosome-aided dissolution underscores
their importance in deep-lung particle clearance. These studies
highlight the necessity of a compartmentalized lung structure,
as concentrations vary significantly across airway generations.
The model provides detailed predictions, including gas uptake,
particle retention, and epithelial lining fluid concentrations for
each airway generation, as well as systemic concentrations and
extrapulmonary tissue distribution.

The model spans a wide application domain, covering insoluble
and soluble gases as well as bioinert and fast-dissolving parti-
cles, making it a valuable tool for toxicologists and pharmacol-
ogists. It supports forward dosimetry for assessing local lung
effects such as those from chemicals or targeted drug delivery.
Further use cases include guiding animal study designs, eval-
uating aggregate exposures, performing reverse dosimetry to
estimate airborne concentrations, analyzing bioaccumulation
during repeated exposures, modeling single-breath uptake, and
estimating exhaled breath concentrations.

This PBK model represents an advancement toward a standard-
ized framework for inhalational uptake. Designed to be both
generalizable and extensible, it provides a foundation for further
refinement and broader applications in toxicological and phar-
macological research.
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