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ARTICLE INFO ABSTRACT

Edited by M. Dutschmann Central and Obstructive Sleep Apnea (CSA and OSA), Chronic Obstructive Pulmonary Disease (COPD), and
Obesity Hypoventilation Syndrome (OHS) disrupt breathing patterns, posing significant health risks and
reducing the quality of life. Bilevel Positive Airway Pressure (BiPAP) therapy offers adjustable inhalation and
exhalation pressures, potentially enhancing treatment adaptability for the above diseases. This is the first-ever
study that employs Computational Fluid Dynamics (CFD) to examine the biomechanical impacts of BiPAP
under four settings: Inspiratory Positive Airway Pressure (IPAP)/Expiratory Positive Airway Pressure (EPAP) of
12/8, 16/6, and 18/8 cmH20, compared to a without-BiPAP scenario of zero-gauge pressure. Utilizing a
computed-tomography-based respiratory tract model from the nasal cavity extending to the 13th generation, we
analyzed parameters such as static pressure, shear stress, and airway wall normal force across different airway
regions. Our results indicate that BiPAP, particularly at higher IPAP settings, effectively increases static pressure,
thereby improving airway patency and potentially reducing the risk of airway collapse in both CSA and OSA.
Lower EPAP, on the other hand, helps reduce the work of breathing during exhalation, which is particularly
useful for patients who have difficulty exhaling against higher pressures or need to exhale CO, more effectively.
This comparative analysis confirms that BiPAP not only maintains open airways but does so with an adjustable
approach that can be used for the specific needs of patients with various respiratory dysfunctions, thereby of-
fering a versatile and effective treatment option.
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syndrome is characterized by obesity coupled with chronic hypo-
ventilation, leading to complications such as pulmonary hypertension
(Olson and Zwillich, 2005; Young and Benjamin, 2023; Agossou et al.,
2023). Moreover, obesity may also cause upper airway obstruction,
which ultimately leads to the development of OSA (Al-Abri and
BaHammam, 2023). Chronic obstructive pulmonary disease is a pro-
gressive and non-reversible lung disease characterized by the gradual
development of dyspnea, sputum production, and severe cough due to
chronic inflammation (Agrawal et al., 2019; Singh et al., 2019; Petty,
2006; Raherison and Girodet, 2009). Collectively, these disorders

1. Introduction

Sleep-related breathing disorders, including Central Sleep Apnea
(CSA), Obstructive Sleep Apnea (OSA), Obesity Hypoventilation Syn-
drome (OHS), and Chronic Obstructive Pulmonary Disease (COPD),
represent a significant health burden with complex interrelationships
and multifaceted impacts on patient health. Central sleep apnea occurs
when the brain fails to send the proper signals to the muscles controlling

breathing during sleep, leading to periodic breathing interruptions
(Javaheri and Badr, 2022; Sanchez et al., 2020; Tung et al., 2017; Tung
and Anter, 2016). Obstructive sleep apnea involves the partial or com-
plete blockage of the upper airway during sleep, interrupting normal
breathing (McNicholas, 2009; Donovan and Kapur, 2016; Dunlap et al.,
2023). It is also recorded the occurrence of mixed sleep apnea, a com-
bination of CSA and OSA (Yang et al., 2019). Obesity hypoventilation
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severely impact patient health, contributing to cardiovascular diseases,
daytime fatigue, systemic inflammation, and increased mortality risk.
The intermittent hypoxia and sleep fragmentation associated with CSA,
OSA, and OHS may eventually lead to significant cardiovascular burden
and neurocognitive dysfunction, while COPD’s progressive nature ex-
acerbates respiratory insufficiency, reducing quality of life and
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Nomenclature y distance to the next surface
Yi dissipation of turbulent kinetic energy due to turbulence
Roman symbols Y, dissipation of specific dissipation rate due to turbulence
F, blending function for Eq. (6)
g gravitational acceleration, which queals to 9.81 (ms~2) Greek symbols
k turbulence kinetic energy (m%s2) o model constant, which is equal to 0.44
p static pressure (Pa) a* damping coefficient
t time (s) Ok turbulent Prandtl number for turbulent kinetic energy
u fluid velocity vector (ms 1 [ turbulent Prandtl number for the specific dissipation rate
Gy turbulence generation due to buoyancy H molecular \{iscos.ity (Nsm’;)
Gup turbulence generation due to buoyancy for  equation He tt.lrbulen.t VI:SCOSIFY (Nsm - ). 5 1
Py rate of production of turbulent kinetic energy v kinematic VISCOSI§Y of the air (m”s ™)
Pr, turbulent Prandtl number P air density(kgm™)
P, rate of production of specific dissipation rate - stress tensor (Pa)
S strain rate magnitude (s ') ® specific dissipation rate (s™*)
Sij mean component of the rate of deformation s;
X, X; a unit of Cartesian coordinate
longevity. Medicine et al., 2008; Blau et al., 2012); 16/6 cmH50 for COPD (Bhatt

Given the significant respiratory challenges posed by CSA, OSA, OHS
and COPD, the therapeutic use of Positive Airway Pressure (PAP) de-
vices offers a critical intervention to manage and improve patient out-
comes in these conditions (Agossou et al., 2023; Pazarli and Koseoglu,
2023). Specifically, the BiPAP therapy, a non-invasive ventilation
approach, provides two distinct pressure levels that are particularly
beneficial in supporting patients with these complex respiratory condi-
tions. Inspiratory Positive Airway Pressure (IPAP) controls the peak
pressure during inhalation, providing the necessary force to augment the
patient’s inspiratory effort and improve ventilation, while Expiratory
Positive Airway Pressure (EPAP) controls the pressure during exhala-
tion, maintaining airway patency and preventing airway collapse (Gay
et al., 2003). By alternating between these two pressure levels, BiPAP
therapy effectively enhances respiratory mechanics, improves gas ex-
change (Pazarli and Koseoglu, 2023), and relieves the symptoms asso-
ciated with various respiratory disorders.

Over the past two decades, the application of Computational Fluid
Dynamics (CFD) has expanded significantly (Huang et al., 2022), revo-
lutionizing our understanding of physiological phenomena in both
healthy and pathological states (Saha et al., 2024a). Recent research has
validated CFD as a robust tool for diagnosing (Ryu et al., 2021) and
evaluating (Taherian et al, 2019) OSA, assessing the impact of
adenoidal and tonsillar hypertrophy on the severity of pediatric OSA
(Iwasaki et al., 2020), and analyzing airflow dynamics within the upper
airway of OSA patients, both under the open oral cavity conditions
(Chen et al., 2021) and post-operative scenarios (Nomura et al., 2022).
In the context of COPD research, CFD has been employed not only for
diagnosing obstructions (Hu et al., 2022) but also for a detailed analysis
that is challenging to achieve via in-vivo methods, such as small airway
resistance (Zhang et al., 2024) and mucus clearance effectiveness (Ren
et al,, 2020). Advances have been made by integrating CFD with
fluid-structure interaction (FSI) models to simulate the dynamics of
emphysematous alveolar sacs (Carotenuto et al., 2023), and combining
CFD with the particle dynamics to investigate particle transport and
deposition within the COPD-affected airways (Kadota et al., 2022).

However, a significant gap persists in the literature, as no CFD study
has yet explored the effects of BiPAP on respiratory mechanics. The
current literature lacks comprehensive data on air pressure, shear stress,
and forces on the airway walls during BiPAP treatment. The present
study aims to address this gap by conducting pioneering CFD simula-
tions based on realistic computed tomography (CT) scans of the entire
respiratory tract, thereby examining the biomechanical impacts of
BiPAP under various conditions: IPAP/EPAP settings of 12/8 cmH,0
typically recommended for CSA and OSA (American Academy of Sleep

et al., 2013; Paone et al., 2014; Funk et al., 2011); and 18/8 cmH>0 for
OHS (Borel et al., 2012; Masa et al., 2015, 2016), as compared to a
baseline scenario of zero gauge pressure. To remove patient-specific
factors and focus on broader flow phenomena, the BiPAP settings
were chosen based on values recommended by previous research rather
than any individual patient prescription. By simulating the biome-
chanical impacts of BiPAP across various prescribed settings, the present
research could lead to optimized pressure settings customized to the
specific needs of different patient groups, thus improving therapeutic
outcomes. Moreover, the detailed biomechanical insights gained could
inform the design of more effective BiPAP machines and interfaces, ul-
timately contributing to better patient compliance and comfort. This
study represents a critical step toward the personalized medicine
approach in the management of respiratory disorders.

2. Methodology
2.1. Computational model of the respiratory tract

This study focuses on the development of a comprehensive compu-
tational model for the human respiratory tract, incorporating detailed
methodologies and advanced meshing techniques to ensure high preci-
sion and accuracy. The segmentation of highly detailed three-
dimensional surface models from the CT images was performed using
Mimics Medical 21 (Medical, 2021), followed by surface sectioning and
enhancement with the Geomagic Wrap 2021 (GeomagicWrap, 2022),
and post-processing was carried out in Siemens NX 12 (Siemens, 2017)
to refine the model. This refined model was then transferred to Ansys
(ANSYS, 2020a) for meshing and simulation, resulting in a sophisticated
representation of the respiratory tract, as detailed in our prior works
(Saha et al., 2022a,b). The final model, as shown in Fig. 1(a), includes
significant anatomical details and was optimized for meshing and
simulation by simplifying the anatomical components into distinct re-
gions: nasal cavity, nasopharynx, oral cavity, oropharynx, larynx, lar-
yngopharynx, and airways from generation (G) 0-13. The development
of this model using human CT scans received necessary ethical approval
from the Human Research Ethics Committees at the University of
Technology Sydney vide ethical approval reference ETH23-8670 dated
7 September 2023.

2.2. Governing equations

This study employs the continuity and momentum equations to
model the aerodynamics of the respiratory tract. The k—-w Shear Stress
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Fig. 1. Visual representations showing: (a) present study’s computational model of the human respiratory tract; (b) use of BIPAP machine by a patient; the poly-
hedral discretization scheme and the thickness-changing boundary layer at the (c) mask inlet and (d) bronchioles’ outlets.

Transport (SST) turbulence model (ANSYS, 2020b) was utilized to
capture inherent turbulence phenomena. This model adeptly integrates
the strengths of both k-¢ and k- models, enhancing the precision of
predictions related to adverse pressure gradients—an essential aspect of
the respiratory tract geometry. The governing equations applied are
listed as follows:

Continuity equation:

% +Ve(pu)=0 @
ot
Momentum equation:
P -
%tu+V0(puu):pr+V0(r)+pg @)
Turbulent kinetic energy equation:
d(pk) | dpku;) 9 He ok
ot + o, = 0)(} " +0'k an +Pr— Y+ Gy 3)
Specific dissipation rate equation:
dpw)  d(pwu) 0 A\ 0
o o ax|\FTo,)ax | TP Yot G “)

In SST turbulence model, the eddy-viscosity in Eqs. (3) and (4) are
formulated as:

k 1

He = % —F 5

max 1. % |
Where the damping coefficient a*is given by:

0.024 + &
o= (6)

1+45
And the blending function F, is defined as:
2
vk 500

F, = tannh (max [2 0.090) py’e 7)

The turbulence generation due to buoyancy term G, in Eq. (3) is
given by:

He Op

Gy = — gipprt o (8)
The buoyancy source term G, in Eq. (4) is defined as:
® v
Gur =7 [(1 +a)tanh’a‘Gb —Gb] ©)

where all the units and values of the symbols and constant terms are
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explained in the Nomenclature. The continuity equation (Eq. (1)) en-
sures mass conservation, maintaining the equilibrium of air entering and
exiting a region within the respiratory tract, crucial for understanding
respiratory mechanics. The momentum equation (Eq. (2)), derived from
Newton’s second law, provides a framework for analyzing how forces
and pressure gradients influence airflow, detailing the interactions be-
tween mass flow, pressure, and acceleration. The turbulent kinetic en-
ergy (TKE) equation (Eq. (3)) quantifies the energy associated with
chaotic air particle motion in turbulent flow, serving as a measure of
turbulence intensity. The specific dissipation rate equation (Eq. (4))
calculates the rate at which TKE dissipates within the flow, offering
insights into energy transformations during turbulence. Eqgs. (5)-(9) are
the modeling components of the SST turbulence model that explain the
eddy viscosity, damping coefficient, blending function, and source term
due to buoyancy for the TKE and specific dissipation transport equa-
tions, respectively.

2.3. Numerical framework

This study models the complex geometry of the respiratory tract for
transient simulation using advanced computational techniques. A
polyhedral hybrid mesh with hexagonal prisms in the boundary layers
and irregular polyhedral cells in the volume, totaling approximately
7.75 million cells, was employed to capture near-wall fluid dynamics.
The mesh design features a changing nodal distance, decreasing from
0.4 mm in the upper airway to 0.2 mm in the smaller bronchial
branches, as shown in Fig. 1(c) and (d).

The velocity boundary profiles were derived from experimentally
determined flow distributions, ensuring realistic velocity magnitude and
direction at the boundaries. The velocity at each lobe’s outlet was
calculated using the formula: Lobe velocity = (Total volume flow rate x
Lobe flow percentage) / Lobe outlet area. The total volume flow rate in
the formula was experimentally measured (Nishi, 2004) and adopted in
CFD for slow breathing conditions (15 breaths per minute) (Wedel et al.,
2022), as shown in Fig. 2. (a). This study aims to examine the biome-
chanical impacts of BiPAP therapy under three different settings: IPAP
and EPAP of 12/8, 16/6, and 18/8 cmH>0, which is typically recom-
mended for CSA and OSA, COPD, and OHS, respectively. The three
BiPAP pressure profiles, as well as a zero-gauge ambient pressure pro-
file, are shown in Fig. 2(b).
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2.4. Validation and verification of CFD model

The numerical methodology employed in this study was extensively
validated and verified in our previous studies, demonstrating robust
performance across several key metrics. Specifically, we have rigorously
evaluated the accuracy of the pressure field (Saha et al., 2022a) through
comparisons with the previous numerical studies, assessing the dy-
namics of mass transfer rates and velocity fields (Saha et al., 2024b;
Huang et al., 2024b) against the established benchmarks from numerical
and experimental data, and finally validated various thermodynamic
properties (Huang et al., 2024a; Saha et al., 2022a) through comparisons
with both higher-order calculation schemes and prior numerical and
experimental studies. Furthermore, comprehensive mesh independence
tests were conducted (Huang et al., 2024a,b; Saha et al., 2024b), indi-
cating that our respiratory tract model can achieve mesh independence
with 7.75 million polyhedral cells and four layers of dynamically
changing boundary layer mesh (Fig. 1(b) and (c)) under both k- and
large eddy simulation (LES) turbulence models.

2.5. Limitation of the model

This study does not incorporate thermal boundary conditions, nor
does it model the two layers of airway wall liquids—serum and
mucus—and their evaporation processes. Despite these omissions, the
simplifications adopted significantly reduced computational complexity
without substantially affecting the airflow dynamics, which are the
primary focus of this research. This approach aligns with modeling
methodologies employed in prior and recent studies (Wedel et al., 2022;
Gokcan et al., 2024; Gunatilaka et al., 2020).

3. Results and discussion

The numerical results are post-processed, visualized and discussed in
this section. The following subsections provide a detailed analysis of the
velocity field, static pressure field, wall shear stress, and area- and time-
averaged statistics, including average wall pressure and wall-normal
force during inhalation and exhalation.

3.1. Velocity dynamics in the upper airways

The Z-velocity contour of Fig. 3 depicts airflow velocities within the
upper respiratory tract under a BiPAP setting of 12/8 cmH»0. The range
of airflow velocities is indicated by the color gradient from red to blue,
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Fig. 2. Realistic boundary conditions showing (a) volume flow rate during one respiration, and (b) pressure profiles applied at the mask inlet.
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Fig. 3. Z-velocity contour of the upper airway under IPAP/EPAP 12/8 cmH;0. The contours are similar in all four cases.

representing inhalation (positive velocity) to exhalation (negative ve-
locity). The high-velocity zones, notably in the nasal cavity entrance,
suggest robust airflow during inhalation. The lower parts of the airway
show decreased velocities, depicted in blue and green, indicating a
slowdown during exhalation or due to the natural narrowing of the
airway.

When comparing the velocity contour of different pressure boundary
setting, it seems the pressure adjustments have minimal impact on these
velocity profiles. The consistency of the airflow pattern across different
settings implies that the physical structure of the airway and the
inherent airflow mechanics play more significant roles in determining
the velocity field than the pressure settings themselves.

3.2. Pressure dynamics in upper and lower airways

The graphs in Fig. 4 represent the area-weighted average wall static
pressure in various sections of the respiratory tract under different
BiPAP settings, including the without-BiPAP scenario. The baseline
scenario without BiPAP shown in Fig. 4(a) and (b) indicates relatively
low and uniform static pressures across different airway regions, sug-
gesting minimal airway support and potential for collapse, particularly
in patients prone to sleep apnea.

As the BiPAP settings are introduced, with IPAP/EPAP settings of 12/
8, 16/6, and 18/8 cmH>0, a progressive increase in static pressures is
observed. The setting of 12/8 ¢cmH30 in Fig. 4(c) and (d) shows a
moderate pressure enhancement, sufficient to maintain airway patency
but not as pronounced as in higher settings. This suggests its potential
applicability for patients requiring minimal intervention. Moving to the
16/6 cmH0 setting shown in Fig. 4(e) and (f), there is a notable in-
crease in static pressure, particularly in the nasal cavity and naso-
pharynx. This setting offers robust support against airway collapse
during inhalation while allowing easier exhalation due to reduced
expiratory pressure, benefitting CO5 removal and reducing the work of
breathing in patients with COPD.

The highest pressures are experienced with the 18/8 cmH>0 setting
shown in Fig. 4(g) and (h), indicating the strongest support against
airway collapse. This configuration ensures that the airways remain
open during inhalation and exhalation, making it suitable for patients
with severe OHS, where maintaining airway patency is critical. How-
ever, the application of higher pressure must be balanced against po-
tential risks such as discomfort or the development of air leaks, which
could diminish patient compliance with the therapy.

In the without-BiPAP scenario (Fig. 4a and b), the static pressure
profile across the airway regions from the nasal cavity to the larynx
typically exhibits a pattern of a gradual decline followed by a subsequent
rise. This pattern is driven by the mechanics of inhalation, during which
the diaphragm contracts and descends, and the ribcage expands,
creating a negative pressure lower than atmospheric levels within the
airway. The inverse phenomena occur during exhalation, where positive
pressure is generated as the diaphragm relaxes and the ribcage con-
tracts, aiding in expelling air from the lungs. Conversely, the pressure
profiles under BiPAP settings distinctly display an initial rise in the static
pressure, particularly in the nasal and nasopharyngeal regions, which is
subsequently reduced toward the larynx. This elevation at the beginning
of the airways is attributed to the externally applied positive pressure by
the BiPAP system, designed to open and stabilize the airways forcibly.
Both inspiratory and expiratory pressures provided by the BiPAP ma-
chine are increased, effectively raising the airway’s static pressure and
offsetting the natural pressure drop observed during the without-BiPAP
scenarios.

The static pressure contours depicted across different BiPAP settings
in Fig. 5 provide a detailed understanding of the distribution and impact
of positive airway pressures within the upper respiratory tract under
varying therapeutic conditions. The Fig. 5 (I) corresponds to an IPAP/
EPAP ratio of 12/8 cmH20 and shows a moderate positive pressure
environment. This uniform distribution from the nasal cavity to the
larynx underlines a balanced application of pressure that adequately
supports the airway patency without exerting excessive force, making it
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Fig. 4. Area-weighted static pressure changes throughout a single respiration cycle.
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Fig. 5. Static pressure contour of the upper airway under IPAP/EPAP of (I) 12/8 cmH,0, (II) 16/6 cmH,0, and (III) 18/8 cmH,0 condition.

suitable for patients who require a moderate level of support to prevent
airway collapse.

Moving to a more intensified setting of 16/6 cmH0, as illustrated in
Fig. 5 (II), there is a noticeable escalation in pressure, primarily
concentrated in the nasal cavity and nasopharynx. This increment aligns
with the higher IPAP of 16 cmH0, designed to forcefully stabilize the
airway, which could be critical for patients experiencing significant
airway obstructions during sleep. The reduction in EPAP to 6 cmH20 is
clearly visualized by the diminished pressure during the exhalation
phase, which is crucial for reducing the exhalatory resistance, thereby
aiding patients who struggle with higher pressures during exhalation.

Fig. 5 (III) represents the highest IPAP/EPAP setting of 18/8 cmH20
and showcases an extensive application of positive pressures throughout
the airway. The broad and intense pressure distribution supports a
substantial mechanical opening and stabilization of the airway, indi-
cated by the high IPAP of 18 cmH,0. The corresponding EPAP of 8
cmH50, while providing sufficient reduction to aid exhalation, does not
diminish as much as the previous lower setting, indicating a therapy
suited for patients requiring significant assistance during inhalation but
capable of managing a slightly elevated pressure during exhalation.

These visual insights into the pressure dynamics across different
therapeutic settings highlight the critical role of customizing BiPAP
pressures to the specific needs of patients. The ability to adjust IPAP and
EPAP ensures that the therapy not only supports airway patency but also
optimizes patient comfort and compliance, particularly in managing
diverse conditions of sleep-related breathing disorders. The strategic
application of varying pressure provides a compelling approach to
enhancing the efficacy and adaptability of BiPAP therapy in clinical
practice.

3.3. Airway shear stress

Fig. 6 presents a visualization of area-weighted shear stress changes
throughout a single respiration cycle. This analysis is essential in un-
derstanding the biomechanical forces at play during natural breathing
and under therapeutic interventions like mechanical ventilation.

In the upper airway region, Fig. 6(a) reveals differences in shear
stress across various anatomical structures. The larynx and lar-
yngopharynx exhibit noticeable peaks in shear stress around the mid-
point of the inhalation and exhalation phases, corresponding to the
peak in volume flow rate of air shown in Fig. 6(a). This suggests that the
higher-velocity airflow entering and exiting through these narrow pas-
sages imposes mechanical stress on the airway walls. In contrast, the
nasal cavity and nasopharynx demonstrate lower stress levels, a phe-
nomenon that can be attributed to their broader cross-sectional areas,
which dissipate airflow velocity and reduce the resultant mechanical
stress.

Transitioning to the lower respiratory tract shown in Fig. 6(b), the
shear stresses observed are generally lower than in the upper airways,
reflecting the branching nature of the bronchial tree, which increases
total cross-sectional area and reduces stress per unit area. The coherent
pattern of stress across these generations, peaking uniformly around the
peak inhalation and exhalation phase, illustrates a uniform transmission
of respiratory effort through the lower airways. The increase of stress
from proximal to distal generations indicates an increase in mechanical
load further from the trachea.

High shear stresses in the upper airways have been identified as
potential risks for mucosal damage or irritation, leading to the growth of
lesions in many occurrences. However, recent data suggests that using
BiPAP does not significantly alter the airway wall shear stress level. This
observation indicates that BiPAP therapy supports respiratory function
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Fig. 6. Area-weighted shear stress changes throughout a single respiration cycle under BiPAP settings.

effectively without exacerbating mechanical stress on the airway walls.
This finding is particularly significant in the context of respiratory
therapy, suggesting that BiPAP can offer necessary ventilatory support
while maintaining a shear stress profile similar to that observed during
natural breathing. Thus, BiPAP represents a therapeutic option that
combines efficacy in alleviating respiratory distress with a lower risk of
inducing mechanical stress-related airway damage.

3.4. Area- and time-averaged statistics

Fig. 7 presents a detailed comparative analysis of the area-weighted
averages of wall static pressure and shear stress throughout different
regions of the respiratory tract under various BiPAP settings, namely 12/
8, 16/6, and 18/8 cmH>0.

The static pressure graph shown in Fig. 7(a) indicates pronounced
peaks corresponding to inhalation phases across all airway regions, with
these pressures diminishing during exhalation. Notably, the upper

airways exhibit consistently higher pressures than the lower airways,
suggesting a focused delivery of the therapeutic pressure in the upper
respiratory tract, which is the point of interest in cases involving OSA.
The variation in pressure profiles across different BiPAP settings illus-
trates the relationship between the intensity of the IPAP/EPAP setting
and the resultant pressure, with higher settings achieving more pro-
nounced pressure peaks. The shear stress graph shown in Fig. 7(b)
provides complementary insights, demonstrating that shear stress peaks
also coincide with the peak phases of inhalation and exhalation, aligning
with times of highest air velocity. Interestingly, despite the varying
pressure settings, the shear stress across the upper and lower airways
does not differ significantly.

Fig. 8 offers a visualization of time-averaged area-weighted averages
of wall static pressure across the respiratory system during the inspira-
tion and expiration phases under IPAP/EPAP of 12/8 cmH30 setting.
The images clearly depict the distribution and magnitude of pressures
that the respiratory system endures throughout the breathing cycle,

Fig. 7. Area-weighted averages of (a) wall static pressure and (b) shear stress that averages over the upper airways, lower airways, and the entire airways under
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Fig. 8. Visualization of time-averaged area-weighted averages of wall static pressure during (a) inspiration and (b) expiration that averages over the inspiration and
expiration period.

Table 1
Time-averaged area-weighted averages of wall static pressure (Pa) that averages over inspiration and expiration period.
Inspiration Expiration

IPAP/EPAP (cmH,0) 12/8 16/6 18/8 0/0 12/8 16/6 18/8 0/0
Nasal Cavity 1112.78 1423.23 1618.74 —7.44 669.26 514.36 674.46 5.82
Nasopharynx 1111.39 1421.84 1617.35 —8.73 669.56 514.65 674.76 5.98
Oral Cavity 1108.23 1418.68 1614.19 —11.99 670.03 515.14 675.23 6.83
Oropharynx 1107.67 1418.12 1613.63 —12.51 669.47 514.57 674.66 6.37
Laryngopharynx 1105.38 1415.82 1611.33 —14.88 671.46 516.56 676.66 9.05
Larynx 1054.25 1364.69 1560.20 —65.59 700.25 545.41 705.47 39.19
Generation 0 1036.02 1346.47 1541.98 —83.76 722.34 567.49 727.55 61.20
Generation 1 1035.84 1346.29 1541.80 —83.65 723.43 568.58 728.64 62.29
Generation 2 1035.29 1345.73 1541.24 —84.30 723.77 568.92 728.98 62.63
Generation 3 1034.29 1344.73 1540.24 —85.25 724.35 569.50 729.56 63.21
Generation 4 1032.80 1343.24 1538.76 —86.70 725.27 570.42 730.48 64.13
Generation 5 1031.45 1341.89 1537.40 —88.11 725.80 570.95 731.01 64.66
Generation 6 1026.27 1336.72 1532.23 —93.25 729.41 574.56 734.62 68.28
Generation 7 1022.78 1333.23 1528.74 —-96.76 733.26 578.40 738.47 72.12
Generation 8 1018.49 1328.93 1524.44 —101.06 736.44 581.59 741.65 75.31
Generation 9 1016.45 1326.89 1522.41 —103.10 737.86 583.01 743.07 76.74
Generation 10 1017.13 1327.57 1523.08 —102.34 739.17 584.32 744.38 78.04
Generation 11 1015.46 1325.90 1521.41 —104.25 740.93 586.08 746.14 79.80
Generation 12 1008.10 1318.55 1514.06 —111.58 745.72 590.87 750.93 84.59
Generation 13 988.80 1299.25 1494.76 —130.99 763.60 608.74 768.81 102.48
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providing a critical visual aid in understanding the dynamics of pul-
monary mechanics.

In the inspiration phase, the visualization shown in Fig. 8(a) reveals
significantly higher pressures within the upper airways, particularly
notable in the regions from the nasal cavity to the trachea, illustrated in
red and orange hues. These regions, being the primary pathways for air
intake, encounter the highest pressures as they work to overcome the
resistance of incoming air. As air flows into the branching bronchi,
represented in yellow, the pressures moderately decrease. This pressure
change, decreasing progressively as the airways bifurcate and extend
deeper into the lungs, follows the expected increase in the total cross-
sectional area which, in turn, reduces both the airflow velocity and
pressure. Conversely, the expiration phase shown in Fig. 8(b) is char-
acterized by notably lower pressures, shown in blue and green colors,
reflecting the generally passive nature of this phase where the lung
drives the expulsion of air. However, pressures remain comparatively
higher near the pharynx, serving a critical role in preventing airway
collapse during the reduced pressure conditions that arise during
expiration.

Tables 1 and 2 provides a detailed comparison of time-averaged area-
weighted averages of wall static pressure and normal force across
various sections of the respiratory tract during both the inspiration and
expiration phases. This data is presented for different BiPAP settings and
contrasted against a scenario without BiPAP (0/0 cmH30), thereby
illustrating the effectiveness and variations in pressure support provided
by BiPAP therapy.

Under the BiPAP settings, there is a notable increase in static pres-
sures and airway wall supporting force during inspiration across all
airway locations compared to the without-BiPAP scenario. The higher
pressure and forces observed, particularly in the upper airway regions,
diminish as air moves toward the lower bronchial generations, reflecting
the spread and dilution of air pressure as it travels through the
increasingly branched airways.

From the data, it is evident that the setting of IPAP/EPAP at 12/8
cmH50 can be utilized for its capability to aid in oxygenation by
maintaining sufficient distending pressure. This pressure helps to keep
the airways open, which is particularly beneficial for patients who
require assistance in sustaining open airways during periods of sleep or
other states of low respiratory demand, thus preventing airway collapse
and ensuring a consistent supply of oxygen. For patients requiring
enhanced CO; removal, the IPAP/EPAP setting of 16/6 cmH30 is more
appropriate. This setting employs a higher inspiratory pressure to in-
crease tidal volume, thereby enhancing gas exchange, while the lower
expiratory pressure reduces the work of breathing by making exhalation
easier and more effective. The 18/8 cmH,O setting combines the attri-
butes of both oxygenation and CO clearance. It is suited for patients
with severe respiratory distress who need substantial ventilatory sup-
port. This setting offers robust inspiratory pressures to improve oxygen
intake and maintain airway patency while also providing a manageable
expiratory pressure that aids in efficient CO5 elimination.

Clinically, the effectiveness of these settings requires careful
consideration and tailoring to match the specific respiratory needs of
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each patient. This involves a dynamic assessment and adjustment based
on the patient’s tolerance to the therapy and their response to the set
pressures. By optimizing the BiPAP settings according to individual
patient conditions, clinicians can significantly improve patient comfort,
enhance gas exchange, and prevent respiratory complications such as
hypoventilation or airway collapse, thereby improving overall treat-
ment outcome.

3.5. BiPAP vs. CPAP

Unlike BiPAP, which provides two discrete levels of pressure during
inhalation (IPAP) and exhalation (EPAP), Continuous Positive Airway
Pressure (CPAP) delivers a constant, uniform pressure throughout the
breathing cycle, primarily targeting airway patency in conditions such
as OSA. In our previous study, we simulated a CPAP scenario with a
constant positive pressure of 9 cmH>0 (Saha et al., 2024b). Comparing
these findings with the 12/8 cmH,0 BiPAP setting reveals that, despite
similar flow velocity and wall shear stress stemming from an equivalent
volumetric flow rate, the static pressure on the airway wall differs
significantly, as shown in Fig. 9. In the CPAP case, this pressure is largely
influenced by the interaction between the imposed external pressure and
dynamic shifts in alveolar pressure. During inhalation, alveolar pressure
is sub-atmospheric, thereby moderating the overall airway wall pressure
relative to the constant CPAP level, whereas exhalation raises alveolar
pressure above atmospheric levels, resulting in an additive effect with
the continuous external pressure. By contrast, BIPAP allows the inspi-
ratory and expiratory pressures to be individually regulated. At 12/8
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Fig. 9. Time-averaged area-weighted wall static pressure on the nasopharynx
wall for two scenarios: CPAP at 9 cmH,O (red line) and BiPAP at IPAP/EPAP of
12/8 cmH,0 (green line).

Table 2
Time-averaged area-weighted averages of wall normal force (N) that averages over inspiration and expiration period.
Inspiration Expiration
IPAP/EPAP (cmH,0) 12/8 16/6 18/8 0/0 12/8 16/6 18/8 0/0
Nasal Cavity 17.62 22.53 25.63 —0.12 10.60 8.14 10.68 0.09
Nasopharynx 1.72 2.20 2.50 —0.01 1.04 0.80 1.04 0.01
Oral Cavity 3.74 4.79 5.45 —0.04 2.26 1.74 2.28 0.02
Oropharynx & Laryngopharynx 4.85 6.21 7.07 —0.06 2.94 2.26 2.96 0.03
Larynx 2.21 2.86 3.27 -0.14 1.47 1.14 1.48 0.08
Trachea 5.75 7.47 8.55 —0.46 4.01 3.15 4.04 0.34
Primary Bronchi 2.06 2.68 3.07 -0.17 1.44 1.13 1.45 0.12
Secondary Bronchi 1.76 2.29 2.62 -0.14 1.23 0.97 1.24 0.11
Tertiary Bronchi 2.05 2.67 3.05 -0.17 1.44 1.13 1.45 0.13
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cmH50, a higher IPAP bolsters alveolar expansion and airway patency
during inhalation, followed by a relatively lower EPAP that still main-
tains sufficient expiratory support. Consequently, the airway wall ex-
periences a pronounced upward pressure trend during inspiration and a
corresponding reduction during expiration—opposite to the smoother
transition seen in CPAP. Overall, while the absolute magnitudes of CPAP
and BiPAP airway pressures can be similar, their distinct pressure pro-
files highlight the importance of tailored ventilatory strategies to
accommodate different respiratory demands and pathophysiological
conditions.

4. Conclusions

In conclusion, this study demonstrates that carefully modulating
BiPAP settings allows for a more patient-specific approach to noninva-
sive respiratory support. The tailored IPAP/EPAP combinations not only
enhance airway stability and patency, which is particularly vital for
preventing collapses in conditions like CSA and OSA but also improve
CO;, clearance and ease of exhalation for COPD patients. Additionally,
higher-level support settings can offer simultaneous benefits in
oxygenation and CO elimination for OHS cases. Importantly, these
adjustments do not introduce excessive mechanical stress on the airway
walls, suggesting that BiPAP therapy can be optimized to maintain a
favorable biomechanical environment. Collectively, these insights
highlight the potential of BiPAP to deliver both physiological efficacy
and patient comfort across a range of respiratory disorders, guiding
future clinical practices toward more individualized and effective
treatment strategies.

Future research

Future research should focus on the extended biomechanical impacts
of BiPAP therapy on the respiratory tract to better understand potential
tissue adaptation or adverse effects. Such studies are crucial for opti-
mizing therapy, particularly for automatic positive airway pressure
therapy that adjusts in response to the dynamic changes in a patient’s
respiratory needs throughout various sleep stages. Investigating these
changes will help in refining these adaptive systems to ensure they not
only meet the fluctuating demands effectively but also minimize any
negative biomechanical stress that could affect long-term respiratory
health.
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