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Impaired upper airway dimension in adults with Isolated Robin Sequence (IRS) can alter airflow dynamics,
increasing the risk of pharyngeal collapse and the onset of obstructive sleep apnea. This study aimed to char-
acterize the upper airways of six young adults (20.83 + 6.40 years) with IRS, using computational fluid dy-
namics. Upper airways of six patients were reconstructed using 3D segmentation, generating unstructured hybrid
meshes with >4 million tetrahedral elements. Flow simulations at 15 1/min were solved using the realizable k-¢
model and the finite volume method. Morphophysiological variables assessed were: total airway volumes,
minimal cross-sectional areas, average pressure, velocity magnitude, wall shear stress, turbulent kinetic energy
(k) production, and resistance. Airway volume corresponded to 29.32 + 4.65 cm® and minimal cross-sectional
area was 1.00 + 0.55 cm?. Pressure drop, airway resistance to airflow, velocity of the airflow and turbulent
kinetic energy corresponded to 31.341 + 15.837 Pa, 0.125 + 0.063 (Pa s/ml), 1.882 + 0.514 (m/s) and 0.152 +
0.056 (m2/s2). The total airway volume exhibited a strong negative correlation with airway resistance (—0.899)
and the inlet-to-outlet pressure drop (—0.899). The minimal cross-sectional area of the pharynx at the retro-
glossal level showed a strong negative correlation (—0.912) with the area-weighted average velocity magnitude
of the airflow and with k production (—0.924). In conclusion, airway volume reduction and retroglossal
obstruction in young adults with IRS are associated with altered fluid flow characteristics, including increased
velocity magnitude, pressure drop, resistance, and turbulent kinetic energy production. These changes may in-
crease the effort to breathe and predispose patients to sleep-disordered breathing.

1. Introduction

Isolated Robin Sequence (IRS), with an incidence rate ranging from 1
per 8500 to 1 per 14,000 births, is characterized by micrognathia,
glossoptosis, and respiratory obstruction, with variable involvement of
cleft palate.' It presents a heterogeneous clinical spectrum, resulting in
varying degrees of stomatognathic dysfunction and upper airway
impairment.“’5

Theoretically, the spontaneous resolution of airway obstruction in
IRS, primarily attributed to tongue-based mechanisms,® relies on the
concept of mandibular "catch-up" growth.7’9 However, nearly 40 % of
these patients require orthognathic surgery upon reaching skeletal
maturity.'’ Consequently, in conservatively treated patients with

persistent retrognathia, glossoptosis and pharyngeal obstruction are
likely to persist into adulthood. Furthermore, the presence of a cleft
palate exacerbates the risk of airway obstruction.'’'? As a result of
multisite upper airway constrictions, obstructive sleep apnea (OSA) may
develop'? ' and is often linked to cardiometabolic complications and
high morbidity,'® making it a critical concern in the long-term man-
agement of patients with craniofacial anomalies.

The combination of cone-beam computed tomography (CBCT) and
three-dimensional (3D) segmentation of the upper airway in patients
with craniofacial anomalies is a reliable assessment method for identi-
fying unfavorable anatomical characteristics associated with reduced
airway patency and obstructive events.'*'®'® However, this method
does not provide airflow dynamic characterization,'® which can be
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clinically assessed through peak nasal inspiratory flow and
rhinomanometry.?°2* Recently, computational fluid dynamics (CFD)
has emerged as a novel technology for analyzing airflow behavior, with
preliminary data showing good correlations with rhinomanometry”
and patient-reported symptoms.’®?”

Patients with IRS could particularly benefit from CFD simulations
due to the high prevalence of morphofunctional imbalances and airway
obstructions, as well as the frequent need for surgical interventions.
Therefore, this study aimed to characterize the upper airways of six
patients with IRS by analyzing area-weighted average pressure, velocity
magnitude, wall shear stress, turbulent kinetic energy production, and
resistance using CFD simulations. It is our hypothesis that young adults
with IRS will exhibit a reduction in the volume of the upper airway and
minimal cross-sectional area especially those located in the oropharynx.
Furthermore, it is expect to observe an association between these pa-
rameters and the occurrence of negative pressures, as well as greater
resistance to airflow, which may predispose individuals to sleep
disorders.

2. Methods
2.1. Ethical considerations, study design, and settings

The study protocol was approved by the Institutional Review Board
(process number - CEP/CONEP (CAAE): 15205413.7.0000.5441) and
complied with the World Medical Association Declaration of Helsinki.
This retrospective case series was developed at a tertiary hospital for the
rehabilitation of craniofacial anomalies (Hospital for Rehabilitation of
Craniofacial Anomalies, University of Sao Paulo, Bauru, Sao Paulo,
Brazil).

2.2. Sample selection and cone-beam computed tomography

A database of 672 imaging exams of individuals with IRS was
screened. Exclusion criteria encompassed: individuals younger than 15
years, those with chronic upper airway infections, hypertrophic tonsils
or adenoids, a history of orthognathic surgery, or proliferative/
destructive lesions in soft or hard tissues.'® The CBCT scans included in
the study were originally obtained for medical or dental purposes, all
with a full field of view (FOV). Images were acquired with patients in a
seated position using the i-CAT Next Generation scanner (ISI-i-CAT
Imaging Sciences International, Hatfield, PA, USA). The acquisition
parameters were as follows: 16 x 13 cm field of view, 26.9-s exposure
time, 120 kV, 37 mA, 0.25 mm voxel resolution, and 0.25 mm slice
thickness.'® After applying the exclusion criteria, six scans were selected
for analysis.

2.3. 3D evaluation and CFD simulation

2.3.1. Preprocessing

The upper airway, encompassing the nasal cavity and pharynx, was
the domain of interest, while the paranasal sinuses were excluded from
the airway segmentation.''” The CBCT images, stored in Digital Im-
aging and Communications in Medicine (DICOM) format, were imported
into the open-access image analysis algorithm ITK-SNAP 3.8.0 (2019, htt
p://www.itksnap.org) for 3D active contour segmentation.”® The
selected threshold ranged from —1000 to —550 Hounsfield units, which
minimized the need for manual artifact correction.”*

The anterior boundary of the airway corresponded to the external
nostrils while the inferior boundary corresponded to the epiglottis valve
and total airway volume was automatically calculated (mm?®). Minimal
CAD cleaning was performed using Ansys 2020.R2 SpaceClaim (Ansys,
Inc., Pennsylvania, USA) to preserve the anatomical characteristics of
the patient’s upper airway. Regarding minimal area assessment, the
following parameters were considered for analysis: CSA1 refers to the
nasal valve, CSA2 to the anterior region of the inferior and medial
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conchae, CSA3 to the posterior region of the inferior and medial
conchae, CSA4 to the cranial limit of the nasopharynx, CSA5 to the
cranial limit of the oropharynx, and CSA6 to the pharyngeal minimal
cross-sectional area (retroglossal) (Fig. 1).

The geometry, created in ANSYS 2020.R2 SpaceClaim (Ansys Inc.),
consisted solely of fluid regions with no voids. Therefore, the Watertight
Geometry workflow in ANSYS 2020.R2 Fluent, along with Fluent
Meshing (Ansys Inc.), was used for mesh generation. Unstructured
hybrid meshes with over 4 million elements, including tetrahedral ele-
ments and three layers of prisms that grow only on the walls, were
provided.? The mesh quality was verified using inverse orthogonal
quality (OQ) and aspect ratio (AR) criteria.

2.3.2. Solver

Adiabatic, turbulent flows were simulated using ANSYS Fluent 2020.
R2 (Ansys Inc.). The fluid properties were set to constant density (1.225
kg/m®) and constant viscosity (1.7894E-05 kg/m-s). Boundary condi-
tions included inlets (right and left nostrils) with a gauge pressure of 0
Pa, an outlet (at the CIV level) with a mass flow rate of 0.00031 kg/s (15
L/min), and no-slip stationary walls with standard roughness. The
realizable k-¢ model was used to solve bidirectional flow simulations in
the discretized geometries through the finite volume method. Hybrid
method initialization with constant pressure was applied, and calcula-
tions were performed with a time scale factor of 1 and 200 iterations.

In the transport equations: Gy = represents the generation of tur-
bulence kinetic energy due to mean velocity gradients; Gy is the turbu-
lence kinetic energy due to buoyancy; Yy = is the contribution of
fluctuating dilatation in compressible turbulence to the overall dissi-
pation rate; C, is a constant (1.9); Ci. is a constant (1.44); oy is the
turbulent Prandtl number for k (1.0); o. = is the turbulent Prandtl
number for ¢ (1.2); Sy and S, are user-defined source terms.
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In the eddy viscosity equation, C, is not a constant, but a function of
the mean strain and rotation rates, the angular velocity of the system
rotation, and the turbulence fields in k and e:

2
He :/)Cy?

Reynolds (Re) numbers were calculated for each case, according to
the equation:

were p = fluid density (1.225 kg/m?), V = fluid velocity (m/s), D = mean
nasal valve diameter (m), y = fluid dynamic viscosity (1.7894 g% kg/
m-s).

The convergence of each simulation was assessed using the following
criteria: 1) residual error values < 10’3; 2) steady solution of the area-
weighted average for the monitoring point at the outlet; and 3) domain
imbalance <1 %. Considering the similarity of the geometries and
meshes used in this study with those assessed by Frank-Ito et al.,?’ no
mesh independency tests were performed. According to the authors, >4
million element grids produced results with negligibly small variations
between the sinonasal airflow and particle transport simulations.?’

2.3.3. Postprocessing
Simulations were assessed by quantitative (mass flow report balance
and surface integrals) and qualitative means (contours). The area-
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CSA3

CSA4

CSA5

CSA1 = nasal valve

CSA4 = cranial limit of nasopharynx
CSAS5 = cranial limit of the oropharynx

CSA2 = anterior region of inferior and medial conchae
CSAB = posterior region of inferior and medial conchae

mCSA = pharyngeal minimal cross-sectional area (retroglossal)

mCSA

Fig. 1. Anatomical locations of minimal cross-sectional areas (CSA) in the upper airways.

weighted average pressure, velocity, wall shear stress, volume mass flow
and production of turbulent kinetic energy (k) were extracted. The area-
averaged pressure drop (AP) from inlet to the outlet (total airway), from
inlet to choana (nasal cavity) and from choana to outlet (pharynx) were
defined to verify the effect of the airway narrowing on airflow behavior.
Resistance of the airways were calculated using the following equation:

AP

R
Q

where, R = resistance (Pa.s/ml) and Q = volume flow rate (ml/s).

Sample characteristics were given as mean + standard deviation
(SD) and Pearson’s correlation coefficient (Pearson’s r) was used for
evaluating the correlation between fluid flow characteristics with
airway dimensions. P < 0.05 was considered to be statistically
significant.

3. Results

The upper airways of six young adults with IRS (20.83 + 6.40 years),
including four females and two males, were evaluated. Table 1 presents
the demographic data and the average airway dimensions in young
adults with isolated Robin sequence. The total airway volume was 29.32
+ 4.65 cm® while the minimal cross-sectional area (mCSA) corresponded
to 1.00 + 0.55 cm?. Considering the diameters of the nasal valve (mean
11.87 + 0.93 mm) and the minimal cross-sectional area (mCSA) for each

Table 1

case, the Reynolds numbers ranged from 1668.60 + 150.80 at the nasal
valve to 2875 + 765.83 at the mCSA, indicating transitional fluid
airflow. This indicates that the airflow in these regions is neither fully
laminar nor fully turbulent but may fluctuate between these two types
depending on local conditions.

Table 2 summarizes the area-weighted average AP (Pa), velocity
magnitude (m/s), turbulence kinetic energy production (k) (mz/sz), and
the resistance (R) values for the total airway, anatomical airway seg-
ments, and mCSA. Turbulence intensity ranged from 5.93 % to 52.88 %,
with the highest mean values observed at the nasal valve (38.52 + 8.87
%) and at the mCSA (31.66 £+ 13.62 %). The mean wall shear stress
value was 0.25 + 0.31 Pa, with a minimum of 0.06 Pa and a maximum of
0.89 Pa.

The total airway volume exhibited a strong negative correlation with
airway resistance (R) (—0.899) (0.12 + 0.06 Pa s/mL) and the inlet-to-
outlet area-weighted average static AP (—0.899) (31.34 + 15.83 Pa).
The pharyngeal mCSA at the retroglossal level (1.00 + 0.55 cm?)
showed a strong negative correlation (—0.912) with the area-weighted
average velocity magnitude of the airflow (3.47 + 2.05 m/s) and with
turbulence kinetic energy production (—0.924) (0.20 + 0.17 m?/s%). No
other statistically significant correlations were detected. The contours of
velocity magnitude, vectors, pressure, and wall shear stress for two cases
are shown in Fig. 2 for illustrative purposes.

Characterization of airway dimensions in young adults with isolated Robin sequence (sample size = 6).

Case  Demographics Airway dimensions
Total volume Cross sectional areas (CSA) (cm?)
3
Sex  Age (em®) mean inlet  CSA1 CsA2 CsA3 csa4 CsA5 mCSA outlet

1 Q 15 25.84 0.34 1.47 1.86 2.00 4.02 2.35 0.80 1.12
2 Q 17 30.95 0.67 1.55 1.36 3.47 4.63 1.99 1.35 3.20
3 ? 18 34.12 0.65 1.20 1.92 2.00 5.53 4.23 1.87 2.98
4 Q 29 24.10 0.41 1.26 1.95 1.90 2.02 1.59 0.45 3.54
5 3 17 25.94 0.65 1.36 2.95 1.65 4.22 2.76 0.44 0.53
6 3 29 34.98 0.57 1.22 3.96 5.90 5.30 2.58 1.09 1.15
X +SD 20.83 + 29.32 + 4.65 0.55 + 1.34 + 2.33 + 2.82 + 4.29 + 2.59 + 1.00 + 2.15 +

6.40 0.14 0.14 0.14 0.94 1.25 0.91 0.55 1.25

Abbreviations: X = mean, SD = standard deviation, age (years),? = female, 3 = male, CSA1 = nasal valve, CSA2 = anterior region of inferior and medial conchae,
CSA3 = posterior region of inferior and medial conchae, CSA4 = cranial limit of nasopharynx, CSA5 = cranial limit of the oropharynx, mCSA = pharyngeal minimal

cross-sectional area (retroglossal).
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Table 2
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Given absolute values of CFD quantitative variables for the assessment of airflow in young adults with isolated Robin sequence (sample size = 6).

Airway segment

Fluid flow characteristics

AP (Pa) R (Pa.s/ml) Velocity (m/s) k (m%/s%)

X +SD Min-Max X +SD Min-Max X +£SD Min-Max X +SD Min-Max
Total airway 31.341 + 15.837 12.96-50.33 0.125 + 0.063 0.051-0.201 1.882 + 0.514 0.579-6.260 0.152 + 0.056 0.032-0.490
Nasal cavity 18.639 + 6.397 8.26-25.01 0.075 + 0.026 0.064-0.100 1.868 + 0.805 0.618-4.550 0.126 +£ 0.121 0.002-0.490
Pharynx 12.701 + 13.646 1.49-34.04 0.051 + 0.055 0.005-0.136 1.896 + 1.576 0.579-6.260 0.153 £ 0.120 0.031-0.443

Abbreviations: X = mean, SD = standard deviation, Min = minimum, Max = maximum, AP (Pa) = pressure drop, R (Pa.s/ml) = resistance, k (m?/s%) = turbulent

kinetic energy.

ANSYS

2020 R2

T

ANSYS

C

ANSYS

2020 R2

e o 088 om £

Fig. 2. Airflow contours in YZ axis and airway walls of two young adults with isolated Robin sequence. A and D - showed increased velocity magnitude at the nasal
valve (NV) and pharyngeal minimal cross-sectional area (mCSA), with airflow direction changing from vertical for horizontal at the NV, flow separation at the
pharynx and turbulence at the mCSA (a and d). B and E — More intense negative pressure gradient at the pharyngeal mCSA. C and F - Increased wall shear stress at NV

and mCSA.

4. Discussion

This study evaluated six young adults with IRS, despite efforts to
include all regularly registered IRS patients at the Hospital for Reha-
bilitation of Craniofacial Anomalies, University of Sao Paulo, Bauru, Sao
Paulo, Brazil. Although the sample is not representative, it offers a rare
and potentially unique report on airflow characteristics assessed
through CFD in this specific and relatively uncommon population. The
focus of this study is to enhance the understanding of airway dynamics
in this population, which is of particular interest due to their high risk of
sleep apnea, a condition that often begins with skeletal alterations,
leading to changes in respiratory flow dynamics and their medium- and
long-term systemic consequences. Furthermore, the airway was recon-
structed in 3D, providing volumetric dimensions and area measurements
at various anatomical points. To date, no previous studies on airway
morphometry in adults with IRS allow for direct comparison of results.

In other craniofacial anomalies, such as cleft lip and palate—which is
more prevalent (1 in 1000 births)® than IRS—the associations between
altered  craniofacial morphology, reduced wupper airway
dimensions,' "' *'%'® and the onset of OSA'*'* are well documented. In
contrast, there is a lack of data regarding the developmental outcomes of
skeletal and airway morphology in IRS patients.*°

Yatabe-Ioshida et al.'” measured airway volumes in adults with
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unilateral and bilateral cleft palate before and after orthognathic sur-
gery. The preoperative mean values for these groups were 23.23 + 6.71
em® and 31.58 + 7.28 cm?, respectively. Similarly, Campos et al.'*
assessed adults with unilateral and bilateral cleft lip and palate,
reporting airway volumes of 43.00 =+ 9.00 cm?® in patients without OSA
and 36.00 & 5.00 cm?® in those with OSA. The airway volume in young
adults with IRS was comparable to that observed in cleft lip and palate
patients prior to orthognathic surgery and in those with OSA. Addi-
tionally, Campos et al.'* reported a mean mCSA at the oropharynx level
of 0.94 + 0.19 em? in subjects with cleft lip and palate and OSA. In this
anatomical region, the mCSA in individuals with IRS was nearly 50 %
smaller, indicating severe obstruction due to glossoptosis, as expected.

A negative correlation was observed between pharyngeal mCSA and
airflow velocity magnitude, which can be attributed to the Bernoulli
effect in the retroglossal area'® and the production of k. The mCSA
where velocity peaks occur has been proposed as the primary site for
obstructive events due to its greater collapsibility, particularly in the
retropalatal and oropharyngeal regions.®>*? Turbulent kinetic energy,
which describes the concentration of turbulent flow in the upper airway,
is characterized by the root-mean-square velocity fluctuation. At the
mCSA, increased flow intensity results in higher velocity and turbulent
kinetic energy, a phenomenon likely responsible for obstructive respi-
ratory events in these patients (Faizal et al., 2021).
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In clinical respiratory terms, turbulent kinetic energy production
refers to the physical phenomenon that occurs when airflow in the air-
ways transitions from laminar (smooth and organized) to turbulent
(irregular and chaotic). This concept is significant in respiratory dy-
namics studies because it directly impacts airflow efficiency and resis-
tance within the airways, often becoming evident in the presence of an
obstruction. Consequently, in individuals with IRS, the oropharyngeal
region should be thoroughly evaluated for airway obstruction diagnosis
and management, considering the presence of glossoptosis, reduced
oropharyngeal cross-sectional dimensions, increased flow velocity, and
turbulent kinetic energy. Furthermore, the total airway volume in the
assessed IRS individuals showed a strong negative correlation with
pressure drop and resistance, indicating a clinically significant reduction
in airway ventilation and an increased breathing effort.

In these six cases, the highest wall shear stress was observed at the
nasal valve and the pharyngeal mCSA. At the nasal valve, the airflow
shifts from vertical to horizontal, generating high pressure and stress,
which aligns with previous findings (Tan et al., 2012). The increased
wall shear stress at the oropharynx tends to bring the anterior and
posterior walls of the airway closer together, altering airflow profiles
and contributing to airway collapse.>>3*

Regarding the CFD method, the steady flow rate used in this study
(15 I/min, 0.00031 kg/s) represents low physical activity levels® and is
typically assumed to be laminar in most studies. However, transitioning
flows are commonly associated with obstructed airways*® and OSA,
which can occur even during breathing at rest.”” Furthermore, at a flow
rate of 10 1/min,*®*° transitional phases have been observed due to the
structural complexity of the airway, adverse pressure gradients, sec-
ondary flow regions, and recirculation zones. Our findings suggest that
airflow in the studied airways exhibits unsteady transitional flow even
under low Reynolds numbers. This finding has significant clinical im-
plications, as it highlights the potential for increased airflow resistance
and turbulence even during low-intensity breathing, which may
contribute to the onset or exacerbation of respiratory symptoms in in-
dividuals with compromised airway structures.

It is worth noting that the laminar flow model was initially used as a
starting point. However, convergence was not achieved for flow rates of
15 I/min. The k-e model is one of the most commonly used turbulence
models in CFD simulations (Stapleton et al., 2003). Nevertheless, its
accuracy in predicting airflow>®*%*? and particle deposition (Stapleton
et al., 2003) in the upper airways is debated due to larger dispersion,
insufficient responsiveness to streamline curvature, and limitations in
handling separated flow.*>>

Considering these challenges and the airway characteristics in IRS,
including irregular shapes and area variations that promote turbulence,
the realizable k-¢ model with standard wall functions was selected for
CFD simulations. The realizable k-¢ model differs from the traditional k-
¢ model by introducing a new formulation for turbulence viscosity and a
new transport equation for the dissipation rate. These features allow it to
more accurately predict the spreading rates of both planar and round
jets, as well as enhance performance for flows involving rotation,
boundary layers under strong adverse pressure gradients, and
recirculation.

For instance, Ma and Lutchens*’ successfully utilized the realizable
k-e model to simulate aerosol deposition in the human respiratory sys-
tem. However, the limitations of turbulence models primarily affect
measurements at the subglottic level, where airflow anomalies like
round-jet/plane-jet behavior and flow separation are present.>>"?
Therefore, minimal effects are anticipated for simulations in the nasal
cavity and pharynx, where these anomalies are less significant.

From a clinical perspective, the use of the realizable k-e model in CFD
simulations offers valuable insights into the complex airflow dynamics
in IRS individuals. It allows for a more accurate assessment of areas
prone to obstruction, such as the nasal cavity and pharynx, and provides
critical data on airflow characteristics that could guide the diagnosis and
management of respiratory conditions. This configuration enables the
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identification of regions with increased turbulence, pressure drops, or
flow separation, which are directly relevant for tailoring interventions to
improve airway patency and reduce respiratory effort.

Although considerable progress has been made in understanding the
flow field inside the upper airway through CFD, the complexity of
airflow behavior still requires further clarification through in vitro and
in vivo physical validation.?>3>%7:40:41:44 Additionally, future studies
that effectively determine whether adults with IRS could benefit from
procedures aimed at increasing oropharyngeal dimensions would be
highly valuable for managing obstructed airways in this population.
Such research could provide crucial insights into the potential benefits
of targeted interventions for improving airflow and reducing respiratory
complications in these patients.

It is important to recognize that the present study is limited by a
small sample size and the absence of a control group, which restricts the
ability to draw more robust conclusions. Future studies with larger
sample sizes and control groups would be essential to strengthen these
findings and provide more conclusive evidence. However, despite these
limitations, this study provides a unique description of the respiratory
pattern in young adults with IRS, a rare condition, with the purpose of
understanding the effects of airway morphology on respiratory
physiology.

Finally, the study’s aim is to explore and analyze the relationship
between skeletal alterations and respiratory dysfunction in this high-risk
population. This knowledge has the potential to inform future clinical
applications, even if it is in the exploratory phase at this stage. We also
acknowledge that the current study is not yet providing direct clinical
interventions but is laying the foundation for future research that could
have clinical value.

In conclusion, this study is the first attempt to characterize airflow in
young adults with IRS. The results reinforce the role of volumetric
airway impairment and retroglossal constriction in obstructive events in
adults with IRS, demonstrated through the correlation between airway
volume and cross-sectional areas with fluid flow characteristics, such as
increased velocity magnitude, pressure drop and resistance, and pro-
duction of turbulent kinetic energy.
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