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Abstract 

 
The accuracy of simulation results to predict surgical 

outcome to improve nasal breathing is important to satisfy 
patients. Therefore, in the presented work lattice Boltzmann 
simulation results are compared to acoustic rhinometry and 
rhinomanometry data. 
 
The basis is an already laser Doppler anemometry validated 
lattice Boltzmann code to simulate nasal breathing. To further 
investigate the quality of the simulation results, 
rhinomanometry and acoustic rhinometry data of a patient 
with nasal septum deviation are used for comparison. The 
lattice Boltzmann simulation is based on an air-segmented 
computer tomography dataset. Rhinomanometry and 
acoustic rhinometry are measurements to evaluate 
functionality of the nasal breathing process. Both methods 
are applied on the patient without and with a medication that 
the swelling of the mucosa is reduced. 
 
Lattice Boltzmann simulations show that the results are 
closer to rhinomanometry without the medication that reduce 
the swelling of the mucosa. On the left side of the nasal cavity, 
the simulation is in comparison with rhinomanometry data, in 
between both measurements. In contrast to the right nasal 
cavity simulation predict a higher pressure drop (10 %) than 
rhinomanometry. 
Segmentation compared to acoustic rhinometry shows up to 
a distance of 6 cm from the nostril good accordance. 
However, surgeons experience is that acoustic rhinometry is 
at bigger distances not trustful anymore.  
 
Based on the presented result there is the conclusion that the 
segmentation process of the CT dataset is a good way to get 
a digital twin of the nasal cavity that can be used for numerical 
simulations. As expected simulation and measurements are 
not coincident. Based on the presented results there is no 
need to change the segmentation process or imaging 
technique. 
 

Introduction 
 

Since studies show that 30.9 % of patients in ENT [1] 
departments of hospitals have a nasal septum deviation and 
the success rate is only between 65 % and 80 % [2], there is 
the need to support surgeons with novel approaches. Support 
is performed either during the surgery (intraoperative) or in 
the preoperative planning.  
In the preoperative planning, simulation techniques to 
simulate the flow through the nasal cavity could help finding 
regions with high pressure drop that indicate a constriction as 
presented at the Minisymposium Process Engineering 2019 
in Leoben [3]. The used lattice Boltzmann (LB) simulation 

based on Sailfish CFD [4] is validated already by laser 
Doppler anemometry (LDA) measurements [5]. Patient data 
based on rhinomanometry and acoustic rhinometry allow a 
further comparison.  
So far, the quality of the segmentation process is not taken 
into account since LDA and LB are based on the same 
dataset. There is no proof whether the segmentation process 
based on CT image of the nasal cavity accurate enough. 
However, there is one publication that shows that 
thresholding with -460 Hounsfield units [6] to perform air 
segmentation in the computer tomography (CT) dataset is a 
good choice. The CT dataset is limited to image air and the 
nasal mucosa [7] that might influence the quality of the 
simulation result. Therefore, of a patient with nasal septum 
deviation a CT dataset, rhinomanometry and acoustic 
rhinometry measurement are used for the investigation. 
CT allows to give a three-dimensional inside into the human 
body by x-rays [8] that is so far the state-of-the-art available 
imaging technique with the disadvantage of radiation 
exposure. 
Rhinomanometry controls the air flow rate through the nasal 
cavity of left and right side separately and measure the 
pressure drop between nostril and throat [9]. It generates a 
“system curve” of the nasal cavity to differentiate between a 
geometrical problem or a swelling of the nasal mucosa. 
Acoustic rhinometry determines the air flow cross-section as 
a function of the distance from the nostril by acoustic waves 
[9] of left and right channel of the nasal cavity separately to 
find the constrictions that causes the breathing problem. 
The fluid flow simulation method LB is chosen since it is easy 
to apply and numerically stable on complex geometries. 
Sailfish CFD features GPU (graphical processing unit) 
support and fast computation (less than 5 minutes) to know 
the velocity vector field and pressure scalar field of the nasal 
breathing process. 
The topics investigated in this study are to find the accuracy 
of the LB simulation with segmentation process by a 
comparison with rhinomanometry and acoustic rhinometry 
data. Therefore, in the segmentation process for the 
simulation the left or right nasal cavity is locked. The outcome 
should be a decision whether there is the need for changes 
in the CT segmentation process, or whether there is the need 
for a different imaging method like magnetic resonance 
imaging (MRI). 
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Methods 
 

Segmentation of the CT dataset 
 

An anonymous patient CT dataset with a nasal septum 
deviation and a resolution of 0.3 x 0.3 x 0.3 mm³ from 
Siemens Somatom is air segmented by thresholding to -460 
Hounsfield units [6]. To define a label map of the voxels inside 
the nasal cavity, at the nostril and throat a horizontal cut is 
defined. Subsequently, a region growing algorithm removes 
the voxels outside the nasal cavity. By a marching cubes 
algorithm [10], a surface geometry file is generated and 
saved in stl format. In Blender [11] at the nostril and throat a 
cuboid is added to define mass flow rate by a velocity 
boundary condition later on at the fluid flow simulations. Since 
at rhinomanometry investigation the left or right side of the 
nasal cavity is investigated separately, at the stl surface 
geometry one nostril is locked, created by a Boolean 
operation, as depicted in Fig. 1. All segmentation operations 
are performed in 3D Slicer [12], an open source software for 
medical image informatics, image processing, and three-
dimensional visualization. Fig. 1 shows the triangles of the stl 
surface geometry with the locked nostril. 

 

 
 

Fig. 1: Air segmented nasal cavity saved in stl format. The 
cuboids at the inlets and outlets are used for setting the 
boundary conditions at the fluid flow simulation. In total 

there are two stls, one is locked at the left nostril, the other 
one at the right nostril. 

 
Lattice Boltzmann simulations of the nasal cavity 

 
For the lattice Boltzmann (LB) fluid flow simulations the 

python based framework Sailfish CFD [4] with GPU 
implementation is used. In order to deal with turbulent 
structures at a flow rate higher than 300 ml/s the LES 
turbulence model Smagorinsky Lilly with cs = 0.14 [4] is used. 
The turbulence model is used since temporal and spatial 
resolution is computationally limited to resolve turbulent 
structures. With artificial viscosity in average turbulent 
structures are modelled. This critical flow rate was 
determined by Reynolds number calculation compared to a 
critical Reynolds number in a pipe with 2300 [13]. The flow 
boundary condition is taken from rhinomanometry. Since the 
result is a continuous pressure/flow rate curve, there would 
be the need for infinite amount of simulations. To recalculate 
the curve a discretization of 50 ml/s is chosen. With a 
maximum flow rate boundary from rhinomanometry (600 
ml/s), there are 12 simulations for inhalation/exhalation of left 
and right side of the nasal cavity (48 simulations). The 
simulations were initialized with 𝑣⃗ = 0 and stopped when the 

pressure drop between inlet and outlet converged, after 0.025 
seconds simulation time. The overall computational time of 
one simulation is smaller than 5 minutes. The spatial 
resolution of the LB simulation was chosen based on 
experience of previous investigations [14] so that the result is 
mesh independent. This pressure drop between nostril and 
throat is taken for comparison with the rhinomanometry. 
 

Cross-section determination for comparison with 
acoustic rhinomanometry 

 
For the comparison of segmentation with acoustic 

rhinometry, the coronal air flow cross-section must be 
determined in the CT dataset. The basis is the surface 
geometry file in stl generated by the segmentation process in 
3D Slicer. Coronal cross-sections with a spatial discretization 
of 5 mm are chosen (coronal distance from the nostril). In total 
19 cross-sections are investigated. The cross-section 
calculation is performed by numerical integration of the 
surface integral 
 

ඵdxdy, 

 
where x and y are the spatial coordinates in the coronal 
investigation plane. The numerical calculation is performed in 
ParaView [15]. So this investigation is independent of the 
simulation, this is just a comparison of the segmentation 
process with cross-section determined by acoustic 
rhinometry. 

 
Results 

 
Fig. 2 depicts the comparison between LB simulation 

results of the segmented nasal cavity based on the CT 
dataset and rhinomanometry data of the same patient. 
Results colored in red show flow through the left nostril, 
whereas the right nostril was locked. Results colored in blue 
investigated the flow through the left nostril, whereas the right 
nostril was locked. Points with a black stroke are LB 
simulated data, all the other depicted data are the results of 
rhinomanometry digitized by WebPlotDigitizer [16]. 

 

 
Fig. 2: Comparison of simulated data with rhinomanometry 

data. In the measurement are basically two curves, one 
originates from the initial, the second one with a 
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decongestant of the mucosa, where there is a pressure drop 
decrease. 

 
The rhinomanometry measurement consists of two 
investigations: An initial one with higher pressure drop, and a 
second one where with a medication the swelling of the 
mucosa is reduced, with a lower pressure drop. So on 
locations where there is a big difference in both 
rhinomanometry measurements, it is not a geometrical 
breathing problem like a nasal septum deviation, but a 
swelling problem of the mucosa. At the simulations of the left 
side of the nasal cavity, the simulated results are in between 
both rhinomanometry curves. Thus, thresholding, the main 
important step in the segmentation process, represents the 
shape well. At the inspiration curves the simulated pressure 
drop is higher than the measured one by rhinomanometry. 

 
Fig. 3 shows a comparison between acoustic rhinometry data 
and the coronal cross-section calculations of the 
segmentation process performed in ParaView. Again, the 
curve with less cross-section is due to swelling of the 
mucosa. The distance in cm is measured in coronal direction 
from the nasal tip. The reason for negative distance at the 
acoustic rhinometry data is because the sensor is put on the 
nostril and outside. On the acoustic rhinometry data one can 
see that the mucosa is present after 2.5 cm distance from the 
nostril. In general, the cross-section determination on the 
based on the CT dataset is closer to the smaller cross-section 
with a swelling of the mucosa. Medical doctors experience is 
that acoustic rhinometry data is trustful only the first 5 cm of 
the nostril.  
 

 
Fig. 3: Comparison of calculated cross-sections based on 

segmentations with acoustic rhinometry data. In the 
measurement there are basically two curves, one originates 
from the initial, the second one with a decongestant of the 

mucosa, where there is a cross-section increase. 
 

Conclusion 
 
Simulations are just as good as the underlying model and 
geometry is. In previous investigations, a lot of numerical 
simulations to support surgeons in the preoperative planning 
were performed. Some of them are not validated by 
experimental investigations [17]–[26]. Contrary, validation is 
performed in [27]–[32]. 

 
None of them have proofed, whether the segmentation 
process and the imaging technique is sufficient. Therefore, in 
this study rhinomanometry and acoustic rhinometry data are 
compared with patient CT data and the corresponding lattice 
Boltzmann simulation. From the results one can see that 
there are differences between imaging and measurements of 
the nasal cavity and the paranasal sinus. This is because the 
anatomy consists of different densities, i.e. bone, air, mucosa 
and not all can be imaged with CT in a good way. 
 
At least one publication [6] tried to find the best thresholding 
value for air in a CT image to extract the nasal cavity. Since 
we used the same value, we see that this is not a bad 
assumption.  
 
The next step is to repeat this study with more CT, 
rhinomanometry and acoustic rhinometry dataset to further 
proof the results presented in this paper. 
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