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Introduction

The nose performs many impor-

tant functions, such as warming

and humidification of incoming

air, odor detection, and protection

from pathogens. Obstruction of

nasal air flow can reduce the effi-

ciency of these functions, and is

often caused by anatomical abnor-

malities like septum spurs or

hypertrophy of the conchae. These

conditions can lead to serious

reduction in quality of life, and

many patients are willing to

undergo surgery as a last resort.

Nasal obstruction can be caused

by anatomical deformities,1 but

nasal septal or turbinate surgery

leads to improvement in only

45%-82% of patients in which it is

performed.2-5 This is because with-

out precise knowledge of nasal

flow, the outcome of surgery can-

not be predicted accurately.

Unfortunately, it is difficult to

identify the cause of nasal breath-

ing obstruction without observing

nasal flow.

The rapid development of

medical  imaging and data

processing  holds promise for im -

proving the ease and accuracy with

which nasal breathing obstruc tions

are diagnosed and surgical out-

comes predicted. Current imaging

mo dalities can provide 1 mm reso-

lution 3D geometries of individual

nasal cavities, enabling the numeri -

cal calculation of nasal air flow.

An artificial model of a nose6 was

used previously to experimentally

validate the Lattice-Boltzmann

method (LBM) for the numerical

simulation of nasal airflow.7

Herein, we describe an experi-

ment in which we used a com -

puted tomography (CT) data set of

an individual’s nasal geometry

and the LBM to model a 3D flow

field describing velocities and

pressures inside the nasal cavity.

Materials and methods

One of the authors (RM) volun -

tarily underwent a CT scan. The
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slices were segmented semi-auto-

matically by a region-growing

algorithm. Afterwards, manual

corrections by an experienced spe-

cialist were necessary to obtain

correct segmentation. By applica-

tion of the Marching-Cubes algo-

rithm, the segmented volume was

transferred into a triangular

surface  mesh. To facilitate flow

simulation, the model was

smoothed. In the next step, the

surface mesh was imported into

software developed by the

Institute of Aerodynamics (RWTH

Aachen University, Germany);

this software converted the patient

geometry into a Cartesian grid

with 4.9 million nodes (Figure 1).

Several assumptions were made

before the simulation. The flow

was assumed to be steady, but this

limitation was not relevant for

quiet breathing, and reality was

approximated by a quasi-steady

model.8 The effect of hair, cilia,

paranasal sinuses, and gravity was

not considered. Thus, the numeri-

cal simulation was only an

approximation of the real-life situ-

ation. Using fundamental fluid

mechanics theory, the velocity at

the nasal walls was set to zero. We

assumed a Reynolds number,

which can be considered a non -

dimensionalized velocity, of 400.

This value corresponds to a

resting  breathing flow rate. The

LBM, using the BGK (Bhatnagar,

Gross, and Krook9) model, was

Figure 1
Procedure from data assessment to visualization of simulation results

Figure 2
Streamlines derived from the simulated flow field. Different perspectives are shown
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used to approximately solve the

conservation equations. A concise

description of the method in the

context of medical flow problems

is provided by Freitas and

Schröder.10 Based on the analysis

presented by Hörschler et al.6, the

flow was assumed to be laminar.

Results

Three-dimensional volume repre-

sentations were generated from

the calculated flow field, which

contains a velocity and pressure

value for every cube in the volu-

metric grid. Streamlines were

derived from the calculated

veloci ty vectors; the results from

different points of view are

depicted  in Figure 2. Figure 3

shows the visualization of single

coronal slices of the nasal geome-

try and their velocity distribution. 

Visualization indicated that air did

not pass through the nasal cavity

with the same velocity in every

passage. The slight septum devia-

tion led to a shift in the main

flow to one side and very little

air passed through the inferior

meatus. The majority of the air

flowed along the nasal septum

below the inferior turbinate, and

especially below the middle

turbinate. The highest velocities

of air passed through these areas.

Discussion

The results of our study indicate

that the computational fluid

dynamics of nasal air flow can be

successfully modelled using CT

and the LBM. Commercial fluid

dynamics software has simplified

the application of numerical

methods  to the analysis of the

nasal airflow, and several research

groups in Greifswald,11 Ulm12

and Berlin13 (Germany), Belfast,14

Singapore,15 and China16 have

published  promising results. Our

flow solver, developed in-house,

is based on the LBM, which was

intensively validated.7. It works on

a Cartesian grid, which is easy to

generate and suitable for parallel

scheduling. Compared to standard

structured curvilinear grids, a

higher resolution near curved

boundaries is necessary. In the

current analysis, a mesh of close

Figure 3
Simulation results of the nasal cavity acquired by CT. Velocity distribution in a frontal cut plane (a), and its position in the nasal 
cavity (d). Further cut planes (b) and their velocity distribution (c).
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to 5 million nodes was used. This

is almost forty times as large as

the grid of one of the first simula-

tions made by Subramanian et

al.,17 and three times larger than

the meshes used in recent simula-

tions.16,18 The advantages of the

Lattice-Boltzmann approach ver-

sus finite-difference of finite-

volume methods include the capa-

bility of efficiently describing

multi-phase flows, low computa-

tional costs, ease of parallel scale-

up, and a very efficient boundary

treatment for fixed walls (i.e., the

flow in extremely intricate geome-

tries can be efficiently investi -

gated).

Quantitative results are difficult

to compare, because various

inflow conditions are used. While

some authors report flow rates

between 20 ml/s and 1,400

ml/s,16,17,19 others use a Reynolds

number of 790-1,000 as the input

condition.7 When fixing a pressure

difference between nostrils and

pharynx as the input condition, the

results can be compared to rhino-

manometry.13 We observed that a

resting breathing rate can be

clearly  distinguished from the

breathing rate during light exer-

cise, and we agreed upon a resting

breathing rate, because this better

represents the rate used under

normal  conditions.

Qualitatively, our results con-

cur with those of previously pub-

lished simulations in the major

airway passages. The highest

velocities and flow rates were

found in the common mea-

tus,13,16,17,20 followed by the middle

and inferior meatus. The lowest

velocities were located in the

superior meatus and olfac tory

groove.

Studies of how pathologic

anatomies, such as septum perfo-

ration and inferior turbinate

hypertrophy or reduction, as well

as the nasal anatomy after radical

sinus surgery, may affect nasal

flow were previously conducted

with numerical models.12,15,21,22

Furthermore, special functions

associated with nasal flow, such as

particle transport, olfactory func-

tion,23 and air conditioning,18 have

also been investigated. Compu -

tational fluid dynamic modeling

may serve as a sophisticated surgi-

cal planning tool, capable of pre-

dicting the effects of surgery on

nasal flow. Assessing nasal cavity

volume by acoustic rhinometry is

already possible, but cannot

model flow at precise locations.24

Knowing the consequences of a

surgical intervention is critical to

improving the quality of life of

patients with nasal breathing

obstruction. However, the subjec-

tive feeling of blockage by the

patient and objective measure-

ments or calculations do not

always correspond. It is currently

unclear which receptors are

responsible for the feeling of nasal

obstruction. This makes it difficult

to plan interventions on the struc-

tures lining the nasal cavity; by

consequence, surgery does not

always improve nasal flow.

Reducing interventions to the

absolute minimum should be the

aim, if the improvement of nasal

flow is not guaranteed by a more

extensive intervention. In some

cases, abstaining from surgery

may be the best way to preserve

the patient’s quality of life.

Conclusion

Using CT, we visualized the flow

through an individual’s nasal

geometry, and using the LBM, we

obtained a higher resolution of the

flow field than could be achieved

by standard computational fluid

dynamics methods. Future

research will entail combining

results from numerical calcula-

tions from several participants

with subjective evaluations and

other diagnostic measurements to

learn more about the relationship

between nasal obstruction and

anatomic conditions. We also plan

to obtain suitable geometries from

MRI rather than CT, because the

radiation exposure of CT cannot

be justified in every case. We will

also try to further reduce calcula-

tion time and establish an inter-

face with good usability. Compu -

tational fluid dynamics for nasal

airflow can be applied not only to

research, but may also be useful in

clinical environments to improve

diagnosis and therapeutic out-

comes.
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