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Abstract: Anterior rhinomanometry is the current gold
standard for the objective assessment of nasal breathing
by determining the nasal resistance. However, compu-
tational fluid dynamics would allow spatially and tem-
porally well- resolved investigation of additional flow
parameters. In this study, measured values of nasal resis-
tance are comparedwithmeasured values. An unclear dis-
crepancy between the twomethods was found, suggesting
further investigation.
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1 Introduction
The human nose plays a substantial role in respiration
as well as olfactory and gustatory sensation. Its purpose
is not only to condition and cleanse inhaled air, but also
to facilitate a transnasal airstream which contributes to
maintaining the inner milieu of the nasal cavity and thus
the noses’ function [1].

Impaired nasal breathing is a frequent issue in otorhi-
nolaryngology with high prevalence in all demographic
groups. The reasons that may lead to perception of im-
paired nasal breathing are manifold and range from
disturbed flow or neurologic problems to psychological
issues. Thus, identifying a specific cause of the perception
of impaired nasal breathing is often difficult. While there
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are diagnostic tools for spatially well-resolved examina-
tion of the nasal cavity’s geometry [e.g. X-ray computed
tomography (CT), acoustic rhinometry] as well as test kits
for olfactory and trigeminal function, there is no spatially
resolved method for assessment of nasal airflow, yet. The
current gold standard in the assessment of nasal airflow is
the anterior rhinomanometry (RMM). This method allows
assessment of the nasal resistance of both sides of the
nose as function of the volume flow rate through that side
of the nose. Subsequently, the total nasal resistance can
be calculated from those measured unilateral resistances.
This method allows only the calculation of an integral
measurement, however.

Therefore, utilization of computational fluid dynam-
ics (CFD) for assessment of nasal airflow might be an
essential step toward better understanding of the nose’s
function as well as treatment of impaired nasal breath-
ing. CFD was already used for investigation of several
aspects of nasal breathing: identification of common
flow patterns as well as parameters associated with im-
paired nasal breathing, optimization of drug applica-
tion via the nose and patient-specific treatment planning
[2–7].

Incorporation of CFD into clinical routine might im-
prove diagnosis and treatment within the near future.
However, even though substantial progress was made in
the understanding of nasal airflow using CFD as well as
in-vitro experiments (excellently summarized in [8]), it is
of utmost importance to validate CFD against the current
gold standard RMM to ensure a good acceptance of this
method in a clinical setting.

This project’s aim was to validate CFD-derived flow
resistanceswith RMMmeasurements of the same patients.

2 Material and methods
For a preliminary experiment, three subjects were cho-
sen from existing, retrospective data. For these patients,
RMM measurements were available as well as CT image
data.
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2.1 Rhinomanometric measurements

RMM was performed using a 4RHINO system (Rhinolab
GmbH, Freiburg, Germany). During the RMM measure-
ments, one nostril was closed using a piece of tape. A
tube, piercing the tape, allowedmeasurement of the static
pressurewithin the closed side of thenose. This pressure is
equal to the pressure within the nasopharynx where both
sides of the nasal cavity merge. A simplified illustration of
this design is shown in Figure 1.

At least five breathing cycles were measured for
each side of the nose. Pressure and volume flow
rate were recorded every 5 ms. Only measurements
of the left nasal cavity were available for the second
patient.

Commonly, the volume flow rate (Q) at a pressure
drop (△p) of 150 pascal is used for calculation of flow
resistance (R = △p/Q) and thus evaluation of the ob-
struction of that side of the nose [10]. The total resis-
tance (Rtot) induced by the nasal cavity can be described
as two individual flow resistances in a parallel setup.
Analog to electrical circuits, the total resistance is then
defined as:

Rtot = (Rle� · Rright)/(Rle� + Rright). (1)

2.2 X-ray computed tomography (CT)

CT image acquisition was performed using a Toshiba
Aquilion 64 scanner (Nasu, Japan) at a resolution of
0.25 mm ·0.25 mm ·0.4 mm. This resolutionwas shown to
be sufficient for geometry reconstruction and subsequent
CFD use [11].

Figure 1: Simplified scheme of the RMM system used. The difference
pressure between the ambient within the mask and the closed side
of the nose is measured (1). The volume flow rate passing through
the open side of the nose is measured within the mouthpiece (2)
after passing a filter (3) (based on [9]).

2.3 Segmentation and mesh generation

The geometries of all three nasal cavities were segmented
using ZIBAmira (version 2015.28; Zuse Institute Berlin,
Germany). While methods such as radio density thresh-
olding and region growing algorithms were used, the seg-
mentation process was performed mostly manually. The
nasal cavity was truncated at the nostrils as well as at
the pharynx at the height of the larynx. Nasal sinuses
as well as ethmoidal air cells were excluded from the
segmentation.

Surface geometries were then generated from the fi-
nal segmentation and smoothed using ReMESH (version
2.0, IMATI, Genoa, Italy). These surfaces were imported
into StarCCM+ (version 10.06, CD-adapco, Melville, USA).
Using StarCCM+ a polyhedral volume mesh was gener-
ated. The node distance of the meshes was 0.4 mm. A
boundary layer consisting of three prism layers featuring a
total thickness of 36.4%of thenodedistancewas specified.
Thismesh resolutionwas shown to be suited for numerical
investigation of nasal airflow [12].

2.4 Numerical simulations

Numerical simulations were performed using StarCCM+.
Air was modelled as a Newtonian fluid with a constant
density of ρ = 1.225 kg/m3 and a viscosity of η = 17 µPa.

The walls of the nasal cavity were assumed to be
rigid, and a no-slip boundary condition was applied. To
ensure comparability to RMM measurements, one nostril
was closed,while the other onewas specified as a pressure
outlet with the target pressure set to zero. At the pharynx a
constant velocity boundary condition was set. The veloci-
ties were set in such a way, that the resulting inspiratory
and expiratory flow rates were equal to those measured
at a pressure drop of 150 pascal during RMM. Thus, four
steady simulations per patient were performed.

Since the nasal airflow during restful breathing only
features transitional turbulence, turbulencewasmodelled
using a standard k-ω-SST model with a low turbulence
intensity of 2%.

Simulations were considered converged when residu-
als reached a limit of 10−5 and pressure values,monitored
at randomly chosen points, were constant. The pressure
drop across the open side of the nose was calculated as
the difference of the surface averaged static pressure at the
open nostril and the pharynx.

If both methods are able to correctly predict the pres-
sure drop across the nasal cavity – and thus the nasal
resistance – they should yield the same results.
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3 Results
The unilateral resistancesmeasured duringRMMat a pres-
sure drop of 150 Pascal are specified in Table 1. While
patient 3 was symptom-free, patients 1 and 2 suffered from
impaired nasal breathing. According to RMM, as well as
the patient’s self-assessment, patient 1 had a severe ob-
struction of the left side of the nose, resulting in a resis-
tance of more than 5 Pa/ml at a flow rate of only 28 ml/s.
The range of measured flow rates at a pressure drop of 150
pascal was 28 ml/s to 490 ml/s.

The corresponding flow rates were then used to spec-
ify the inflow boundary conditions of all simulations. The
pressure drop across the nasal cavity was then calculated.
The resulting unilateral resistances of the simulations are
specified in Table 2. The static pressure distribution at the
wall of the nasal cavity of patient 2 is shown in Figure 2.

The median resistance of the simulations is
RCFD =0.047 Pa/ml with resistances ranging from 0.02
to 0.12 Pa/ml. In all simulations, the calculated pressure
drops, and therefore the predicted unilateral resistances,
are more than one order of magnitude smaller than the
unilateral resistances measured using RMM. Therefore,
CFD significantly underestimates the nasal resistance
measured using RMM.

4 Discussion
In amulti-centric study, Vogt et al. evaluated nearly 37,000
RMMmeasurements using a device similar to the one used

Table 1: Unilateral resistances in Pa/ml at a pressure drop of
150 pascal measured during inspiration and expiration using
rhinomanometry.

Patient Inspiration Expiration

Left Right Left Right

1 5.35 0.52 5.17 0.55
2 1.29 – 1.07 –
3 0.31 0.36 0.32 0.40

Table 2: Unilateral resistances in Pa/ml calculated at the flow rates
measured during RMM at a pressure drop of 150 Pascal.

Patient Inspiration Expiration

Left Right Left Right

1 0.031 (28) 0.036 (286) 0.040 (29) 0.053 (270)
2 0.017 (116) – 0.029 (140) –
3 0.055 (490) 0.120 (415) 0.070 (468) 0.110 (374)

Those flow rates are specified within brackets in ml/s.

Figure 2: Example of the calculated static pressure distribution
for the geometry of the second patient’s nasal cavity. A distinct
pressure drop can be observed at the nasal isthmus behind the
left nostril.

in the present study [10]. The RMM results obtained in the
present study agree well with the measurements of Vogt
et al. Therefore, possible errors associated with numerical
studies were analysed.

Limitations, assumptions and boundary conditions
of the methods used in this study have previously been
thoroughly evaluated by several groups. Truncating the
nasal cavity at the nostrils and excluding the ambient was
shown to have no severe effect on predicted pressure drop
over the nasal cavity [13]. Doorly et al. were able to show
good agreements of flow fields calculated using CFD with
those measured in-vitro using Particle Image Velocimetry
[8]. The quasi-steady assumption, i.e. simulating only a
stationary moment of the breathing cycle, was shown to
be a valid assumption [8, 14]. According to Fodil et al.
ignoring tissue elasticity does not result in gross differ-
ences in predicted pressure drop for flow rates observed
during restful breathing [15]. Furthermore, we examined
the effect of shrinking the nasal cavity, altering the ra-
dio density threshold during segmentation and adding
a mask to the computational domain. Neither of these
alterations caused relevant differences in the pressure
drops.

Additionally, the CFD-derived nasal resistance values
match those obtained in several other CFD studies of
nasal airflow. Hemtiwakorn et al. for example reported
calculated flow resistances of approximately 0.03 Pa/ml,
while RMM measurements predicted resistances an order
ofmagnitude higher [5]. Even in patients with severe nasal
obstruction, nasal resistance values calculated using CFD
are usually smaller than 0.2 Pa/ml [16, 17] and are thus
much smaller than the values measured using RMM [10].
Nasal resistances calculated using CFD were found to

Unauthenticated
Download Date | 7/25/18 7:43 AM



620 | J. Osman et al.: Assessment of nasal resistance using computational fluid dynamics

usually be smaller than 0.05 Pa/ml in a review by Kim
et al. [18].

Thus, the bias between CFD and RMM seems to be
a common problem. Therefore, further careful investiga-
tions addressing the numerical approach as well as RMM
are indicated.

5 Conclusion
Severe differences between nasal resistances measured
using RMM and calculated using CFD were found in this
study, as well as within existing literature.

While RMM correlates well with impaired nasal
breathing, it is limited to an integral measurement of total
nasal resistance. However, it is the current gold standard
in the assessment of nasal function.

Furthermore, methods used for numerical assessment
of nasal airflow are well understood and validated using
in-vitro experiments. However, it appears that the calcula-
tion of nasal resistance using CFD often leads to a gross
underestimation of nasal resistance compared to in-vivo
measurements.

The suspicion that CFD is not suited for calculation
of nasal resistances might arise, since RMM is thoroughly
embedded in clinical routine. Nonetheless, calculation of
pressure drop using CFD is usually a reliable method as
well. Therefore, it is unclear, whether RMMmeasurements
alter the breathing behaviour or the airflow in a way that
is not yet well understood. Additional research is clearly
needed to determine the cause of these differences.
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