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Abstract The robustness of a CFD-based procedure for the
quantitative evaluation of the nasal airflow is addressed. For
CFD to seriously enter the clinical practice, its ability to
yield robust results with respect to the unavoidable procedu-
ral and modeling inaccuracies must be demonstrated. Here
we consider in particular the sensitivity of the CFD proce-
dure to the spatial resolution of the available CT scan, as
well as to the choice of the segmentation level of the CT
images. It is found that none of the issues presents critical
problems, although the choice of the segmentation level is
potentially delicate if carried out by a non-expert operator.

Keywords Nasal Cavities · Fluid Dynamics · Computer
Simulation

1 Introduction

The wide incidence of nasal breathing difficulties (NBD) is
well assessed [17], and in recent years functional endoscopic
sinus surgery (FESS) has emerged as the preferred approach
for the treatment of chronic NBD. The minimally-invasive
FESS is carried out through endoscopic techniques, and may
involve inferior and/or middle turbinoplasty, and opening of
the paranasal sinuses, depending upon the patient’s anatomy
and the surgeon’s judgment. FESS, often coupled with sep-
toplasty, is aimed to re-establish adequate nasal aerial flow,
to increase sinus ventilation, and to improve sinus draining
[9].
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However, assessing the relevance of a single anatomic
anomaly (and, as a consequence, the importance of its sur-
gical modification) on the overall nasal flow quality is still
a daunting task. Patient history and clinical examination are
the obvious starting points, but both are subjective to some
degree. Moreover, septal deviation and other anatomical al-
terations commonly occur in the population but often do not
correspond to functional alterations, such that a causal link
between the apparent status of the nose and the disruption
of its physiological function is not always available. For ex-
ample the subjective sensation of good nasal airflow, the so-
called nasal patency, is of great importance to patients with
NBD, but often bears little relationship to the actual physi-
cal aerodynamic resistance or drag experienced by the air-
flow in the nose [12,21]. Furthermore, surgical procedures
are typically carried out according to the surgeon’s own ex-
perience. As a consequence, rationally and reliably predict-
ing the overall effect of any single surgical maneuver on the
whole nasal flow is essentially impossible. Even the con-
sequences of a given surgery-induced modification of the
inner-nose geometry upon the local airflow quality cannot
be fully predicted; the same holds true for its effects on hu-
midification, possible crusting, bleeding, etc.

Our limited understanding of the details of the flow field
is partly due to the lack of proper diagnostics. In the past,
cadaver noses or models reconstructed from CT and MRI
images have been used to understand the general character-
istics of nasal airflow [1]. Such models, however, were in-
convenient or inaccurate [6], and are obviously of limited
help in a patient-specific approach. Rhinomanometry is the
only exam that, with a relative accuracy, can evaluate the
nasal aerial patency as a function of overall pressure/flow
rate [16]. However, rhinomanometry cannot observe any de-
tail of the flow (e.g. specifically in the crucial region of the
inferior and middle meati) and only provides us with an as-
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sessment of a global measure that indeed descends from a
very complex fluid dynamical pattern.

Recently, progresses in modern computational fluid dy-
namics (CFD) and computer technology are beginning to
improve the picture. The Navier–Stokes partial differential
equations that govern the dynamics of fluids flowing in com-
plex geometries have become solvable numerically, most
typically within the Reynolds-average framework (RANS).
In the RANS approach, the governing equations are first av-
eraged in time, so that temporal and small-scale spatial tur-
bulent fluctuations are averaged out, and then numerically
solved to obtain the time-mean flow. However, the time-
mean effect of the velocity fluctuations upon the mean flow
is of paramount importance and must be properly modeled
within the RANS approach: this is accomplished through
one of the many available so-called turbulence models [13].
After the pionieristic work by [4], who built an extremely
simplified model for the nasal cavities and investigated the
flow field computationally, early CFD attempts to address
the trans-nasal aerodynamics by using various CT-generated
three-dimensional geometries, e.g. [10], were based on low-
fidelity flow models, and did not reach beyond a qualitative
description of the salient global features of the flow. With
the passing years, the quality of the numerical prediction
has steadily improved, until, very recently, CFD has been
proposed [20,2,15,24] as a viable tool to support patient-
specific pre-surgical planning, to eventually arrive at what
may be called virtual surgery. Several open problems, how-
ever, render the daily use of such tools in the clinical practice
still quite far from reality. For example, [15] notice how the
operator time required to carry out the entire computational
procedure is perhaps affordable at research level, but still
highly unrealistic in daily clinical use. A recent review can
be found in [14], where the main challenges to be addressed
before CFD can become of clinical use are identified and
critically discussed.

The present paper describes one step towards our long-
term goal of designing the best (to be intended at the same
time as the least invasive and the most effective) surgical
modification on a patient-specific basis, by taking advantage
of modern CFD analysis applied to a CT scan. The many
outstanding difficulties involved in such a procedure (espe-
cially when the reliability of all the computed flow details is
requested, instead of a simple global validation of the out-
come of the simulation) imply that a close scrutiny of the
mathematical models employed in the simulation is in or-
der. The present paper addresses two preliminary, but still
essential aspects of the procedure: i) How the end results
are affected by the segmentation threshold used to convert
the CT images into a three-dimensional computational vol-
ume mesh; and ii) How the end results are affected by the
quality (spatial resolution) of the CT scan. In other words,
we want to check on these prerequisites in order to prelim-

inarily assess the viability for a CFD-based procedure to be
widely deployed in clinical use. Such a preliminary feasi-
bility study is motivated by our firm belief that a procedure
requiring ad-hoc imaging or unsustainable amount of oper-
ator time will never attract a large interest for clinical use.
The aforementioned checks will be carried out within the
framework of basic mathematical flow models, by consider-
ing either an unsteady laminar flow in the nasal cavity, or a
turbulent flow through a standard turbulence model. Discus-
sion of the best mathematical (turbulence) model and of the
criteria for its choice, as discussed for example in [22,8,7]
is ongoing work, and is left out of the scope of the present
paper.

2 Methods

After approval of the ethics board, one male, 67 years old
patient, affected by typical NBD was selected, and a visual
analysis of the CT scan confirmed that his anatomic anoma-
lies were within the range of the daily experience of the ENT
group. The CT scan was already available, being routinely
acquired for such patients, and had a spatial resolution of
512 × 512 pixel per image (amounting to 0.49 × 0.49 mm)
in the sagittal-coronal plane, and 0.625mm in the axial di-
rection. We asked the radiologists to carry out in this par-
ticular case an additional reconstruction at 1.25mm of axial
resolution, thus discarding every second plane.

The images from the CT scan were first manipulated
with the open-source software 3D-Slicer [5]. 3D-Slicer is
a software platform for the analysis (including registration
and interactive segmentation) and visualization (including
volume rendering) of medical images and for research in
image-guided therapy, and was adopted as the software of
choice also because it’s free, open-source and available on
multiple operating systems. 3D-Slicer is used to convert the
CT images into an accurate geometrical description of the
boundary of the volume of interest, through image segmen-
tation and volume reconstruction. The reconstructed three-
dimensional geometry is represented via a STereoLithogra-
phy (STL) file. This part of our procedure, that precedes the
creation of the actual computational mesh where the differ-
ential equations of motion are discretized and solved, re-
quires approximately 15–30 minutes of operator time.

The reconstructed geometry is used as an input for the
subsequent analysis, by first generating the computational
mesh to be used by the CFD software. As CFD tool we em-
ploy the open-source CFD package OpenFOAM, which is
based upon the work of Weller et al. [19]. Strictly speak-
ing, OpenFOAM is a general C++ library, based on finite-
volumes discretization, that allows building solvers for Par-
tial Differential Equations. The package contains what is re-
quired to convert the STL geometry into a computational
mesh: the tool is called snappyhexmesh. It preliminarily
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Fig. 1 Three-dimensional view of the surface described by the STL file
after the segmentation process. The nasal passageways and the large
volume occupied by the nasal sinuses are evident, as well as the pa-
tient’s face.

Fig. 2 Three-dimensional view of the computational domain (external
part). The gridded volume is the whole air-filled volume, i.e. the por-
tion surrounding the patient’s head and delimited by the outer cube,
plus the the volume occupied by the nasal passageways down to the
nasopharinx and throat. The surface-plotted grid gives a feeling of the
spatial resolution employed in the internal volumes.

fills with hexaedrals (castellated mesh) the whole volume
of interest, delimited by the reconstructed boundary; in a
second step, the castellated mesh is deformed to snap onto
the actual boundary; lastly, additional layers of cells may
be added near the solid boundaries of the volume of inter-
est, to better cope with the flow boundary layers which de-
velop along the geometric boundaries where the flow veloc-
ity obeys the no-slip condition.

The last step is the actual execution of the flow solver,
which computes results like velocity, vorticity and pressure
fields. The OpenFOAM package contains a number of spe-
cialized flow solvers. In the present work, we employ a stan-
dard solver for the unsteady incompressible Reynolds-averaged
Navies–Stokes equations, with either laminar flow or a tur-
bulence model adopted for their closure. The equations of
motions are thus:

∇ ·u = 0 (1)

∂u
∂ t

+∇ ·
(

uu+u′u′
)
+

1
ρ

∇p = ∇
2u (2)

where u is the velocity vector averaged in time (on a time
scale shorter that a typical flow timescale), u′ its fluctuations
around that mean, and p the mean pressure.

Boundary conditions for the differential system (1)–(2)
need to be specified. The reconstructed surface of the nasal
passageways is considered as a solid wall, where no-slip and
no-penetration boundary conditions are applied, i.e. u = 0.
The two extrema of the actual volume of interest for nasal
aerodynamics are the nostrils, representing the inlet side of
the boundary for an inspiration, and the nasopharynx region
at the outlet boundary. In many of the existing studies, ve-
locity is considered as known and enforced with a Dirichlet-
type boundary condition at the inflow; a condition of zero
gradient is selected for the velocity vector at the outflow.
Since the boundary condition enforced at the inflow turns
out to be potentially critical in determining the quality of
the final solution, given its proximity to the very important
area of the nasal valve, following [3] we also compute the
flow field in an additional region made by a box, with di-
mensions 240 × 300 × 200 mm, that surrounds the whole
head of the patient. The flow is thus driven by an assigned
pressure difference ∆ p between the outer surface of the box
and the region of the throat. A zero-gradient condition at the
inflow is enforced on the velocity components at the faces of
the box, thus allowing the full velocity field at the nostrils to
be reliably computed as part of the solution process instead
of being arbitrarily assigned.

Figure 1 shows the size of the outer box relative to the
patient’s head and the nasal passageways that represent the
volume of primary interest. Figure 2 shows a view of the
computational domain contained between the outer box and
the patient’s head. The volumetric computational grid is plot-
ted onto the surface, and different grid densities can be ap-
preciated in correspondence to face areas where the inter-
nal volumes belong to the nasal cavities, where most of the
computational effort will be spent. The inner grid is further
layered to better resolve the steep velocity gradients taking
place in the proximity of the solid boundaries.

2.1 Details of the simulations

The simulations described below concern a steady inspira-
tion forced by a pressure difference of ∆ p = 160Pa between
the outer ambient and the nasopharynx, that corresponds to
a state of breathing typical of a mild exercise [18]. Although
the boundary conditions are stationary, an unsteady solver is
used to compute up to 0.75 seconds of inspiration. The time
step is 3× 10−6 seconds. In what follows, results are pre-
sented for a laminar simulation, i.e. one where the Navier–
Stokes equations are solved without a turbulence model, and
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for a turbulent simulation where the Bousinnesq hypothesis
of turbulent eddy viscosity νt and the k−ω−SST model
[11] is employed, based on solving additional PDEs for the
turbulent kinetic energy k, and an additional, scale-setting
turbulence variable ω that represents a specific dissipation
rate. In its simplest form, the turbulent viscosity νt is simply
given by νt = k/ω . Wall functions are used to avoid mas-
sive clustering of grid points near the walls. As previously
stated, it is not our aim here to discuss the choice of the best
mathematical and closure model for the flow, that is ongoing
work.

A preliminary grid refinement study has been carried
out, evaluating results obtained with meshes containing from
300,000 to 5M cells for both the laminar and the turbulent
case. Although the less detailed mesh presented rather ev-
ident geometrical differences, including for example unre-
alistic representations of the volumes of the large sinuses,
overall the global features of the flow field were always well
predicted. As the two largest meshes (with 2.4M and 5M
cells) yielded a flow rate that was unchanged within less
than 0.1%, the remaining part of the computational study
was carried out on the mesh with 2.4M cells.

In terms of computing time, the present computational
experiments are rather small, with most of the cases run on
a mesh size composed by 2.4M cells. We thus limit paral-
lel computing to 4 cores for each case, and obtain a lin-
ear speedup. To compute 0.75s of steady inspiration about
4 days of wall clock time are needed, when using Intel Xeon
CPUs at 3.16GHz. Thanks to the number of processors avail-
able, about the same time is required to complete the whole
parametric study by running all the required cases in paral-
lel. The computational cost of the turbulent case, owing to
the additional differential equations, is about twice that of
the laminar simulation. Depending upon the particular flow
model adopted, the computational requirements are greatly
varying. For example. a steady-state simulation would re-
quire far less computational resources, amounting to 2 hours
on a laptop for the laminar case. A comparable wall clock
time could be achieved for a single case by exploiting a
larger number of CPUs.

3 Results

First an overall assessment of the results, corresponding to
the flow field obtained with the laminar model, is provided.
To begin with, figure 3 shows a three-dimensional, qualita-
tive view of the computed solution, visualized in terms of
its velocity field. The spatial rate of change of the velocity
in the area of the turbinates can be appreciated thanks to
the color and size of the arrows. The figure highlights the
high velocity values reached in the downstream portion of
the domain, owing to the gradually restricted cross-section.

Fig. 3 Three-dimensional view of the nasal cavity flow corresponding
to a steady inspiration. Arrows are oriented as the local velocity vector,
with size and color determined from its modulus.

Fig. 4 Three-dimensional view of the nasal cavity flow corresponding
to a steady inspiration. Flow is depicted here through the trajectory
of massless lagrangian tracers, released in the region in front of the
patient’s head and color-coded with the local velocity.

Similarly, figure 4 shows the presence of a recirculating re-
gion in correspondence of the maxillary sinus, and – more
importantly – on the uppermost region of the nasal cavity,
at the upper boundary of the so-called olfactory cleft where
most of the olfactory receptors are located.

Figure 5 is a sagittal slice of the flow field, correspond-
ing to a location passing through the right passageway; the
color map shows the modulus of velocity vector. The two
images, corresponding to the very same location, compare
the laminar (top) and the turbulent (bottom) simulations, and
show that no large differences exist between the two.

The numeric values for the flow rate confirm what is al-
ready known from several previous studies, e.g. [8], i.e. the
major role played by the middle meatus and, to a lower ex-
tent, by the inferior meatus in accounting for most of the
flow rate.

A threshold value of radiodensity must be chosen to iden-
tify the geometric boundary of the volume of interest for
the CFD analysis, in order to initiate the construction of
a three-dimensional model by using edge detection image
processing algorithms. Radiodensity is typically expressed
in the Hounsfield unit (HU) scale, in which the radioden-
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Fig. 5 Slice of the flow field with a sagittal plane that passes through
the right passageway. Comparison between the laminar (top) and turbu-
lent (bottom) solutions in terms of the modulus of the velocity vector.

HU left right inferior middle superior
nostril nostril turb. turb. turb.

-120 0.6495 0.7246 0.4344 0.5031 0.4352
-160 0.6007 0.6928 0.3976 0.4973 0.3972
-200 0.5926 0.6555 0.3940 0.4784 0.3745
-220 0.5594 0.6317 0.3776 0.4872 0.3247
-230 0.5645 0.6309 0.3973 0.4789 0.3179
-230LQ 0.5510 0.6440 0.3870 0.4970 0.3100
-240 0.5514 0.6308 0.3917 0.4815 0.3076
-280 0.5193 0.5876 0.3863 0.4558 0.2639

Table 1 Effects of the radiodensity threshold (expressed in HU units)
on the observed flow rate (expressed in liters per second) in a coronal
section. Selected regions of the nasal cavity are considered.

sity of distilled water at standard pressure and temperature
is defined as zero HU, while the radiodensity of air is de-
fined as -1000 HU. Thus, a change of one Hounsfield unit
represents a change of 0.1% of the attenuation coefficient of
water since the attenuation coefficient of air is nearly zero.
For reference, fat is around -100 HU, muscles are 40 HU,
and bones from 300 HU up.

To assess the importance of the choice of the radioden-
sity threshold, we have carried out a series of CFD simu-
lations where the threshold is systematically varied. In this
section, we only consider laminar simulations. With the flow
being always driven by the same pressure difference be-
tween the outer ambient and the throat, measuring the flow

Fig. 6 Effect of the radiodensity threshold on the reconstructed geom-
etry. By going from -200 HU (top) to -280 HU (bottom), the internal
volume becomes progressively reduced, and several volume fractions
related to large sinuses (circled in top figure) are excluded.

rate through the nostrils gives an indication of the global
sensitivity of the CFD results to the segmentation threshold.
Table 1 reports the values, expressed in liters per second, of
the observed flow rate in selected regions of the flow field, as
a function of the segmentation threshold expressed in HU.
The threshold is varied around the empirically determined
best value of -230 HU. Two extreme cases, with the thresh-
old set very low at -120 HU and very high at -280 HU are
also considered. These extremal cases are way beyond what
an experienced user could select, as exemplified in figure 6
where too high a threshold is shown to remove large portions
of the reconstructed volume.

Figure 7 quantifies how the flow rate changes with the
chosen threshold. The flow rate is evaluated in a separate
manner for the left and right nostril, as well as for the re-
gions of the three turbinates. The nearly monotonic behav-
ior of the data is consistent with the reconstructed volume
increasing by increasing the threshold: as the flow is driven
by a fixed pressure difference, a larger volume, with a larger
cross-section at the inlet, implies a larger flow rate.

A visual inspection of the impact of changing the HU
threshold on the flow field is given in figure 8, that shows
a color map for the horizontal velocity component (positive
from right to left).

The CT scan we employed has an axial resolution of
0.625mm. We had the same scan reconstructed at a lower
axial resolution of 1.25mm, so that the results for an other-
wise identical procedure can be meaningfully compared. In
Table 1, the lower-quality mesh reconstructed for -230 HU
is denoted with LQ.
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Fig. 7 Flow rate (expressed in liters per second) through the right
(green curve, circles) and left (red curve, squares) nostrils, as a func-
tion of the radiodensity threshold (expressed in HU) employed for the
reconstruction of the three-dimensional volume of interest. The plateau
between -240 and -220 HU can be appreciated. The open symbols are
for the low-quality reconstruction at -230 HU (see text).

4 Discussion

Our procedure for setting up the numerical simulation from
a patient’s CT scan, although still rather young, is already
demonstrating a remarkable efficiency in terms of operator
time. In particular the step of building the mesh where the
equations of motion are discretized and solved, which is es-
sential in determining the quality of the final results, can
be designed once and for all by tuning the parameters of
the snappyhexmesh program, and after that requires almost
no operator time. We also regard our choice of employing
a computational domain which entirely surrounds the pa-
tient’s head as particularly rewarding. A crude estimate of
the computational overhead related to solving the fluid equa-
tions in the outer region is a significant 40% of the overall
computational cost. However, we consider this a fair price to
be paid for rendering the simulation free from an unaccept-
able source of arbitrariness. This aspect is bound to become
far more important when the expiration phase of the respira-
tory cycle will be considered. Figures 3 and 4 highlight how
near the nose tip a non-trivial velocity field is computed: this
would be very difficult to be accounted for correctly, should
the inlet boundary conditions be imposed straight at the nos-
trils. Moreover, the flow velocity outside the nasal cavity is
negligibly small everywhere but in the immediate vicinities
of the nostrils, lending support to the simple zero-gradient
boundary condition employed there.

In terms of operator time, the only time-consuming part
of the procedure is the segmentation of the CT image lead-
ing to the STL geometry, that requires 15–30 minutes. We
regard this as a very positive result, since only a few years
ago reducing such time down to a few days was described
as an important advancement [23]. The cost of this part of

Fig. 8 Effect of the radiodensity threshold on the computed horizontal
velocity field. From top to bottom: threshold at -120 HU, -220 HU,
-230 HU, -280 HU. Positive velocity is from right to left.

the procedure in terms of operator time is clearly very im-
portant as it impacts the ability of such a procedure to be
deployed in daily clinical use. Significantly changing the
value of the threshold introduces evident visual effects in the
reconstructed volume. In general increasing the threshold
value implies that the selected volume within the nasal cav-
ity decreases; at some point the large sinuses, which commu-
nicate with the main ducts through relatively small orifices,
the ostii, become excluded from the volume of interest, as
shown in figure 6.

The availability of the full velocity field allows the iden-
tification of its main features, and a thourough examination
of their functional significance. For example, from figure 4
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the sophisticated fluid dynamical design of the nasal cavities
can be appreciated: generally disadvantageous recirculation
regions are present only where a longer residence time be-
comes advantageous for the hodorant molecules to impress
the olfactory receptors more effectively. However, owing of
the lack of true in vivo validation, such results should always
be critically considered. For example, even though the ma-
jority of the available CFD results are computed with turbu-
lence models, figure 5 shows little or no difference between
laminar and turbulent simulations, suggesting that, at this
flow rate, the nasal flow is hardly turbulent in most of the
volume, although it is clearly massively separated (in the
available literature, the different notions of turbulent flow
and of unsteady separated flow are sometimes confused).
On closer scrutiny, one notices that the top plot of figure 5
presents a tendency towards stronger recirculating and sep-
arated regions. This is easily explained by the regularizing
effect of turbulent viscosity in the turbulent simulation. The
specific flow model did not produce a significant effect on
the global value of the flow rate, which is found to differ by
less than 1% between the laminar and turbulent simulations,
further indicating that the majority of the flow develops in
the laminar regime.

In terms of quantitative results, the parametric study pre-
sented here explicitly addresses for the first time the sensi-
tivity of the solution (or, at least, of some global character-
istics of the solution) upon the segmentation threshold. It is
interesting to note that our results (cfr. table 1 and figure 7)
support, for both nostrils, the existence of a plateau between
-240 and -220 HU where the flow rate presents minimal
changes. This is precisely where visual inspection suggests
the geometric reconstruction to be most accurate. Moreover,
it can be appreciated how only the extreme values of thresh-
old produce reconstructed volumes with significant differ-
ences. However, even in these cases the flow field does not
show evident misrepresentations, and the computed global
quantities present only modest variations. Overall, most of
the changes in a global quantity like the flow rate can be
simply ascribed to the change in volume, with the inner ve-
locity field being only marginally affected by the geometric
changes.

The comparison of the flow rate in the right and left pas-
sageways, as well as the partial flow rate in the inferior,
medium and superior turbinate, show that halving the ax-
ial resolution of the CT scan affects a global result like the
flow rate by a change of the order of 1%. This can be appre-
ciated by looking again at figure 7, where the points from
the lower-resolution reconstruction are indicated with open
symbols. Overall, these changes are entirely in line with the
small changes that are introduced by the unavoidable un-
certainty in the segmentation levels. However, there is an
indication that, owing to the complex three-dimensional ge-

ometry of the nasal cavity, it would be desirable to employ a
CT scan with as isotropic a spatial resolution as possible.

5 Conclusions

In this work we have described a preliminary, yet essential
step towards making CFD analysis of the nasal passageways
an useful tool in the daily ENT practice. Two issues are dis-
cussed: how the quantitative outcome of the CFD analysis
depends upon the quality of the available CT scan, and how
the choice for a radiodensity threshold impacts the accuracy
of the reconstructed nasal cavity and, as a consequence, the
computed flow field. Our results indicate that a standard,
well carried out CT scan should be enough to produce robust
results. On the other hand, the choice of the radiodensity
threshold may become a critical issue, since global features
of the flow like the mass flow rate show a non-negligible de-
pendence upon this parameter. However, most of this depen-
dence can simply be ascribed to the volumetric changes of
the considered geometry, with the inner flow field being only
marginally affected. Moreover, we have found that, when
the threshold is set by the operator in such a way that the re-
construction presents reasonable details from an anatomical
standpoint, a plateau does exist where even the global flow
rate depends weakly, if at all, on the segmentation threshold.

Of course, it remains to be assessed whether and how
this relative robustness of the CFD procedure, demonstrated
here for global quantities like the flow rate, applies to the
fine-scale details of the flow. This is a necessary and future
step that can be meaningfully carried out once a particular
mathematical and physical model (e.g. Large Eddy Simula-
tion vs Reynolds–Averaged Navier–Stokes equations) and a
specific turbulence model are chosen. Thus the results ob-
tained so far are not yet conclusive in this respect, but do
allow for an optimistic outlook.
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