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SUMMARY Background: Computational fluid dynamics has been adapted to studying nasal aerodynamics.
Aim: To review current literature on CFD studies, with an emphasis on normal nasal airflow,
the impact of sinonasal pathology on airflow, and implications on nasal physiology. The objec-
tive is to provide the rhinologists with a greater understanding of nasal airflow and how sympto-
matology of sinonasal disease may be explained via CFD simulations.

Results: The nasal valve region redirects inspiratory airstreams over the inferior turbinate in a
high turbulent kinetic energy, which is important in heat and moisture exchange. The bulk of air-
flow occurs in the common meatus with small streams traversing the olfactory groove, increasing
during sniffing. Septal deviation and enlarged inferior turbinate causes redistribution of airflow,
changes in intranasal pressure and increased turbulence. High velocity airflow and wall shear
stress at the septal perforation causes desiccation and mucosal damage. The airflow within an
atrophic nasal cavity is predominantly laminar with minimal contact with nasal mucosa. The
inferior turbinate is an important organ for air conditioning and preservation during surgery is
highlighted.

Conclusions: Despite some limitations of CFD simulations, this technology has improved
understanding of the complex nasal anatomy and the implications of disease and surgery on

physiology.
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INTRODUCTION

Computational fluid dynamics (CFD) is one of the branches of
fluid mechanics that uses numerical methods and algorithms to
solve and analyze problems that involve fluid flows. Computers
are used to perform the calculations required to simulate the
interaction of liquids and gases with surfaces defined by bound-
ary conditions. A small but growing number of rhinology
research centres have adapted CFD technology to study nasal
airflow, physiology and to simulate outcomes following surgical
intervention. It may be feasible in the near future to simulate
the disordered nasal aerodynamics before performing a surgical
procedure in every patient, thereby increasing the effectiveness
of surgical planning and ultimately patient outcome o

Unlike previous review articles, which have focused on the
technical aspects of CFD and the validity of using this tech-
nique in simulating nasal airflow *”, this article focuses on the
clinical relevance of CFD studies in understanding normal
nasal physiology and the changes attributed to disease. We will

*Received for publication: August 10, 2009; accepted: October 4, 2009

attempt to provide a comprehensive review of current literature
on CFD studies, with an emphasis on normal nasal airflow, the
impact of sinonasal pathology on nasal airflow and implications
on nasal physiology. The objective is to provide the rhinologists
with a greater understanding of nasal airflow and how sympto-
matology of sinonasal disease may be explained via CFD mod-
els. This article will also consider how surgical intervention may
restore normal nasal aerodynamics.

The studies reviewed were obtained from a structured search of
the U.S National Library of Medicine (PubMed) online data-
base using a combination of MeSH terms (nose, paranasal
sinuses) and non-MeSH terms (computational fluid dynamics,
numerical simulation, airflow simulation). Studies focusing on
nasal spray delivery and particle deposition using CFD models
will not be considered as this topic has been previously
reviewed . The shortcomings of CFD in clinical studies will
also be discussed.
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NORMAL NASAL AIRFLOW

Unlike other methods of evaluating nasal airflow such as rhi-
nomanometry and Mink box simulations, CFD offers an accu-
rate and highly graphical model to better understand the
nature of nasal airflow. The complex correlations between
temperature and humidity, and how these variables affect
aerodynamics can also be evaluated. Computational fluid
dynamics offer a single evaluative modality that allows both
sinonasal anatomy and physiology to be studied concurrently.

Previous studies have attempted to visualize the nasal valve
region using endoscopy (5), acoustic thinometry and computer
tomography (6), but none have been able to illustrate the rela-
tionship between form (anatomy) and function (physiology) as
in CFD. Simulations from 23 healthy volunteers showed that
the nasal resistance in the area of 3cm distance from the nos-
tril accounted for 52.6% to 78.3% of the total nasal airway
resistance . The results corroborated with earlier studies by
Haight and Cole ® who, using a “head-out” body plethysmo-
graph technique, reported that two-thirds of total nasal resis-
tance was at the nasal valve region. In a review of the litera-
ture, Eccles reported that there was some dispute as to
whether the nasal valve lied in the nasal vestibule or more
posteriorly within the bony cavum of the nose o), However,
the anatomical and physiological evidence at the time indicat-
ed that the nasal valve occurred at the entrance of the piriform
aperture, with the major site of nasal resistance just anterior to
the tip of the inferior turbinate. The boundaries of the nasal
valve region included the caudal end of the upper lateral carti-
lage, the head of the inferior turbinate, the caudal septum,
and the remaining tissues surrounding the piriform aperture.

The nasal valve changes the direction of the inspiratory air
streams as it enters the vestibule and directs the bulk of air-
flow around the inferior turbinate (Figure 1A). Figure 1B
shows the sagittal section of the nasal valve region demon-
strating turbulent kinetic energy during inspiration. The aero-
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dynamics of the airflow altered significantly from a relatively
laminar profile at the nasal vestibule to having high turbulent
kinetic energy at the area anterior to the head of the inferior
turbinate. When the air flowed around the inferior turbinate
(Figure 1C), the airflow became less turbulent on the medial
surface of the turbinate. This is important as contact with
nasal mucosa facilitates heating/cooling and humidification of
inspired air. Heat transfer from nasal mucosa to inspired air
was shown to be concentrated in the Little’s area, the lateral
wall of the vestibule, the inferior border of the middle
turbinate and the anterior half of the inferior turbinate 1%.
Conversely, distortion of the nasal valve region redirects
inspired air streams superiorly into the middle meatus D and
high turbulent energy causes increased wall shear stress, pre-
disposing to mucosal damage. This may explain the symptoms
of dryness and obstruction in cases of nasal valve collapse 2

Although individual variations occurred, the bulk of airflow
passed through the common meatus with a smaller proportion
flowing through the middle meatus 13 This was also found
in a CFD study by Xiong et al. U9 that noted that airflow in
the common and middle meatus accounted for over 50% and
30% respectively of the total nasal airflow. There was very lit-
tle exchange between the paranasal sinus and the nasal cavity
during normal quiet breathing but expectantly increased after
endoscopic sinus surgery U519 The act of sniffing encouraged
the upper air streams of inspired air into the olfactory groove,
which supported this manoeuvre whenever a person was pre-
sented with an olfactory stimulus an

One of the main functions of the nose is the heating of
inspired air before it reaches the lower respiratory tract.
Conditioning of the respiratory air depends on both heating
the air during inspiration and heat recovery during expiration,
which is regained from the saturated and warmed expired air
on the cooler mucosa. Water is preserved for humidification
of the air during the following inspiration. The heat exchange
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Figure 1. Computational fluid dynamic studies at the nasal valve
region. 1A is the inspiratory airstreams at a flow rate of 17.5 L/min
entering the nasal vestibule toward the nasal valve region), Ant = ante-
rior, Post = posterior. 1B is the contour of turbulent kinetic energy
K (mzlsz) at a sagittal cross section during inspiration. * = inferior
turbinate. 1C is at coronal cross section. m = medial, lat = lateral.

Figure 2. Effects of an enlarged inferior turbinate on nasal acrodynam-
ics. 2A illustrates the changes in pressure contours during inspiration
at the nasal valve region. Ant = anterior, Post = posterior, * = inferior
turbinate. 2B is a sagittal view of streamlines. The arrows are areas of
vortex flow.
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function of the nose has been well demonstrated in a series of
CFD studies by the Lindemann group (1820) During inspira-
tion, the greatest increase in air temperature occurred at the
nasal valve region s, Progressively smaller temperature incre-
ments occurred distally and by the time the air stream had
reached the nasopharynx, the temperature had risen to 33.9°C.
Areas of high temperature increases, such as the nasal valve
and head of inferior turbinate were associated with turbulent
airflow with vortices of low velocity, indicating increased con-
tact between air and mucosa. During expiration, the airflow
medial to the inferior turbinate was turbulent with low veloci-
ty vortices where the greatest temperature decrease was also
observed . The inferior turbinates were the main region of
heat exchange and complete resection reduces heating and
humidification of inspired air @0

ENLARGED INFERIOR TURBINATE

The nasal epithelium has a very complex vasculature with a
submucosal plexus of venous sinuses lining the nasal mucosa.
These venous sinuses form erectile tissue that is well devel-
oped in the anterior part of the nasal septum and the inferior
turbinate, especially in the nasal valve region @Y These sub-
mucosal cushions of venous sinuses expand and shrink,
depending upon the degree of congestion, hence altering the
caliber of the nasal passages and influencing the nasal airflow
@ The “head” of the congested turbinate extends proximally
the nasal valve region to narrow, which results in increased
resistance to nasal airflow. The cyclical congestion and decon-
gestion of the turbinates is a physiological phenomenon of the
nasal cycle.

However, pathological enlargement of the inferior turbinates is
a common underlying mechanism of chronic nasal obstruc-
tion. The enlargement may be due to either the mucosal or
osseous component, where the mean width has been reported
to be nearly 11 mm when measured by computer tomography
@329 After MRI reconstruction of a healthy human subject,

1. ® simulated turbinate enlargement by expanding
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the inferior turbinate homogenously outward by 1 mm and 2
mm to simulate moderate and severe nasal obstruction, respec-
tively. Despite the small increment in the overall dimensions
of the inferior turbinate, there was significant malfunction of
the nasal valve resulting in increased total negative pressure in
the nasal cavity during the inspiratory phase of breathing
(Figure 2A). The velocity of nasal airflow reduced significantly
around the head of the turbinate to 0.42 m/s, compared to 0.89
m/s in the normal healthy nose. Nasal airflow was redistrib-
uted toward the upper part of the nasal cavity at higher flow
velocities causing increased wall shear stress at the olfactory
zone (Figure 2B). It was postulated that the exaggerated fall in
negative pressure in the nasopharynx due to the reduced flow
rate could adversely affect the function of the surrounding
muscles and mobility of the soft palate, which were common
etiological factors for snoring and obstructive sleep apnea.
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Given that the sensory receptors for airflow are located around
the head of the inferior turbinate and anterior septal wall (26),
the overall changes to normal nasal airflow caused by enlarged
turbinates would explain the subjective complaint of nasal
obstruction. Whether the changes in airflow pattern actually
impair olfactory function remains to be answered. The higher
flow velocity and lower pressure at the orifice of the
Eustachian tube may actually cause abnormal function and

lead to middle ear disorders.

Numerous surgical techniques have been described to treat
turbinate enlargement, many of which were technology driven
rather than evidence based ®”. The low level evidence base for
performing turbinate surgery is partly due to the lack of appro-
priate objective measures to assess surgical outcome @8 1t
should be noted that a return to normative rhinomanometric
levels cannot be regarded as a return to normal airflow condi-
tions, as rhinomanometry does not offer visualisation of actual

streamlines and loco-regional pressure changes.

Three published studies have simulated intranasal airflow after
virtual turbinate reduction in normal healthy subjects without
@ reported a general
reduction in intranasal pressure following resection of the

any sinonasal complaints. Wexler et al.

medial surface of the inferior turbinate. The greatest reduction
in pressure occurred at the nasal valve region. There was con-
comitant reduction in mean air velocities throughout the nasal
cavity, especially in the posterior region. The bulk of the airflow
was redistributed inferiorly along the floor of the nasal cavity.
Similar observations were reported by Yu et al. ? In another
study, Lindemann et al. G0 reported the adverse effects of mid-
dle and inferior turbinate resection on intranasal temperature.
In their study, a large, elongated static vortex of air developed
and due to the absent turbinates, the flow of air was generally
laminar. The centre of the inspiratory air stream remained cool
even when air had reached the nasopharyngeal region. The
implications of this phenomenon on the lower airways and how
it might predispose to pathology remain to be answered.

Given that surgery is normally indicated in chronic turbinate
enlargement, it is unlikely that these models on normal sub-
jects would approximate the aerodynamic consequences of
surgery. Ideally, simulation studies of turbinate reduction pro-
cedures should be based on an enlarged turbinate model as the
baseline, and then comparing the post-intervention aerody-
namics with that of the normal nose. By demonstrating a
return to near normal intranasal conditions, this would help
clinicians decide which surgical technique to be most effica-
cious.

SEPTAL PERFORATION

Septal perforations are usually the result of self induced or
iatrogenic trauma 6h, Although septal perforations are usually
asymptomatic, it may present with significant symptoms such
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as nasal obstruction, sensation of dryness, excessive crusting,
epistaxis, whistling and headache ©2 The nasal obstruction
and whistling are related to abnormal aerodynamics, whilst the
other symptoms are related to the poor condition of the nasal
mucosa. Small perforations have a stronger tendency to pro-
duce sounds than larger ones, although the symptoms can be
relatively mild.

Griitzenmacher et al. ®** were the first to study the effects of
septal perforation on nasal airflow. The experiments were
based on anatomically exact models of the nose in modified
Mink boxes using both air and water. When CFD simulations
were performed subsequently, Grant et al. 63 reported that the
wall sheer stresses were unevenly distributed in the septal per-
foration and was concentrated at the posterior edge of the per-
foration. As the area around the perforation is rich in blood
vessels, this may explain the cause of epistaxis associated with
this condition. However, the correlation between size of perfo-
ration and abnormal aerodynamics was not considered in this
study, and it was also not known how large a perforation was
simulated.

Pless et al. ®® simulated an anterior perforation in a recon-
structed model taken from a healthy volunteer by removing an
elliptical (horizontal diameter 20 mm, vertical 15 mm) shaped
portion of the septum. Airflow patterns and air temperature
distribution during inspiration were studied. Expectantly,
intranasal conditioning of inspired air was abnormal. Due to
the mixing of air from both nasal cavities, the air temperature
was significantly lower than the normal nose. The shape of the
central cooler air stream was larger around the perforation.
The airflow traversing the perforation was at high velocity in a
turbulent stream (Figure 3). Airflow velocities were observed
to be highest along the posterior edge of the perforation, which
corroborated with the findings of Grant et al. ©9 The resulting
increased wall sheer stress caused mucosal desiccation and
damage, which presents as epistaxis and crusting. Since a tur-
bulent airflow provides more kinetic energy than laminar air-
flow, heat and water exchange between inspired air and nasal
mucosa is more effective in areas of turbulence due to
increased contact. An almost stationary vortex in the sagittal
plane developing within the perforation was observed, which
resulted in a prolonged and intensified contact between air and
mucosa. This may cause irritation and desiccation of mucosa
in the area of perforation. Noise may be produced when air-
flow velocity and turbulence exceeds a certain threshold.

The size of perforation was evaluated in a more recent CFD
study reported by Lee et al. @n, They noted that the cross flow
rate, which was the flow through the perforation from the
higher flow nasal cavity to the lower flow cavity, accounted for
6 - 10% of total flow rate when the perforation was 15 m in
diameter. The cross flow rate reduced by 10% during inspira-
tion when the perforation was 10 mm in diameter. The reduc-
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tion in cross flow was more dramatic (-54% during inspiration)
when the perforation was further reduced to 5 mm in diame-
ter. This phenomenon may explain the whistling in some
patients, although the authors acknowledged that further stud-
ies were required to simulate sound production. It is likely that
whistling may be produced when a perforation and septal devi-
ation occur in tandem. This was demonstrated by
Griitzenmacher et al. when the nasal models were perfused
with air ®¥. No sound was produced in a straight centred sep-
tum, despite variations in perforation size.

SEPTAL DEVIATION

When CFD modeling of severe septal deviation was compared
to a normal healthy nose, several observations were made.
Firstly, the main inspiratory airstreams were channeled away
from the common meatus toward the floor and roof of the
nasal cavity at higher velocity, bypassing the area of deviated
septum (Figure 4A) 68, Secondly, the area of high kinetic ener-
gy at the head of the inferior turbinate was lost (Figure 4B) @),
Thirdly, high wall shear stress was noted in the areas of high
airflow velocity (Figure 4C). The overall changes in aerody-
namics caused an exaggerated pressure difference in the
nasopharynx. This may have an adverse effect on the
Eustachian tubal orifice, surrounding muscles and mobility of
the soft palate, which are common etiological factors for snor-
ing and obstructive sleep apnoea. High wall sheer stress levels
in abnormal areas may cause dessication and mucosal damage,
thus predisposing to epistaxis.

ATROPHIC RHINITIS

Atrophic rhinitis (AR) is a debilitating condition that is diffi-
cult to treat. It can be a result of chronic nasal infection,
endocrine disorders or nutritional deficiencies. Most cases are
idiopathic however and are common in Asia and the Middle
East “2. The atrophic nasal cavity has a smaller total surface
area and wider cross-sectional area than normal “". The simu-
lated air temperature was 5.6°C lower than normal, confirming
the notion that the AR nasal cavity does not condition inspired
air adequately. Furthermore, the airstreams flowed mainly
through the upper half of the nasal cavity. In the lower half, a
low velocity eddy occurred. The increased airflow across the
olfactory groove actually results in anosmia due to the atrophic
olfactory epithelium and the abnormal airflow in this region. It
is likely that the perception of olfaction occurs when whiffs of
air traverse the olfactory groove (“), instead of constant high
volume airflow. The inability to perceive airflow is another
common complaint in AR and is due to the redirected
airstreams away from the cold receptors on the atrophic sep-
tum and inferior turbinate.

Radical inferior turbinate resection is also recognized as an
important cause of atrophic rhinitis “2 Tt was not surprising
therefore that the airflow patterns following radical inferior
turbinate resection ®*” closely approximated that of atrophic
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Figure 3. Coronal section across the area of septal perforation illustrat-
ing the contours of velocity magniture.

rhinitis “". The goal of surgery in AR is to restore the original
surface of the nose and to restore the physiological airflow dis-
tributions, although achieving these goals remain elusive
indeed “.

SHORTCOMINGS OF CFD IN CLINICAL RESEARCH

The CFD simulations begin with the acquisition of a geometri-
cal representation of the actual nasal cavity. This is obtained
from MRI or CT scans and reconstructed into a three-dimen-
sional computer model (Figure 5) using commercially available
software such as Mimics (Materialise, Leuven, Belgium).
Thinner scan intervals results in a more accurate reconstructed
model. Then, a high-resolution three-dimensional mesh of the
nasal cavity is constructed using a variety of software like
Hypermesh (HyperWorks, Troy, MI), USA and TGrid (ANSYS
Inc., Canonsburg, PA, USA). The resultant model comprised
of approximately two million three-dimensional tetrahedral
grids where simulations using the commercial computational
fluid dynamics code Fluent 6 (Ansys, Inc., Canonsburg, PA,
USA) can be performed for each grid. A personal computer
(Pentium 4, 2GB RAM) required 28 days per simulation to
(”), although it typically takes about a week for a
cluster of networked computers at our institution. It is appar-
ent that CFD simulations require time and high performance
computers and as such, is currently unsuitable for use in indi-
vidual patients.

complete

It can be argued that CFD studies are simulations and the pre-
dicted results are derived from complex calculations of the
Navier-Stokes equation (43'45), which may not represent real life
conditions. In the simulations, air is routinely regarded as
being incompressible so that fluid dynamic theories will be
applicable. This assumption is acceptable given that the pres-
sure changes within the nasal cavity are small in comparison to
the combustion chamber of a jet engine for example.
Furthermore, the aerodynamics of nasal airflow is complex
due to the geometry of the nasal cavity. Unlike a smooth,
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Figure 4. Sagittal view of a nasal cavity with a septal deviation. 4A is
the inspiratory airstreams. Arrows point to areas of vortex airflow. Ant
= anterior, Post = posterior. 4B is the contour of turbulent kinetic
energy K (m2/s2) at the nasal valve region. * = inferior turbinate. 4C is
the three-dimensional view of the nasal cavity showing wall shear
stress contours. Arrows point to areas of abnormal wall shear stress.

incompressible tube, the nature of nasal airflow (laminar, tur-
bulent or semiturbulent) is not well understood and remains a
challenging if not controversial issue “*”. Comparison across
CFD studies is also difficult as the presentation of the results is
mostly graphical and does not lend to meta-analysis. Although
the technical complexities of fluid dynamics are beyond the
scope of this review, it is suffice to note that CFD simulations
have shown good correlation between the computations and
experimental results *”. This suggests that CFD may be a
valid method of assessing nasal aerodynamics although more
studies are necessary to validate this.

CONCLUSIONS

Unlike other methods of studying nasal airflow such as rhino-
manometry and Mink box simulations, CFD technology offers
an accurate and highly graphical model to understand the

Figure 5. Sequential contour sections of the nasal cavity after three-

dimensional reconstruction from MRI or CT scans. These models are
used to generate three-dimensional mesh of the nasal airspace to simu-
late nasal airflow.
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nature of nasal aerodynamics. The complex correlations
between temperature and humidity, and how these variables
affect aerodynamics can also be evaluated. The novel informa-
tion brought to light by CFD bears serious implications in rhi-
nology. The CFD studies to date have improved our under-
standing of nasal physiology and offer an explanation of the
symptomatologies encountered in clinical practice. There is a
growing interest in studying the effects of sinonasal surgery on
nasal aerodynamics and whether restoration of normal condi-
tions can be achieved. However, many of these studies have
performed virtual surgical procedures and will need to be vali-
dated with actual post-intervention simulations of real patients.
Nonetheless, the importance of preserving mucosa and inter-
nal structures such as the turbinates and nasal valve cannot be
over emphasized.

Unlike the use of audiometry in hearing loss, there is currently
no method of assessing nasal function impairment easily.
Despite the numerous studies using rhinomanometry and
acoustic rthinometry to study nasal airflow, these tools remain
in research laboratories. CFD simulations may be relatively
costly and time consuming, it is however conceivable that
technology would be available to make CFD a standard tool
for rhinologists used in conjunction with other assessments
such as imaging and endoscopy “". Where the diagnosis of
some diseases, such as atrophic rhinitis, are on clinical grounds
and at the exclusion of other pathologies, individualised CFD
studies may be a viable diagnostic tool in the near future. We
acknowledge that CFD is not totally infallible, but to date
offers an excellent method of studying nasal physiology in
heath and disease.
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