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Computational fluid dynamics: a suitable assessment
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La dinamica computerizzata dei fluidi: uno strumento valido per la dimostrazione
dell’efficacia dei farmaci sull‘ostruzione respiratoria nasale nella terapia della rinite
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SUMMARY

This systematic review aims first to summarize the previous areas of application of computational fluid dynamics (CFD) and then to dem-
onstrate that CFD is also a suitable instrument for generating three-dimensional images that depict drug effects on nasal mucosa. Special
emphasis is placed on the three-dimensional visualization of the antiobstructive effect of nasal steroids and antihistamines in the treat-
ment of allergic rhinitis. In the beginning, CFD technology was only used to demonstrate physiological and pathophysiological airflow
conditions in the nose and to aid in preoperative planning and postoperative monitoring of surgical outcome in the field of rhinosurgery.
The first studies using CFD examined nasal respiratory physiology, important functions of the nose, such as conditioning and warming of
inspired air, and the influence of pathophysiological changes on nasal breathing. Also, postoperative outcome of surgical procedures could
be “predicted” using the nasal airflow model. Later studies focused on the three-dimensional visualization of the effect of nasal sprays in
healthy subjects and postoperative patients. A completely new approach, however, was the use of CFD in the area of allergic rhinitis and
the treatment of its cardinal symptom of nasal obstruction. In two clinical trials, a suitable patient with a positive history of allergic rhinitis
was enrolled during a symptom-free period after the pollen season. The patient developed typical allergic rhinitis symptoms after provoca-
tion with birch pollen. The 3-D visualization showed that the antiallergic treatment successfully counteracted the effects of nasal allergen
provocation on nasal airflow. These observations were attributed to the antiobstructive effect of a nasal steroid (mometasone furoate) and a
systemic antihistamine (levocetirizine), respectively. CFD therefore constitutes a non-invasive, precise, reliable and objective examination
procedure for generating three-dimensional images that depict the effects of drugs used in the treatment of allergic rhinitis.
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RIASSUNTO

1l primo obiettivo della presente review sistematica é quello di un’esposizione concisa delle precedenti aree di applicazione della fluidodina-
mica computazionale (CFD), ed in seconda istanza dimostrare la validita della metodica nella realizzazione di immagini tridimensionali che
mostrino gli effetti dei farmaci sulla mucosa nasale. Inoltre viene accuratamente descritta la possibilita di visualizzare in tre dimensioni [’ ef-
fetto decongestionante degli steroidi nasali e degli antistaminici nella terapia della rinite allergica. Agli albori dello sviluppo della metodica
la CFD veniva unicamente usata sia per dimostrare condizioni fisiologiche e fisiopatologiche di flusso aereo nasale, sia come supporto nel
planning pre-operatorio e nel controllo postoperatorio degli esiti della rino-chirurgia. I primi studi che hanno visto I’applicazione della CFD
si sono concentrati sullo studio della fisiologia respiratoria, delle funzioni fondamentali del naso come I'umidificazione e il riscaldamento
dell’aria inspirata, e dell’influenza delle modifiche fisiopatologiche sulla respirazione nasale. E stata studiata anche la possibilita di utilizzare
modelli di flusso aereo nasale per predire I’efficacia di un eventuale chirurgia nasale. Lavori successivi si sono concentrati sulla visualizza-
zione in tre dimensioni degli effetti topici degli spray nasali in soggetti sani e in soggetti operati. L’utilizzo della CFD nel campo della rinite
allergica ha rappresentato un approccio completamente nuovo alla problematica del trattamento dell’ ostruzione respiratoria nasale. In due
diversi trial clinici sono stati inclusi soggetti con storia clinica di rinite allergica in fase non sintomatica. 1 pazienti selezionati sono stati
quindi sottoposti a provocazione nasale mediante polline di betullacee con 'intento di evocare la sintomatologia allergica. 1l rendering 3-D
effettuato dopo trattamento farmacologico ha mostrato una riduzione degli effetti della provocazione allergica sul flusso aereo nasale. Queste
osservazioni sono state infine attribuite agli effetti decongestionanti rispettivamente dello steroide topico (monetasone furoato) e dell’antista-
minico sistemico (levocetirizina) utilizzati. In conclusione la CFD rappresenta un esame non invasivo, preciso, affidabile ed obiettivo, capace
di realizzare immagini in tre dimensioni che mostrano gli effetti dei farmaci utilizzati nella rinite allergica.

PAROLE CHIAVE: Fluidodinamica computazionale (CFD) » Simulazione del flusso aereo nasale * Rinite allergica * Ostruzione nasale *
Steroidi topici  Mometasone furoato spray nasale, (MFNS) * Antistaminico * Levocetirizina
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Introduction

Allergic rhinitis (AR) is clinically defined as a “sympto-
matic disorder of the nose induced by an IgE-mediated
inflammation after allergen exposure of the membranes
lining the nose” '2. Worldwide, the prevalence of this dis-
ease varies from 1 to 40 % '. The classic symptoms of AR
are nasal obstruction, rhinorrhoea, sneezing and itching in
the nose 1. Subjects attempt to prevent AR symptoms as
much as possible by avoiding allergens and taking medi-
cation (e.g., intranasal corticosteroids, systemic antihista-
mines) *°, as AR poses great restrictions on quality of life.
The cardinal symptom of persistent AR is nasal obstruc-
tion. It can be assessed via nasal endoscopy, rhinomanom-
etry, acoustic rhinometry and by employing visual ana-
logue scales and patient questionnaires °.

Among these procedures, rhinomanometry and acoustic
rhinometry are established objective test procedures for
evaluating nasal patency. In the course of rhinomanomet-
ric examination, transnasal pressure and nasal airflow are
measured during the breathing cycle, i.e., inspiration and
expiration’. In contrast, acoustic rhinometry depicts the
geometry of the nasal cavity on the basis of reflected ul-
trasonic waves. By measuring the minimal cross-sectional
areas, a computer-aided calculation can then be performed
for the volume of one side of the main nasal cavity ®.
These traditional measuring procedures, however, show
weaknesses and disadvantages. One such example, de-
scribed by Clarke et al. ® and Baraniuk '°, is the minor or
partly lacking correlation between subjective symptoms
experienced by patients and objectively measured symp-
toms. Furthermore, correlation among the results from
rhinomanometry, acoustic rhinometry and subjective test
procedures (nasal sum symptom score, visual analogue
scale) does not always prove to be reliable ' 2.

The need for more precise techniques has encouraged
the use of computational fluid dynamics (CFD), a mature
technology employed widely in engineering to solve and
analyze problems that involve fluid flows!®. The mathe-
matical predictions made via CFD can also be applied to
nasal airflow. For the numerical simulation of nasal air-
flow, patients must undergo nasal computer tomography
(CT) or magnetic resonance imaging (MRI) scans 4.
Many of the first flow simulation studies focused on nasal
airflow biophysics ' CFD has already been used for the
flow analysis of pathological cases '®* and has been pro-
posed as a tool for predicting actual surgical outcomes using
a virtual nasal surgery model 2. A new area of application
in which CFD technology has been employed successfully
is the three-dimensional visualisation of the effect of medi-
cations applied intranasally to the nasal mucosa -,

The first aim of this systematic review is to summarize
the previous fields of application of CFD (demonstration
of physiological and pathophysiological airflow condi-
tions in the nose, preoperative planning, and postopera-
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tive monitoring of surgical outcome in the field of rhi-
nosurgery), while the second is to demonstrate that CFD
also represents a suitable instrument for modelling drug
effects on the nasal mucosa in three dimensions. Special
emphasis is placed on the three-dimensional visualisation
of the antiobstructive effect of nasal steroids and antihis-
tamines in the treatment of AR.

Previous fields of application of computational fluid
dynamics

The applications of CFD were previously limited to the
demonstration of physiological and pathophysiological
airflow conditions in the nose and to preoperative plan-
ning and postoperative monitoring of surgical outcome in
the field of rhinosurgery.

Demonstration of physiological and pathological airflow
conditions in the nose

A suitable example of the three-dimensional visualisation
of the physiological airflow conditions in the nose is the
study by Ishikawa et al. published in 2006. The authors in-
vestigated differences between inspiratory and expiratory
nasal airflow based on CT images. They concluded that
during the inspiratory phase, nasal airflow and its degree
of turbulence in the middle meatus were much more prom-
inent than in the expiratory phase . Tan et al. observed
comparable nasal airflow behaviour in a clinical trial. In
the inspiratory phase, turbulence occurred particularly
in the anterior part and at the bottom of the nasal cavity.
During the expiratory phase, however, no turbulence was
measured. The maximum nasal velocity was measured
around the plane of palatine velum during both inspira-
tory and expiratory phases '®. Wen et al. also examined the
physiological airflow conditions in the nose, and observed
high velocities in the constrictive nasal valve area region
as well as high flow close to the septum walls '’

In addition, pathophysiological alterations in the nose such
as septal deviation '82! 232 turbinate hypertrophy '° 2?24,
nasal bone fracture ?°, septal perforation 2, deviation of
the external nose * and their implications can be visual-
ized by CFD technology.

In the controlled clinical trial by Sun et al., for example,
patients with nasal septum deviations were compared to
subjects with no anatomical changes. Sun et al. concluded
that by using nasal airflow simulation, it is possible to
visualize the changes in nasal airflow caused by abnormal
anatomy of the nose %. Liu likewise demonstrated the im-
pact of various forms of septal deviation on nasal airflow
characteristics - Similarly, Guo showed that the unilat-
eral hypertrophy infraturbinal also changed normal anat-
omy and influenced aerodynamics of the nasal cavity. Ac-
cording to Guo, these changes can have a verifiable effect
on important functions of the nose such as humidification
and warming of respiratory air, in addition to olfaction *.
In a clinical study in five healthy subjects and using air-
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flow simulations based on CT images, Bailie et al. con-
firmed that the inferior and middle turbinates play a major
role in the conditioning (warming up and cooling down)
of inspired air. Furthermore, this airflow model might
help to explain how wall shear stress occurring along
the inferior and middle turbinates can cause epistaxis in
Little’s area ¥. This clinical study thus substantiated the
study results observed by Pless et al. in 2004, who con-
cluded that the inferior and middle turbinates both play a
predominant role in heat recovery during the expiratory
phase. Furthermore, they observed that the areas with
the greatest decrease in temperature were characterised
by turbulent airflow *. Likewise, Sommer et al. attached
substantial importance to the middle turbinate in the con-
ditioning and humidification of inhaled air *.

In their investigation, Ishikawa et al. addressed olfaction
as one of the important functions of the nose. In a three-
dimensional airflow model, it was demonstrated that in-
spired air passed through a wider olfactory area compared
to expired air. The sniffing flow, however, passed through
the widest olfactory area, with no increase of velocity be-
ing observed in the airflow model. They therefore con-
cluded that a recirculating flow strongly promotes olfac-
tory function in the nose .

Preoperative planning and postoperative monitoring

of surgical outcome in the field of rhinosurgery

Another emphasis of CFD is the preoperative planning and
postoperative monitoring of surgical outcome in the field of
rhinosurgery. As early as 2000, Bockholt et al. investigated
the possible benefit of using nasal airflow simulations in the
area of rhinosurgery. They concluded that a preoperative,
three-dimensional model of the nasal cavity based on CT
scans can optimize surgical planning and thereby markedly
improve the success of surgery 2. In the clinical study by
Xiong et al., CFD was likewise tested in the preoperative
planning phase and during postoperative monitoring of sur-
gical outcome. The postoperative outcome of patients could
be simulated by visualizing nasal airflow before and after a
virtual endoscopic procedure *2. Other research groups also
confirmed the suitability of CFD for generating models that
show both surgeons and patients the postoperative benefit
of surgical procedures (rapid maxillary expansion %, tur-
binate surgery of hypertrophic turbinate ' *', septoplasty
and partial lateral turbinectomy ).

A further example of the use of CFD technology can be
found in the clinical picture of obstructive sleep apnoea
syndrome. Airflow simulations were conducted in 2006
by Sung and Xu to obtain better understanding of the
pathophysiology of obstructive sleep apnoea syndrome
in children and adults ***. Bimaxillary surgery (maxillo-
mandibular advancement) for enlarging the velo-oro-hy-
popharyngeal airway constitutes the standardized surgical
procedure in the treatment of obstructive sleep apnoea
syndrome *. In a clinical trial by Yu et al. involving two
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patients with sleep apnoea syndrome, three-dimensional
nasal airflow was calculated based on CT images made
before and after surgery (maxillomandibular advance-
ment). Postoperatively, CFD showed an enlargement of
the upper airway with balanced velocity and pressure
conditions. The postoperative clinical results of patients
(less breathing effort accompanied by better ventilation)
confirmed the predicted surgical outcome **-

New fields of application of computational fluid dynamics
A new area of application of CFD is the visualization of
drug effects on the nasal mucosa via three-dimensional air-
flow simulations. In a clinical study, Garlapti’s group in-
vestigated the effectiveness of nasal sprays applied to nasal
mucosa. Based on MRI, it was demonstrated that intranasal
medications such as nasal sprays are most effective when
the patient actively inhales during application. Contrary to
expectations, the position of the head had no decisive ef-
fect on the distribution of the inhaled aerosol *. Frank et
al. added to this observation in that they acknowledged that
head position affected the deposition of the applied nasal
spray only in cases of low or absent inspiratory airflow 3.
Chen et al. also examined the effect of nasal sprays via
CFD technology. In the nasal airflow model of their Chi-
nese patient, it became evident that after functional endo-
scopic sinus surgery (FESS), moderate inspiratory airflow
and a particle diameter of approximately 10°m improves
the deposition of nasally applied drugs considerably *.
Frank et al. concurred with the observations made by
Chen et al. Surgical correction of nasal anatomic deformi-
ties (example.g. nasal septum deviation) was able to im-
prove drug delivery on the nasal mucosa %,

3-D visualization of the antiobstructive effect of drugs

in therapy of allergic rhinitis

The application of CFD technology is not only restricted
to the visualization of drug effects in healthy subjects ¢
or patients who have already undergone surgery * %, but
it can also be used in patients who suffer from the symp-
toms of AR.

The two clinical studies by Mosges et al. described be-
low, it was shown that nasal airflow simulation can also
be used in the treatment of AR. The aim of these trials
was to verify the antiobstructive effect of a nasal steroid
(mometasone furoate nasal spray, MFNS) and a systemic
antihistamine (levocetirizine) on the degree to which the
nasal mucosa swells under allergen exposure in a three-
dimensional nasal airflow model.

These clinical trials were conducted as monocentre, one-
arm, prospective, phase IV therapy studies involving the
same patient. This 37-year-old female had a positive his-
tory of AR (confirmed by skin prick test and nasal provo-
cation test) and was enrolled in the clinical trials during
a symptom-free period after the pollen season. She devel-
oped typical AR symptoms (especially nasal obstruction)
after provocation with birch pollen.




The design of both clinical trials was nearly identical and
is summarized in Table I. The trials differed from each
other only in length: MFNS was administered for 14
study days and levocetirizine for 35 days. This differing
study period appeared to make sense in view of prelimi-
nary studies by Bachert, Canonica, and De Vos on the an-
tiobstructive effect of levocetirizine *-4%.

T2-weighted MRI was used to visualize detailed inter-
nal structures and restricted body functions. It provided a
three-dimensional image of the nasal cavity, sinuses and
pharynx, and allowed the assessment of nasal mucosal
swelling. To perform a fluid mechanical analysis of the
flow in the human nasal cavity, the surface of the region of
interest, i.e., the volume of the nasal cavity, was extracted
from MRI data and processed in multiple steps *°. Since
MRI measures the fluid characteristics of different tis-
sues, the distinction between bone and air is generally dif-
ficult because they contain no or only a small amount of
fluid and give a similar MRI signal, i.e. these areas appear
black. To allow a better interface detection, blurring was
reduced by sharpening the image, by applyinga3x3x 3
convolution matrix filter, which emphasised the voxel dif-
ferences depending on the 3 x 3 x 3 neighbourhood around
the centre voxel. This supported the manual segmentation
of the nasal cavity by an experienced ENT specialist who
examined each slice of the three-dimensional image and
identified the region of interest (ROI) with a digital pen
tablet. The image was then further pre-processed at the
Institute of Aerodynamics of RWTH Aachen University.
A seeded region growing algorithm > was used to iden-
tify the previously detected ROI by placing seed points
inside the fluid volume of the nasal cavity and recursively
descending in the neighbourhood of them. The identifica-
tion was based on a lower and an upper threshold depend-
ing on the assignment method used by the ENT specialist.
Based on this segmentation, the marching cubes algo-
rithm 3! was used to extract the surface of the nasal cavity
yielding a three-dimensional triangle representation. This
algorithm is based on an intensity detection along voxel
edges and defines vertices along these lines by a bi-linear
interpolation between the intensities at the corners of the
voxels. A set of triangles was defined for such a vertex
configuration, taken from a configuration table containing
256 possible combinations. In a post-processing step, the
surface was smoothed using a windowed sinc function %2,
removing high frequency noise in the Fourier space by
applying a transfer function. In a final step, the surface
was split into multiple parts. The nostrils and the throat
were separated from the rest of the nasal cavity and were
smoothed with a Laplace filter until convergence. This
filter relaxes the mesh and iteratively moves all vertices
into one plane. This step allowed the proper application of
the boundary conditions in the flow simulation. Based on
this model, an automatic Cartesian grid generator created
the computational mesh. A minimal bounding cube was
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Table 1. Study design.
Treatment period
Visit1 Visit2 Visit3 Visit 4
Written consent X
Collection of demographic data

Assessment of inclusion and exclusion
criteria

Medical history

Physical examination
Examination by ENT specialist
Nasal endoscopy
Rhinomanometry

Acoustic rhinometry

MRI examination

Nasal provocation test
Rhinomanometry

Acoustic rhinometry X
MRI examination

>X X X X X X X X
X< X X X X

>x< X<
>

>
XX X X X X X X X X

X X X X X X X X X X

initially placed around the surface. This cube was then
continuously split into eight smaller cubes until a user-
defined level of refinement was reached. During the split-
ting process, cells outside the fluid domain were removed.
The simulation was carried out using a Lattice Boltzmann
method and was performed on grids containing about 20
x 108 cells. As for the imposed boundary conditions, a
no-slip wall condition proposed by Bouzidi et al. 3 was
used. A volume flux of 125 ml/sec was prescribed at the
inflow boundaries with a von Neumann condition for the
velocity. The density was extrapolated in surface normal
direction by applying a Dirichlet condition. The outflow
boundary condition was based on the formulation by
Finck et al. * and imposed a constant pressure and ex-
trapolated the velocities. The Reynolds number, based on
the mean hydraulic diameter of the nostrils and a volume
flux of 125 ml/sec, was calculated for all nasal cavity ge-
ometries to guarantee an equal volume flux in all cases.
The results of nasal airflow simulation for the MFNS
study are depicted in Figures 1 and 2. Figure 1 shows the
direct comparison between airflow conditions in the nasal
cavity without MENS use before and after allergen provo-
cation. Prior to allergen provocation, two opened airflow
channels were visible at the entrance to the nose and the
flow velocity was high. After nasal provocation testing,
however, only one airflow channel was visible and the
flow velocity was considerably reduced. This observation
is consistent with a marked swelling of the nasal mucosa,
triggered by exposure to birch pollen.

Figure 2 shows the comparison of the nasal flow condi-
tions under MFNS use before and after allergen provo-
cation. Following a 14-day application of MFNS, three
airflow channels were clearly discernible prior to allergen
provocation. After provocation with birch pollen, the na-
sal volume flow was in fact reduced, but the decrease was
considerably smaller.
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Fig. 1. Nasal airflow without MFNS use before (left) and after (right) allergen provocation.
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Fig. 2. Nasal airflow under MFNS use before (left) and after (right) allergen provocation.

Fig. 3. Streamlines (Visit 2 before allergen provocation).

Fig. 4. Streamlines (Visit 2 after allergen provocation).

Fig. 5. Streamlines (Visit 4 before allergen provocation).

It therefore became apparent that the antiobstructive effect
of MFNS on the degree of swelling of the nasal mucosa,
already demonstrated in numerous studies 3%, could also
be verified through nasal airflow simulation .

The streamlines in Figures 3-6 provide information about the
distribution of nasal airflow before and after allergen provoca-
tion during 35-day treatment with levocetirizine. The stream-
lines originate from the left (left image) and right (right im-
age) nostrils, respectively, and proceed toward the pharynx.
In particular, it became evident that in the nasal geometry
from Visit 2 a considerably larger volume flowed through
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Fig. 6. Streamlines (Visit 4 after allergen provocation).

the middle airflow channel before allergen provocation than
was the case after provocation. When comparing the stream-
lines with those from Visit 4, this difference was hardly dis-
cernible. In both cases, air flowed through both the lower
and the middle airflow channels. The difference between the
streamlines showed that by using nasal airflow simulation,
a reaction of the nasal mucosa in the form of obstruction
could be demonstrated following allergen provocation. Fur-
thermore, nasal obstruction diminished over the entire study
period of 36 days. Therefore, the antiobstructive effect of
levocetirizine on the degree of nasal mucosal swelling, as




previously described in the medical literature %!, could be
clearly verified by nasal airflow simulation.

Conclusions

Leong et al. have already recognised the potential of CFD
technology in a systematic overview '*. The present study
confirms the results by Leong et al. in 2010. Up to now,
nasal airflow simulation served to demonstrate the physi-
ological and pathological airflow conditions in the nose
as well as aid in preoperative planning und postoperative
monitoring of surgery outcome in rhinosurgery. Previous
medical literature likewise shows that nasal airflow simu-
lation can also be used successfully in obstructive sleep
apnoea syndrome.

A new development, however, is the visualization of drug
effects on the nasal mucosa via CFD technology. In the be-
ginning, its application was limited to the three-dimension-
al visualization of the effect of intranasally applied sprays
in healthy or postoperative patients. The present review
shows that nasal airflow simulation can also be employed
effectively in the field of AR and in treatment of its cardi-
nal symptom of nasal obstruction. The two aforementioned
clinical studies by Mosges et al. demonstrated the antiob-
structive effect of both a nasal steroid (MFNS) and a sys-
temic antihistamine (levocetirizine) on the degree of nasal
mucosal swelling in a nasal airflow model. Therefore, CFD
constitutes a suitable tool for the three-dimensional visuali-
zation of drug effects in the therapy of AR.
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