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Objectives:  Nasal  obstruction  is a highly  subjective  symptom.  It can  be evaluated  by  combining  clinical
examination,  imaging  and functional  measurements  such  as  active  anterior  rhinomanometry  (AAR).  In
pediatrics,  AAR  is  often  impossible  because  it requires  the  participation  of  the  child.  Airflow  modeling
by  Computational  Fluid  Dynamics  (CFD)  has been  developed  since  the  early  1990s,  mostly  in adults.  This
study  is the  first to  describe  a methodology  of  “numerical  rhinomanometry”  in  children  using CFD  and
to  evaluate  the  feasibility  and  the  clinical  interest  of this  new  tool.
Materials  and  methods:  Five  children  aged  from  8 to 15  years,  complaining  of nasal  obstruction,  underwent
routine  management  including  clinical  evaluation,  AAR,  and  CT-scanning.  CT  acquisitions  were  used  for
CFD calculations  and  numerical  rhinomanometry.
Results  and  conclusions:  In the  5 children,  the  results  of CFD  were  concordant  with  clinical complaints  and

examination.  In 3  children,  AAR  and  CFD  were  concordant.  In one  patient,  CFD  corrected  the  results  of  AAR.
In one  patient,  AAR  was  not  feasible,  unlike  CFD,  which  contributed  to diagnosis.  This  study  highlighted
the  feasibility  of CFD  in children  and  that it  can  support  or refute  diagnosis  of nasal  obstruction  with  good
reliability.  These  results  indicate  that  CFD  modeling  could  be widely  used  for  functional  exploration  in
pediatric  rhinology.

© 2018  Elsevier  Masson  SAS.  All  rights  reserved.
. Introduction

The physiology of nasal breathing is closely related to fluid
echanics in humans. Changes in the normal anatomy of the nasal

ossae can modify airflow and lead to disorders such as nasal
bstruction. In children, chronic nasal obstruction is a common
roblem that may  affect sleep and facial growth [1,2]. The treat-
ent of these breathing disorders sometimes requires a surgical

orrection of the nasal fossae to normalize airflow.
Nasal obstruction is a highly subjective symptom, and oto-

aryngologists have long been interested in techniques providing
bjective evaluations [3]. In pediatric rhinology, one of these com-
only used objective assessments is the measurement of nasal
esistances with Active Anterior Rhinomanometry (AAR). AAR pro-
ides pressure-flow curves and resistance values that can be easily
sed in clinical practice [4]. In some cases, there is a lack of correla-
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tion between reported symptoms and objective findings [5–8]. In
other cases, AAR is impractical because it requires the active partic-
ipation of the child, which can rarely be relied upon before 5 years
of age [9].

The use of numerical modeling, particularly airflow modeling
with Computational Fluid Dynamics (CFD) [10], has become an
important area of research in the past few years. The pioneer
studies in the 1990s [11,12] oversimplified the geometry of the
nasal cavities and were limited to a single side. With the improve-
ment of computing power, 3D reconstructions of nasal cavities
became more accurate and complex airflow patterns were discov-
ered in the nasal fossae [13–17]. Nasal abnormalities have been
more frequently described using numerical simulations, such as
empty-nose syndrome or septal deviations [18–20]. Some authors
recommend virtual surgical planning using CFD models [21–23].

Most of the previous studies used a simplified 3D geometry
of the nasal airway and the RANS (Reynolds Averaged Navier-
Stokes) methodology providing information about steady-state

flow through the nose [24]. Unsteady-state calculations are more
time-consuming, but provide mass flows and pressure values over
time and allow a “numerical rhinomanometry”. The interest of CFD
in the evaluation of nasal obstruction has never been evaluated

https://doi.org/10.1016/j.anorl.2018.11.008
http://www.sciencedirect.com/science/journal/00000000
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3.1. Case #1

A 9-year old male presented with chronic nasal obstruc-
tion. The clinical examination revealed posterior leftward

Table 1
Comparison of AAR and CFD results.

Patient Total resistance
(Pa.s.m−3)

Right resistance
(Pa.s.m−3)

Left resistance
(Pa.s.m−3)

AAR CFD AAR CFD AAR CFD

1 0.45 0.34 0.56 0.4 2.2 2.2
2  0.52 0.24 1.07 0.42 1.04 0.53
8 E. Moreddu et al. / European Annals of Otorhinola

n children, despite its potential contribution in surgical decision-
aking in selected cases. It can be easily compared to AAR, which is

he gold-standard examination for flow-pressure curves and nasal
esistance evaluation. Moreover, the feasibility and significance of
umerical models of nasal airflow have not yet been evaluated in
ediatric populations.

The objectives of the present work are to describe the method-
logy to create a numerical rhinomanometry in a pediatric
opulation, based on unsteady-state CFD calculations, and also to
valuate the clinical interest of this numerical tool to improve the
iagnosis of nasal obstruction in children.

. Materials and methods

Five patients were included in the study. In line with French reg-
lations, informed consent was obtained from the parents or legal
epresentative and from the child at each step. According to article
. 1121-1 of the French Public Health Code, review board approval
as not needed for this kind of research, which did not affect usual
anagement. The study was conducted in accordance with the
eclaration of Helsinki and French Good Clinical Practices. Patients
nderwent clinical examination, AAR and CT-scanning. CT was  used
or CFD calculation and to create the numerical rhinomanometry.
he results of these examinations were then compared.

.1. Anterior active rhinomanometry

AAR (Rhinomanometer NR6; GM Instruments Ltd.) was  per-
ormed on all subjects according to the recommendations of the
tandardization Committee. The acquisitions were performed less
han 30 minutes after CT-scanning to avoid changes linked with the
asal cycle. No medication, including local vasoconstrictors, was
sed. Four consecutive respiratory cycles were recorded and mean
nilateral nasal airway resistance values were used for calculations.
asal resistance was calculated as �p/Q, where �p  is the pressure
rop in Pascals (Pa) between the nostrils and posterior nose, and Q is
he flow rate in milliliters per second (ml/s). Results were reported
s mean values on the four nasal cycles.

.2. CT acquisition

CT indications were based on our usual protocol. Patients were
elected as showing chronic nasal obstruction requiring CT. In our
sual practice, CT-scanning is performed prior to surgery, in the
ediatric Radiology Department of our institution, with the follow-
ng properties: acquisition matrix of 512*512 pixels, pixel size of
.3*0.6 mm and voxel depth of 0.8 mm.  The DICOM stack acquired
rom the CT-scan was then used for 3D reconstruction.

.3. Computational fluid dynamics

Numerical simulations of airflows were performed using com-
utational fluid dynamics (CFD). These simulations are based on
he numerical solution of the Navier–Stokes equation, which is

 general equation for three-dimensional flow of compressible
nd viscous (Newtonian) fluids. A segregated flow model with a
econd-order convective scheme was used for the resolution of
he Navier–Stokes equation. Three major steps are required for the
imulations:
construction of a geometrical model from CT data;
assignment of the discrete computational domain into computa-
tional cells (known as discretization), resulting in the generation
of a computational mesh;
logy, Head and Neck diseases 136 (2019) 87–92

• and solution of the conservation equations on this mesh until a
numerically convergent solution is obtained.

3D reconstruction of the nasal fossae from CT imaging was  per-
formed using image segmentation software (ITK-SNAP

®
, University

of Pennsylvania, Philadelphia, PA). As the geometry of normal and
pathologic nasal fossae is very complex, this step was one the most
critical for our study. In order to virtually isolate the nasal fossae
from adjacent regions, and reconstruct its entire volume, semi-
automatic threshold-based segmentation with manual corrections
was carried out using the half-maximum height method [25], which
is a thresholding protocol for the region of interest [26], and by
taking repeated measurements in 20 different zones of the virtual
stack [27] using the ITK-Snap and ImageJ v.1.45s software packages.
The segmented geometries were exported as Standard Tessella-
tion Language (STL) files into the STAR-CCM+

®
(CD-Adapco) CFD

code used to simulate airflow. Depending on nasal fossa anatomy,
meshes with an order of magnitude of 5 million computational cells
were generated.

Unsteady-state inspiratory airflow simulations were performed
on Star-CCM+

®
software using two representative respiratory

cycles previously acquired as mean values from 20 healthy subjects.
The boundary conditions used to determine the airflow field were
set as follows: “wall” condition of zero parietal velocity assuming
and undeformable non-sliding airway wall, relative “inlet” pres-
sure condition at the nostrils with gauge pressure set to 0, and
relative “outlet” pressure condition with gauge pressure set to vari-
able negative values according to the nasal cycle. The gas used
in our simulation was  air, with the following physical properties:
external room temperature, 19 ◦C; ambient atmospheric pressure,
1013.25 hPa; density, �air = 1.161 kg/m3; and dynamic viscosity
�air = 1.8 × 10−5 kg/m−1s−1. Pressure drop values were computed
by averaging total inlet and outlet pressures.

CFD outcome measures included nasal pressure and flow within
the nasal cavity. Nasal resistances were calculated as �p/Q, where
�p is the pressure difference in Pascals (Pa) between the nostrils
and posterior end of the cavity, and Q is the flow rate in milliliters
per second (ml/s). Data were exported to a Table showing time
and pressure according to time, and converted into flow/pressure
curves using GnuPlot

®
software, thus creating a numerical rhino-

manometry.

3. Results

Five patients were included in this study. Age range was  8 to
15 years. Absolute resistance values on AAR and CFD are shown in
Table 1. Total resistance (TR), right fossa resistance (RR) and left
fossa resistance (LR) at 150 Pa/s were analyzed for each patient.
3  0.35 0.26 1.04 0.62 0.53 0.47
4  0.24 0.22 0.58 0.64 0.41 0.35
5  0.17 0.34 0.37

AAR: active anterior rhinomanometry; CFD: computational fluid dynamics.



E. Moreddu et al. / European Annals of Otorhinolaryngo

Fig. 1. Axial (upper part of the figure) and coronal (lower part of the figure) CT slices
of  in case #1, showing leftward septal deviation and inferior turbinate hypertrophy.
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may  change over time and assessment should be repeated accord-
ing to the patient’s complaints. Case #3 highlighted the fact that
eptal deviation and bilateral inferior turbinate hypertro-
hy with left-sided predominance. CT confirmed the septal
eviation and inferior turbinate hypertrophy (Fig. 1). The AAR
easured slightly elevated total resistance with severe left nasal

bstruction (TR = 0.45 Pa/ml/s, RR = 0.56 Pa/ml/s, LR = 2.20 Pa/ml/s).
FD confirmed severe pressure loss, higher velocity and lower
irflow in the left nasal fossa (TR = 0.34 Pa/ml/s, RR = 0.4 Pa/ml/s,
R = 2.20 Pa/ml/s). CFD was thus concordant to AAR, with decreased
eft nasal permeability (Fig. 2). In this case, clinical examination,
T, AAR and CFD were all concordant. The slightly elevated global
esistance measured on AAR and CFD masked severe left nasal
bstruction. This patient underwent septoplasty with bilateral
aser cauterization of the inferior turbinates, with subsequent
ormalization of nasal breathing and resistances on AAR, at
2 months’ follow-up.

.2. Case #2

A 15-year old female presented with moderate nasal obstruc-
ion. Clinical examination revealed bilateral inferior turbinate
ypertrophy, without septal deviation. CT showed bilateral inferior
urbinate hypertrophy and right concha bullosa. The AAR showed
igh total resistance, with high resistance in both nasal fossae
TR = 0.52 Pa/ml/s, RR = 1.04 Pa/ml/s, LR = 1.02 Pa/ml/s). CFD found
ubnormal resistance, with a slight difference between the two
ossae, with greater pressure loss, higher velocity and lower flow in
he left fossa (TR = 0.24 Pa/ml/s, RR = 0.53 Pa/ml/s, LR = 0.42 Pa/ml/s)
Fig. 2). In this case, there was a close correlation between the his-
ory taking and CFD, whereas AAR appeared to overestimate nasal
irway resistance. Medical treatment associating nasal saline wash
nd nasocorticoids was first proposed. After initial improvement,
nferior turbinoplasty was performed six months later due to recur-
ence of nasal obstruction with high nasal resistance on AAR, not

mproved by decongestants. Nasal breathing and resistances were
btained, at 14 months’ follow-up.
logy, Head and Neck diseases 136 (2019) 87–92 89

3.3. Case #3

An 8-year old male presented with nasal obstruction. Clinical
examination revealed severe rightward anterior septal devi-
ation, preventing flexible endoscopy. CT confirmed anterior
septal deviation blocking the right nasal fossa. AAR showed
slightly elevated total resistance, 2-fold greater in the right fossa
(TR = 0.35 Pa/ml/s, RR = 1.04 Pa/ml/s, LR = 0.53 Pa/ml/s). CFD iden-
tified higher-pressure loss in the right fossa (TR = 0.26 Pa/ml/s,
RR = 0.62 Pa/ml/s, LR = 0.47 Pa/ml/s) (Fig. 2). In this case, interview,
CT, AAR and CFD were concordant. The child underwent septo-
plasty. Normal nasal breathing and resistances were obtained, at
26 months’ follow-up.

3.4. Case #4

A 13-year old male was referred by his orthodontist for
exclusive oral breathing without complaint of nasal obstruc-
tion. Clinical examination and CT revealed bilateral inferior
turbinate hypertrophy predominantly in the right nasal fossa
associated with an architectural abnormality of the bony palate.
AAR (TR = 0.24 Pa/ml/s, RR = 0.58 Pa/ml/s, LR = 0.41 Pa/ml/s) and CFD
(TR = 0.22 Pa/ml/s, RR = 0.64 Pa/ml/s, LR = 0.35 Pa/ml/s) did not iden-
tify any nasal obstruction, though airflow was 30% higher in the left
than the right nasal fossa. CFD was concordant with clinical exami-
nation and AAR (Fig. 2). In this case, all modes of evaluation of nasal
permeability ruled out nasal etiology for exclusive oral breathing.
Orthodontic treatment with palatal expansion was deemed more
appropriate than nasal surgery. Normal nasal breathing and resis-
tances on AAR were obtained, at 23 months’ follow-up.

3.5. Case #5

A 14-year old male presented with mixed oral and nasal venti-
lation and suspicion of nasal obstruction. Clinical examination and
CT were normal and symmetric. AAR could not be performed as
the patient was unable to breathe through the mask; CFD was  thus
the sole means of assessing airway permeability (TR = 0.17 Pa/ml/s,
RR = 0.34 Pa/ml/s, LR = 0.37 Pa/ml/s): numerical rhinomanometry
confirmed normal symmetric flow/pressure curves (Fig. 2). As a
result, the patient did not undergo any surgical or medical treat-
ment, but rather of nasal breathing rehabilitation. Normal nasal
breathing and resistances on AAR were obtained, at 1 year’s follow-
up.

4. Discussion

This study is, to our knowledge, the first to describe the process
of the creation of numerical rhinomanometry using CFD tech-
niques. We  demonstrated that 3D reconstruction of pediatric nasal
fossae is possible, and that CFD with unsteady-state calculations
can support or refute diagnosis of nasal obstruction with good reli-
ability, when compared to AAR.

In the five children, the results of numerical rhinomanometry by
CFD were concordant with clinical complaints and examinations. In
three cases (cases #1, 3 and 4), the results of CFD were concordant
with clinical complaints and with AAR. In one case (case #2), AAR
overestimated nasal resistance compared to patient’s complaint,
whereas CFD was initially concordant with both clinical evalua-
tion and the patient’s complaint; the patient finally underwent
surgical intervention due to recurrence of nasal obstruction after
initial improvement. This illustrates the fact that nasal resistances
in patients with asymmetric fossae, total resistance is not rele-
vant in evaluating the severity of nasal obstruction. In one case
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Fig. 2. Comparison between curves for all patients. CFD curves are shown on th

case #5), AAR was not initially feasible and CFD was helpful for
iagnosis; normal CFD curves were confirmed when AAR became
easible after 1 year’s rehabilitation of nasal breathing. In this case,
he perfect symmetry found between the two nasal fossae may be
xplained either by lack of nasal cycle, as in about 20% of the general
opulation, and/or the timing of the CT scan at nasal cycle inver-
ion. We  think that CFD may  also identify anomalies not detected
y AAR, such as anterior obstruction, where inserting the sensor

odifies local anatomy. CFD can also clarify the diagnosis of nasal

bstruction when CT-scan and AAR are discordant, especially in
efective AAR acquisition. However, in the present protocol, CT was
a) and AAR curves on the right (b). For case #5, only CFD curves were available.

performed before initiation of vasoconstrictors, and was not
repeated, to avoid excessive X-ray exposure; thus CFD could not
anticipate the results of treatment of mucosal nasal obstruc-
tion, contrary to AAR with decongestants. CFD-simulated values
are approximations to real conditions, depending only on nasal
geometry; they should not be taken as directly representing real
conditions. However, the qualitative aspect of the curves and the
relative differences between the two sides are interesting to ana-

lyze.

AAR is a frequently-used functional assessment of nasal venti-
lation. AAR measures variations in global pressure and flow during
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our respiratory cycles in each nasal fossa, and calculates nasal
esistances. These values can also be simulated on CFD: AAR can
hus be used as a gold-standard to assess CFD reliability. Other
unctional evaluations exist, but do not provide the information
irectly correlating with numerical simulations. AAR is quick, easy
o perform and provides additional information that is beneficial in

any cases. In combination with vasoconstrictors, AAR may  iden-
ify the cause of obstruction as being either structural or mucosal,
ut cannot precisely identify the site of the obstruction [8]. AAR
ay  also refute nasal obstruction when no abnormalities of flow or

ressure are observed, such as in empty-nose syndrome. Although
AR has been extensively studied, one of its major limitations is

 lack of correlation between patient’s complaints and objective
easurements [5–8]. Some children present indirect signs of nasal

bstruction without voicing their symptoms, while others com-
lain of nasal obstruction without having identifiable abnormalities
n imaging and functional studies [3]. Technical problems that may
istort the accuracy of AAR include: poor calibration of the rhino-
anometer, oral breathing, deformity of the first third of the nasal

ossae by the sensor, or leak around the ventilation mask. Finally,
AR is restricted to children who are able to cooperate and follow

nstructions, usually after 5 years of age.
Building CFD models necessitates CT acquisition. The main

imitation of numerical modeling of airway permeability in chil-
ren is thus X-ray exposure. In this study, all patients underwent
T as part of routine clinical management, to confirm diagnosis
nd perform preoperative planning for chronic nasal obstruc-
ion. The CT technique was not modified for research purposes,
ith the usual radiation dose. Due to this limitation, CFD tech-
iques cannot be generalized to all patients, and should be
erformed only when clinical and functional assessments do not
rovide sufficient information decision-making, and when CT is
ontributive.

In these selected cases, CT 3D reconstruction of the nasal fos-
ae is the critical step. Thresholding to locate the nasal fossae walls
an be manual or semi-automated. The semi-automated method
sing the half-maximum height (HMH) threshold is less subjec-
ive [26], but manual operations are unfortunately still required,
specially in case of nasal fossa secretions that may  lead to inaccu-
ate semi-automated reconstruction. Once the 3D-reconstruction
chieved, CFD unsteady-state calculations and post-treatment are
ime-consuming and require several days. This is presently a limi-
ation to the use of CFD, but the time needed should decrease with
ncreasing computing power. It should also be borne in mind that
FD models are based on theoretical boundary conditions, giving
esults that are approximations of the true conditions, and faithful
nly to nasal geometry.

. Conclusion

CFD is a promising method for studying chronic nasal obstruc-
ion in children. This study demonstrated its feasibility and
eliability in a pediatric population. Unsteady-state calculations
old great potential for evaluating the quality of nasal airflow and
an provide dynamic pressure/flow curves close to those obtained
ith AAR. In selected cases, CFD can rectify AAR or replace it.

n the future, with automation of the procedure, on which we
re presently working, and increased computing power, CFD may

ecome a widespread tool in surgical decision-making and pre-
iction of surgical results. Our results encourage us to continue
odeling nasal airflow and to study airflow in pathologic condi-

ions using CFD.

[
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