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Abstract

Background: A concha bullosa (CB) of the middle turbinate is frequently observed on the nondeviated side of patients with
a nasal septal deviation (NSD). However, the impact of the CB on nasal airflow characteristics in patients with NSD has been
incompletely defined.

Objective: The purpose of this study was to evaluate the impact of a CB in patients with NSD on nasal airflow character-
istics using a computational fluid dynamics (CFD) approach.

Methods: Twenty patients with NSD and a unilateral CB of the middle turbinate on the nondeviated side (study group)
were recruited. Another 20 patients with NSD without the formation of a CB (control group) were also enrolled. Using
CFD, the maximal airflow velocity, nasal resistance, maximal wall shear stress, and minimal temperature in the bilateral
nostrils of each group were assessed. Moreover, the volume of the nasal tract, surface area-to-volume ratio, and the total
nasal resistance were compared between the study and control groups.

Results: In the study group, no significant differences of airflow dynamics between the bilateral nasal cavities were observed.
In the control group, however, there were statistically significant differences for maximal airflow velocity, nasal resistance,
maximal wall shear stress, and minimal airflow temperature between the bilateral nostrils. The surface area-to-volume ratio
and total nasal resistance in the study group was significantly higher and the nasal volume was significantly decreased than
that in the control group.

Conclusion: CB of the middle turbinate on the nondeviated side of patients with NSD rendered airflow characteristics
more evenly distributed between the bilateral nostrils as assessed by CFD. From an aerodynamics perspective, a CB may
represent a compensatory action to normalize airflow dynamics. However, a CB may also result in constriction of the
ipsilateral nasal cavity.
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NSD does not give rise to the formation of a CB but may
augment the pneumatization of the middle turbinate
dependent on the degree of the NSD angle.” Stallman
et al. have suggested that the NSD does not occur as a
direct result of mass effect from the CB as air channels are
preserved between the nasal septum and CB.* Yigit et al.
have also suggested that the increasing incidence of uni-
lateral CB in patients with NSD, especially on the non-
deviated side, implied that the septal deviation may
prevent the development of CB on the deviated side.’

The presence of a CB on the nondeviated side of
patients with NSD may impact the nasal airflow physi-
ology or restrict the ipsilateral volume of the nasal
cavity. However, to the authors’ knowledge, there are
few studies evaluating the acrodynamic impact of a CB
on nondeviated side in patients with NSD.
Computational fluid dynamics (CFD) is an objective
measurement to simulate airflow pressure and velocity
distribution, wall shear stress, and airflow temperature
in the nasal cavity and has become a popular method to
assess nasal aerodynamics.®'® We therefore hypothe-
sized that a CB of the middle turbinate in patients
with NSD could help maintain the relative aerodynamic
balance between the bilateral nasal cavities and could
potentially represent a compensatory action due to the
wider cavity induced by septal deviation. The purpose of
this study was to assess the impact of a CB of the middle
turbinate on nasal airflow characteristics in patients with
NSD using CFD analysis.

Material and Methods

Patient Enrollment

Eighty-two consecutive patients who had undergone
computed tomography (CT) scanning of the nasal
cavity and paranasal sinuses for septal deviation between
January 2015 and December 2015 were evaluated.
Among these subjects, 20 patients with an NSD and
concurrent CB on the nondeviated nostril (Figure 1

(A)) were recruited for investigation and defined as the
study group. Another 20 age- and sex-matched patients
with NSD without the formation of CB (Figure 1(B))
were enrolled as the control group. CT evidence of sinus-
itis was observed in both the study group (n=15) and the
control group (n=4). However, the patients with aller-
gic rhinitis, pansinusitis, obvious polyps, and bilateral
CB formation were excluded from the study. Informed
consent was obtained from these 40 subjects, and the
study protocol was approved by the Ethics Committee
of Beijing Tongren Hospital.

CFD Analysis

CT scans combining the axial, coronal, and sagittal recon-
structions were implemented. DICOM (Digital Imaging
and Communications in Medicine) format images were
obtained at a spatial resolution of 512 x 512 pixels and
0.625mm thickness. Segmentation and primary smooth-
ing of the raw images was conducted using Mimics 13.1
(Materialise, Leuven, Belgium). The Mimics models were
then imported into Geomagic studio 12 (Geomagic,
North Carolina, USA) for further smoothing and surface
partition. This was followed by acquisition of surface ele-
ments of IGES (Initial Graphics Exchange Specification)
format for meshing.

Meshing was performed in ICEM-CFD (The Integrated
Computer Engineering and Manufacturing code for
Computational Fluid Dynamics; ANSYS, Canonsburg,
Pennsylvania), and global and local controls were taken
to improve mesh quality. Meshes with the value of maxi-
mal skewness less than 0.6 were then imported into Fluent
13.0 (ANSYS) for solution procedures. To improve the
accuracy of numerical simulation, mesh independent anal-
ysis was conducted in each individual to select the appro-
priate mesh number for final analysis.'*

In CFD simulations, the flow was assumed to be
incompressible and quasi-steady. Characteristic values
for airflow and temperature fields were derived from
the continuity, Navier—Stokes, and energy equations.

Figure |. Coronal CT scans of representative cases. (A) Patient of NSD with the formation of CB (arrow, study group). (B) Patient of

NSD without CB (control group).
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The RNG (Renormalization Group) k-epsilon turbu-
lence model was chosen for CFD simulation.
SIMPLEC (Semi-Implicit Method for Pressure-Linked
Equations Consistent) algorithm and second-order
upwind format discretization of momentum, turbulent
kinetic energy, turbulent dissipation rate, and energy
were adopted.

Atmospheric pressure and 20°C were imposed on
both nasal cavities. The nasal wall was assumed to be
no-slip (u=v=0) and isothermal (set at 34°C)."> A con-
stant airflow rate of 15 L/min was applied to the anterior
nostril as the flow rate for simulation.

Data processing was conducted in CFD-Post
(ANSYY) to obtain contour visualization and numerical
outputs. Indices such as maximal airflow velocity, nasal
resistance, maximal wall shear stress, and minimal tem-
perature (at the head of the middle turbinate) were com-
pared between bilateral nostrils. Moreover, the nasal
airflow volume, surface area-to-volume ratio, and total
nasal resistance were also compared between the study
and control groups.

Statistical Analysis

Differences of aerodynamic indices between bilateral
nasal cavities within the study group and control
group, and the aerodynamic indices of the respective
nostril between the 2 groups were compared by ¢ test.

A Velocity [m s*1]
5.469e+000

| 4.102e+000
2.735e+000
1.367e+000

0.000e+000
Velocity [m s*-1]
B 3.863e+000

+ 2.897e+000
19314000 i
N

9.656e-001

0.000e+000

Comparison of nasal airflow volume, surface area-to-
volume ratio, and total nasal resistance between the
study group and control group was conducted by the
Mann—Whitney U test. The value was expressed as
mean + standard deviation, and a probability value of
P < .05 was considered to be statistically different.
Statistical analysis was performed using the SPSS 16.0
software (StatSoft, Inc., Tulsa, Oklahoma).

Results

Nasal obstruction was the chief complaint, which
occurred in the deviated side of all 20 patients (100%)
in the control group. In the study group, however, the
occurrence of nasal obstruction on the deviated side,
nondeviated side and both sides were in 13 (65%), 2
(10%), and 5 (25%) patients, respectively.

In patients with NSD and CB of the nondeviated side,
the airflow streamline (Figure 2(A)) was evenly distrib-
uted with no apparent difference of maximal airflow
velocity between the deviated (4.42 4+ 1.86 m/s) and non-
deviated nasal cavity (4.15+ 1.17m/s; P=.59, Table 1).
In patients of NSD without the formation of a CB, how-
ever, the maximal airflow velocity in the deviated side
(4.89 £2.37m/s; Figure 2(B), arrow) was statistically
higher than that in the nondeviated side (3.87 +1.99 m/
s; Figure 2(B), triangle; P < .05, Table 1).

Figure 2. Airflow streamline distribution in bilateral nostrils. (A) Patient of NSD with the formation of CB, the airflow streamline is
almost balanced between bilateral nostrils. (B) Patient of NSD without CB, the overall airflow velocity in deviated side (arrow) was

obviously higher than that in nondeviated side (triangle).
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Table I. Comparison of MV (m/s), NR (kPa-s-L—1), MWSS (Pa), and MT (at Head of Middle Turbinate, K) Between Bilateral Nostrils in
SG and CG.

MV NR MWSS MT

D ND P D ND P D ND P D ND P

SG 442+186 415+1.17 59 023+0.12 022+0.11 .7I 0.80+043 075+044 .7 301.52+1.82 301.38+1.60 .79
CG 4.89+237 387+1.99 .000 026+0.05 0.10+0.03 .000 0.86+0.63 0.64+048 .000 303.1 £2.70 299.89+1.73 .000
P 75 .000 57 .000 .65 .000 21 .19

Abbreviations: CG, control group; D, deviated side; MT, minimal airflow temperature; MV, maximal airflow velocity; MWSS, maximal wall shear stress; ND,

nondeviated side; NR, nasal resistance; SG, study group.

A Wall Shear [Pa)
. 1.030e+000
= 9.270e-001

 8.240e-001
7.210e-001
6.180e-001
5.150e-001
4.120e-001
3.090e-001
2.060e-001
I 1.030e-001
2.865e-005
Wall Shear [Pa]

5.777e-001
H 5.199e-001
4.622e-001

" 4.044e-001
3.466e-001
2.889e-001
2.311e-001
1.733e-001
1.155e-001
5.777e-002
3.234e-007

B

Figure 3. The contour of wall shear stress. (A) Patient of NSD with the formation of CB, the higher value was located near the nasal
valve area (arrows) and no evident difference of wall shear stress distribution between bilateral nostril sides. (B) Patient of NSD without
CB, the overall wall shear stress in deviated side was higher than that in nondeviated side, and the location of maximal wall shear stress in

deviated side was also transferred (arrow).

In patients with NSD and CB, the maximal wall shear
stress in both nostrils was identified to locate near the
nasal valve area (Figure 3(A), arrows), and no evident
difference of wall shear stress distribution between bilat-
eral nasal cavities could be derived (P =.7, Table 1). In
patients of NSD without the formation of a CB, howev-
er, the maximal wall shear stress on the deviated side
(0.86 +0.63 Pa) was statistically higher than that in non-
deviated side (0.64+0.48 Pa; P<.05, Table 1). The
maximal wall shear stress located near the nasal valve
area on deviated side in 9 patients (45%). However, the
location of maximal wall shear stress on deviated side

was detected to transfer to the posterior segment of nasal
cavity (Figure 3(B), arrow) in the remaining 11 patients
(5 around the head of inferior turbinate, 3 in the
common meatus, and 3 close to the head of middle tur-
binate). For comparison of the location of maximal wall
shear stress distributed on deviated sides in both the
study and control groups, significant difference could
be derived (P =.001).

In patients with NSD with the formation of CB, air-
flow temperature was evenly distributed between bilater-
al nasal cavities (Figure 4(A); P=.79, Table 1).
In patients with NSD devoid of a CB, however,
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A

Temperature [K]
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B

Temperature [K]
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-

Figure 4. Temperature contour at level of head of middle turbinate. (A) Patient of NSD with the formation of CB, airflow temperature
was evenly distributed between bilateral nostrils. (B) Patient of NSD without CB, the airflow temperature in deviated side (arrow) was

higher than that in nondeviated side (triangle).

the minimal airflow temperature at the head of middle
turbinate in the deviated side (303.1 £2.70 K; Figure 4
(B), arrow) was statistically higher than that in the non-
deviated side (299.89 4+ 1.73 K; Figure 4(B), triangle).

For comparison of airflow indices of the respective
deviated and nondeviated sides between the study and
control groups, significant difference of maximal airflow
velocity, nasal resistance, and maximal wall shear stress
could be derived in the nondeviated side (P <.001) but
not in the deviated side (P > .05; Table 1). For minimal
airflow temperature at head of middle turbinate, howev-
er, no significant difference existed in both the nondevi-
ated and deviated sides (P > .05, Table 1).

The surface area-to-volume ratio (6.1440.75cm™ ")
and total nasal airway resistance  (0.22+
0.13kPa-s-L™") in the study group were statistically
higher than that in the control group (5.72+
1.0lem™', 0.19+0.10kPa-s-L™"; P<.05, Table 2).
However, the nasal airflow volume in the study group
(30.16 £ 6.15¢cm?) was statistically lower than that in
control group (32.02+7.49 cm®; P < .05, Table 2).

Discussion

The presence of a CB on the nondeviated side of patients
with NSD is common.'®!” In this regard, the “e vacuo”
phenomenon has been previously proposed to explain
this occurrence.! The pneumatization of the middle tur-
binate may therefore be augmented in response to air-
flow changes as a result of the NSD. The study presented
here investigated the alteration of aerodynamics charac-
teristics in NSD patients with and without CB, which

Table 2. Comparison of the Nasal Volume (cm3), Surface Area-
to-Volume Ratio (cm™') and Total Nasal Resistance (kPa-s-L™")
Between the Study Group and Control Group.

Study Group  Control Group P
Nasal volume 30.16 = 6.15 32.024+7.49 .000
Surface area-to- 6.14+0.75 572+ 1.0l .000
volume ratio
Total nasal resistance 0.22+0.13 0.19£0.10 .000

may improve our understanding of the correlation
between CB and NSD.

Airflow velocity and wall shear stress are objective
measurements to assess the main airflow characteristics
of the nasal cavity.'*'® The location of maximal wall
shear stress often indicates the narrowest site of the ipsi-
lateral nasal cavity, which mainly locates at the nasal
valve area.'®' Through CFD analysis presented in
this study, the main acrodynamic indices in the deviated
side were significantly different from that in nondeviated
side in control group. The transfer of the location of
maximal wall shear stress into the posterior nasal
cavity in the control group may indicate that the nar-
rowest site was altered due to the action of NSD. In the
study group, however, the relative balance of the wall
shear stress between bilateral nostrils was maintained.
This may therefore suggest that the formation of CB
can help keep the airflow balance between bilateral nos-
trils in patients with NSD.

Furthermore, the minimal airflow temperature at the
head of middle turbinate reflects the warming capacity of
the nasal cavity,*'® which was often adopted to assess



Li et al.

461

the warming function of the nasal cavity.?° In this study,
significant difference of minimal airflow temperature
between bilateral nostrils could be detected in control
group but not in study group. Of note, when comparing
the minimal airflow temperature in the respective devi-
ated and nondeviated sides between the 2 groups, no
significant difference could be derived. The resultant
outcomes may therefore imply that the existence of CB
in the nondeviated side can help maintain the balance of
warming capacity between bilateral nostrils; however,
the overall impact of the NSD on warming capability
was limited, which is also in accordance with our previ-
ous study."

Yu et al. demonstrated that the nasal cavity has the
capacity of self-adaptation following structural altera-
tions.?! The fluid experiments in NSD models imple-
mented by Griitzenmacher et al. demonstrated that the
formation of a “low-velocity area” on the nondeviated
side was defined as “dead space.””> The relatively
decreased airflow velocity, wall shear stress, and
decreased warming capacity on the nondeviated side of
patients with NSD without the formation of CB may
contribute to proliferation of the lateral nasal wall to
maintain the normal nasal physiology.”? This mainly
manifested as hypertrophy of the inferior turbinate or
pneumatization of the middle turbinate. In this study,
the aerodynamic difference between bilateral nostrils dis-
appeared when the CB coexisted in the nondeviated side
of patients with NSD. According to the aerodynamics
results derived from this study, the CB on nondeviated
side of patients with NSD could potentially represent an
example of evolutionary self-adaptation.

The surface area-to-volume ratio and nasal airflow
volume are considered to be useful measurements to
determine whether a nasal cavity is narrow or
wide.?!"** The narrower the cavity, the larger the area
volume ratio, and vice versa.>*?> The increased surface
area-to-volume ratio and reduced nasal volume in
patients with NSD with the formation of CB indicated
that the ventilation may be further limited due to the
more constricted cavity by comparison with patients
with NSD without the formation of CB,*® which may
provide the explanation for that the nasal obstruction
occurred in nondeviated or both sides in a portion of
patients in study group.

In addition, nasal resistance is another objective index
to assess the ventilation capacity of the nasal cavity.?” In
the control group, the nasal resistance in the deviated
side was significantly higher than that in the nondeviated
side. In the study group, however, no significant differ-
ence of nasal resistance between the bilateral nostrils was
identified. However, the total nasal resistance in patients
of the study group was significantly increased in com-
parison with patients in control group. It also implies

that the nasal cavity became more constricted in patients
of NSD with the formation of a CB.

There are also limitations to this study. It is a com-
putational simulation study, and the resultant outcomes
need to be further validated in patients. Moreover, the
effect of structural factors on airflow characteristics is
complicated, which may incorporate multiple variables
(ie, nasal cycle, constriction of the nasal valve region,
hypertrophy of inferior turbinate, inflammation status
of the nasal mucosa, existence of CB, or inverse middle
turbinate) and needs to be further investigated.
Furthermore, assessment with respect to the location
and severity of NSD, and the volume of CB was not
incorporated in this study, which would also deserve
further investigation to enhance appreciation of aerody-
namic alterations with variable extent of structural
abnormalities.

Conclusion

CB on the nondeviated side of patients with NSD make
the airflow characteristics more balanced between bilat-
eral nasal cavities. From the perspective of aerodynam-
ics, it may be a compensatory action for nasal
physiology. However, the presence of CB narrowed the
ipsilateral nasal cavity as assessed by nasal cavity
volume, area volume ratio, and nasal resistance.
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