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Abstract

Purpose A deviated nasal septum is the most common etiology for nasal airway obstruction (NAO), and septoplasty is the
most common surgical procedure performed by ear—nose—throat surgeons in adults. However, quantitative criteria are rarely
adopted to select patients for surgery, which may explain why up to 50% of patients report persistent or recurrent symptoms of
nasal obstruction postoperatively. This study reports a systematic virtual surgery method to identify patients who may benefit
from septoplasty.

Methods One patient with symptoms of NAO due to a septal deviation was selected to illustrate the virtual surgery concept.
Virtual septoplasty was implemented in three steps: (1) determining if septal geometry is abnormal preoperatively, (2) virtually
correcting the deviation while preserving the anatomical shape of the septum, and (3) estimating the post-surgical improvement
in airflow using computational fluid dynamics. Anatomical and functional changes predicted by the virtual surgery method
were compared to a standard septoplasty performed independently from the computational analysis.

Results A benchmark healthy nasal septum geometry was obtained by averaging the septum dimensions of 47 healthy
individuals. A comparison of the nasal septum geometry in the NAO patient with the benchmark geometry identified the
precise locations where septal deviation and thickness exceeded the healthy range. Good agreement was found between
the virtual surgery predictions and the actual surgical outcomes for both airspace minimal cross-sectional area (0.05 cm?
pre-surgery, 0.54 cm? virtual surgery, 0.50 cm? actual surgery) and nasal resistance (0.91 Pa.s/ml pre-surgery, 0.08 Pa.s/ml
virtual surgery, 0.08 Pa.s/ml actual surgery).

Conclusions Previous virtual surgery methods for NAO were based on manual edits and subjective criteria. The virtual
septoplasty method proposed in this study is objective and has the potential to be fully automated. Future implementation of
this method in virtual surgery planning software has the potential to improve septoplasty outcomes.

Keywords Virtual surgery planning - Nasal airway obstruction due to a deviated septum - Computational fluid dynamics
(CFD) simulations of nasal airflow - Nasal resistance - Healthy subjects
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Introduction

Virtual surgery planning is emerging as a technology to assist
ear—nose—throat surgeons in surgical planning for patients
with nasal airway obstruction (NAO) [1-4]. Currently, sur-
gical planning for NAO is based on patients’ subjective
sensation of obstruction, physical examination findings, and
surgeon judgment (which is prone to bias) without any objec-
tive measurement of nasal airflow. There is hope that virtual
surgery planning based on computational fluid dynamics
(CFD) simulations of nasal airflow will help improve the
efficacy of NAO surgery, which currently fails to eliminate
symptoms in up to 50% of patients in long-term studies [5,
6].

The most common etiology for nasal obstruction is a devi-
ated nasal septum—i.e., a septum that is off midline and/or
abnormally shaped (Fig. 1). In 2010, 340,000 patients under-
went septoplasty (i.e., surgical correction of the deviated
septum) in the United States [7]. In addition to septal devi-
ations, other common causes of NAO are inferior turbinate
hypertrophy and nasal valve insufficiency; thus, septoplasty
is often performed in conjunction with turbinate surgery
and/or functional rhinoplasty.

Septal deviations are very common; about 20-26% of
healthy individuals have a deviated nasal septum [8, 9]. Thus,
septal deviations are commonly observed during physical
examinations and surgeons face the challenging question of
determining if a septal deviation causes nasal obstruction in a
given patient [ 10]. Currently, no quantitative criteria to select
patients for surgery have been adopted universally. Thresh-
olds have been proposed to identify surgical candidates based
on the airspace minimal cross-sectional area measured with
acoustic rhinometry or nasal resistance measured with rhino-
manometry [11], but these criteria have not been universally
adopted due to the poor correlation between acoustic rhi-
nometry, thinomanometry, and subjective sensation of nasal
airflow [12].

This study reports the first systematic virtual surgery
method to identify patients who may benefit from septoplasty
and to predict post-surgical changes in nasal airflow using
CFD. Patients who are good candidates for septoplasty are
identified based on two criteria. First, CFD simulations in
the pre-surgery nasal anatomy must demonstrate that nasal
airflow variables are outside the healthy range [13]. Second,
the geometry of the nasal septum must be outside the range of
septal shapes observed in healthy individuals. Once a patient
is deemed a candidate for surgery, virtual septoplasty is per-
formed in two steps, namely (1) repositioning the septum
to its normal midline position and (2) restoring the sep-
tum to normal anatomical shape and thickness. This virtual
septoplasty method is illustrated by applying it to a patient
with a severe septal deviation and highly asymmetric airflow
partitioning between the left and right nostrils. The septal
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geometry and airflow variables in the virtual surgery model
are compared to a real septoplasty, which was performed in
the same patient independently from the computational mod-
eling. Our results illustrate the potential of virtual surgery
planning to predict surgical outcomes in NAO patients.

Materials and methods
Study design

An overview of the virtual septoplasty method is depicted
in Fig. 2. First, the geometry of the pre-surgery NAO sep-
tum is compared to the benchmark healthy septum geometry
obtained from 47 healthy individuals (Section “Benchmark
healthy septum geometry”). Second, a virtual septoplasty
method that preserves the anatomical shape of the septum and
corrects the septal deviation and septal thickness is imple-
mented (Section “Virtual septoplasty method”). Finally,
post-surgical changes in nasal airflow are quantified via CFD
(Section “Computational fluid dynamics simulations”). This
virtual septoplasty method was validated by comparing the
predicted changes in septal geometry and nasal airflow with
actual changes in a patient who underwent a standard septo-
plasty.

Cohort demographics

This study was approved by the IRB committees at the Med-
ical College of Wisconsin and Marquette University with
informed consent obtained from each patient. A cohort of
47 healthy adults and one NAO patient with septal devia-
tion toward the right cavity was selected (Fig. 1). The patient
was a 27-year-old female with preoperative Nasal Obstruc-
tion Symptom Evaluation (NOSE) score of 75 in a 100-point
scale [14]. She had undergone septoplasty without turbinate
reduction and reported symptom improvement (postopera-
tive NOSE score = 10). Both pre-surgery and post-surgery
computed tomography (CT) scans were available from a pre-
vious study [15, 16, 18]. The virtual septoplasty method was
developed independently and blinded from the actual surgery.

The healthy cohort included 19 males and 28 females with
a mean age of 48+ 18 years (range: 18-81 years, median:
52 years). These healthy adults were recruited from a dental
clinic and were deemed to have normal subjective scores of
nasal patency (NOSE score <32) and a normal nasal anatomy
based on history and CT findings [13]. Patients with a history
of nasal surgery, severe nasal trauma resulting in a crooked
nose, autoimmune disease, chronic sinusitis, severe allergies,
or other sinonasal disease were excluded.

Itis important to note that the presence of a septal deviation
was not an exclusion criterion in the healthy cohort. Studies
of cranial computed tomography scans reveal that 20-26% of



International Journal of Computer Assisted Radiology and Surgery (2020) 15:725-735 727

Fig.1 Computed tomography
scans of the nasal cavity in

a one patient with nasal airway
obstruction (NAO) associated
with a rightward septal deviation
and b one healthy subject. The
dashed lines in the axial section
mark the locations of the
coronal sections i, ii, and iii. S
septum, /T inferior turbinate

healthy adults have a septal deviation [8, 9]. Therefore, many
septal deviations are asymptomatic. Our exclusion criterion
was based on the current gold-standard measure of subjective
perception of nasal obstruction, namely the NOSE score [14].
As described above, subjects with NOSE score>32 were
excluded. The cutoff value of 32 was based on the mean
NOSE score plus one standard deviation of healthy subjects
(i.e., 15+ 17 = 32) from a recent systematic literature review
[17].

Benchmark healthy septum geometry
Creation of nasal airspace models

Cone-beam CT scans of the healthy subjects were obtained
with 0.5 mm thickness and in-plane resolution of 0.5 mm.
Conventional CT scans of the NAO patient were obtained pre-
surgery and 5 months post-surgery with 0.6 mm thickness and
in-plane resolution of 0.3 mm. The scans were imported into
medical imaging software (Mimics 19.0; Materialise, Ann
Arbor, MI) and 3D models of the nasal airspace were created
using a threshold between — 1024 and — 300 Hounsfield
units and manually removing the paranasal sinuses. All mod-
els were oriented with the Z-axis in the anterior—posterior

NAO Patient

Healthy Subject

direction, the Y-axis in the inferior—superior direction, and
the X-axis in the lateral direction.

Geometry of healthy nasal septum

In the healthy cohort, septal geometries for all 47 subjects
were reconstructed from the available airspace models [13].
To create the septal geometries from the airspace models,
coronal and axial planes with 2 mm distance between neigh-
boring planes were intersected with the left and right cavities
to generate a point cloud representing the walls of the nasal
cavities.

Septal thickness was defined as the horizontal distance
between the two sides of the septum (Fig. 2b). Septal devia-
tion was defined as the horizontal distance from the septum
centerline to a straight reference line crossing the top and
bottom of the septum on each coronal plane (Fig. 2c). A
benchmark 3D healthy septum geometry was obtained by
averaging the nasal septum geometry from the 47 healthy
subjects. To account for interindividual variation in septum
size, the nasal septum was normalized by its length and
height. Septal length (Iseprum) Was defined as the distance
from the posterior end of the nostril to nasal choana (Fig. 3a).
The normalized distance from nostrils (D) was defined as
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VIRTUAL SEPTOPLASTY METHOD

47 healthy
subjects

Geometry of
healthy septum

NAO patient with
septal deviation

Geometry of
deviated septum

I

1

Correction of ||
septal deviation

Reduction of

septal thickness

P e—

Fig.2 Overview of the virtual septoplasty method. a The method is
based on the correction of the septal deviation and reduction of septal
thickness. b Septal thickness is measured horizontally from the nasal

Fig.3 Anatomical landmarks
used to normalize the septal
geometry among the 47 healthy
subjects. a Septal geometry
reconstructed from point cloud
showing the definition of septal
height and septal length.

b Definition of the normalized
distance from end of the nostrils 'f
(D) and the normalized distance

from nasal floor (H)

Cribriform Plate

ey

Hard Palate

Choana

D = z/lseptum, Where z is the distance from the posterior end
of the nostrils. Septal height (/septum) Was defined as the dis-
tance from the hard palate to the cribriform plate at coronal
section D = 0.5 (Fig. 3a). The normalized height (H) was
defined as H = y/hgepum, Where y is the distance from the
hard palate (Fig. 3b).

Geometry of NAO nasal septum

The geometry of the NAO septum was segmented in Mimics
19.0 and imported into ICEM-CFD 18.1 (ANSYS, Canons-
burg, PA), where it was also intersected with a grid of coronal
and axial planes to obtain a point cloud. Septal thickness
and septal deviation were computed from the point cloud as
explained above (Fig. 2b, c).

Virtual septoplasty method

The normalized healthy septum geometry was scaled to the
dimensions of the NAO septum (by height and length) and
coregistered with the NAO septum geometry. This allows
point-by-point comparison (y and z coordinates) of sep-
tal deviation and thickness in the NAO septum versus the
benchmark healthy septum geometry. Virtual septoplasty
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was implemented in MATLAB R2016a (MathWorks, Natick,
MA) in two steps, namely (1) correction of septal devia-
tion and (2) correction of septal thickness (Fig. 2). In step 1,
points on the septum centerline whose deviation was greater
than 2 mm were moved onto the reference line that defines
zero deviation. (The 2 mm threshold was based on the fact
that deviations exceeding 2 mm were rarely observed in
the anterior nose in our healthy cohort—see “Results.”) In
step 2, septal thickness in the NAO patient was reduced
to the benchmark septal thickness everywhere where sep-
tal thickness in the NAO patient exceeded the benchmark
healthy septal thickness. After steps 1 and 2, smooth-
ing was performed along the boundaries of the modified
region to eliminate sudden jumps in the septal geome-
try.

The airspace virtual septoplasty model was created by
importing the corrected 3D septum back into the medical
imaging software (Mimics), where Boolean operations were
performed to replace the pre-surgery septum with the cor-
rected septum. Wherever the corrected septum touched the
turbinates, a one-pixel layer of tissue from the septum was
converted into air to reproduce the fact there is no overlap
between the septum and turbinates after real surgical proce-
dures.
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Computational fluid dynamics simulations

Post-surgical changes in nasal aerodynamics were quantified
via steady-state, laminar, inspiratory airflow simulations in
ANSYS Fluent 18.1. The assumption of laminar flow for low
breathing rates is supported by experiments [19, 20]. The
governing equations are the Navier—Stokes and continuity
equations for steady-state incompressible flow:

1

uVu=——Vp+vViu (1)
0

Vu=0 (2

where u is the velocity vector, p is pressure, p = 1.204
kg m~3 is air density, and v = 1.5 x 107 m? s~! is the
kinematic viscosity of air.

Tetrahedral meshes were created in ANSYS ICEM-CFD
18.1 with approximately 4 million cells, which provides
a good balance between accuracy and computational cost
based on a previous mesh density study [21]. All tetrahe-
dral elements had an aspect ratio above 0.3, thus avoiding
highly distorted elements that could cause numerical errors.
The CFD simulations were performed with the following
boundary conditions: (1) inlet pressure at the nostrils equal
to atmospheric pressure, (2) no slip at the walls, and (3)
outlet pressure set to a constant negative value as required
to obtain a bilateral flow rate of 250 ml s~!, which rep-
resents an adult breathing at rest [22]. The outlet pressure
required to reach a bilateral flow rate of 250 ml s~! was
determined by running preliminary simulations to quantify
the relationship between outlet pressure and flow rate. Nasal
resistance (R) was defined as the ratio of the total pressure
drop (A P) from nostrils to outlet to the volume flow rate

(@)

R=_""_
Q

Airflow partitioning was defined as the ratio of unilateral flow
to bilateral flow. Airspace cross-sectional areas from nostrils
to choana were computed perpendicular to flow streamlines
using the method described by Garcia and colleagues (2016)
[23]. This method, dubbed ‘computational streamline rhi-
nometry’, provides an area versus distance curve that is
similar to acoustic rhinometry measurements [23].

CFD variables in the NAO patient are compared to norma-
tive ranges reported by Borojeni et al. [13]. The normative
ranges, which were derived from the same 47 healthy subjects
used to develop the benchmark healthy septum geometry in
this study, were targeted to contain 95% of the healthy pop-
ulation and computed using a nonparametric method based
on order statistics.

Results
Benchmark healthy septum geometry

The benchmark healthy septum geometry obtained from
averaging the geometry of the nasal septa from 47 healthy
subjects is shown in Fig. 4. Septal thickness is smallest in the
olfactory cleft region (H >0.8) and highest at the septal swell
body (Fig. 4a) as can be easily visualized in coronal slices
(Fig. 4d). The septal swell body is the bulge located anteri-
orly (D = 0.1-0.4) about halfway between the nasal floor and
the nasal roof (H = 0.3-0.8). The benchmark healthy septum
geometry is symmetric by design, that is, its septal deviation
is zero everywhere. However, many subjects in our healthy
cohort had septal deviations, which were often located in
the posterior nose (Fig. 4b) and whose magnitude was rela-
tively small compared to septal thickness (Fig. 4e). The data
displayed in Fig. 4b, e represent the greatest degree of sep-
tal deviation at each location (i.e., D, H coordinates) among
the 47 healthy subjects. Since most patients who undergo
septoplasty have anterior septal deviations [10], and ante-
rior septal deviations were rarely greater than 2 mm in our
healthy cohort (Fig. 4b), we defined a threshold septal devia-
tion of 2 mm as the criterion to identify the region of abnormal
geometry requiring surgical correction.

Virtual septoplasty

The patient with NAO had an anterior septal deviation toward
the right cavity (Fig. 1a). Analysis of the three-dimensional
septal geometry revealed that the deviation exceeded 6 mm
(Fig. 5c). To clearly identify regions of abnormal septal
geometry, the benchmark healthy septum was rescaled using
the septal length (Iseprum = 66 mm) and septal height (2septum
= 46 mm) of the NAO patient, so that a point-by-point com-
parison could be performed between the NAO septum and
the benchmark geometry. This point-by-point comparison
revealed the precise location of hotspots of septal thickness
and septal deviation (Fig. 5d, e). Virtual septoplasty was per-
formed by correcting septal deviation and septal thickness.
As described in “Materials and methods,” septal deviation
was corrected where it exceeded 2 mm, while septal thick-
ness was reduced where it exceeded the thickness in the
benchmark geometry. After virtual septoplasty, the nasal sep-
tum was straight, while retaining its three-dimensional shape
(Figs. 5f-h, 6a).

Predicted versus actual changes in nasal geometry
Calculation of airspace cross-sectional areas (CSA) demon-
strated a severe constriction in the anterior right cavity of

the NAO patient as compared to the range observed in
healthy subjects (Fig. 7). The NAO patient had CSA that
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Fig. 4 Benchmark healthy septum geometry and maximum range of
septal deviation observed in 47 healthy subjects. a Colormap of sep-
tal thickness in the benchmark healthy septum geometry representing
the average septal thickness in 47 healthy subjects. b Colormap of
maximum septal deviation representing the highest degree of deviation
observed in the healthy subjects. ¢ Benchmark healthy septum geom-

exceeded or were within the healthy range in the left cav-
ity. After virtual septoplasty, a more uniform distribution of
CSA was predicted between the left and right cavities with
CSA falling mostly within the healthy range in both cav-
ities. These predicted geometrical changes were compared
to actual anatomical changes observed in the post-surgery
CT scan, which represented the outcome of a standard septo-
plasty that was not informed by the virtual model (Figs. 6b, 7).
The virtual septoplasty model turned out to be a slight over-
correction of the septum as compared to the post-surgery CT
scan (Fig. 6b); thus, it overestimated the increase in CSA in
the right cavity (Fig. 7c). The post-surgery CT scan showed
gains in cross-sectional area in both the left and right cavi-
ties as compared to pre-surgery (Fig. 7), but these changes
were due in part to changes in mucosal engorgement related
to the nasal cycle between the pre-surgery and post-surgery
CT scans (Fig. 6). Nasal cycling was not incorporated in the
virtual septoplasty model.
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the same coronal planes

Predicted versus actual changes in nasal airflow

Pre-surgery bilateral nasal resistance in the NAO patient
was 0.06 Pa s ml~!, which was within the normative
range of 0.017-0.12 Pa s ml~' derived from the 47
healthy subjects [13]. The severe constriction in the ante-
rior right cavity resulted in a minimal cross-sectional area
(mCSA = 0.05 cm?) that was outside the normative range
(0.24-1.21 cm?). This severe constriction was associated
with a high unilateral resistance in the right cavity (R =
0.91 Pa s ml~!) that was outside the normative range for
unilateral resistances (0.029-0.32 Pa s ml~!). The unequal
resistances of the left and right cavities led to an unbalanced
airflow partitioning pre-surgery with only 11% of air flowing
through the right nostril, which was also outside the norma-
tive range for airflow partitioning (23.8-76.2%). Altogether,
these abnormalities in nasal airflow support the surgeon’s
decision to perform septoplasty in this patient.
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Fig.5 Virtual septoplasty
method applied to one NAO
patient with a deviated septum. A
a 3D geometry of nasal septum
pre-surgery. b Colormap of
septal thickness pre-surgery.

¢ Colormap of septal deviation
pre-surgery. d, e Difference
between septal anatomy in the
NAO patient versus the average
dimensions of a healthy nasal
septum. The colormaps
highlight the regions where
septal thickness exceeds the
average thickness observed in
the healthy cohort and where
septal deviation exceeds the

2 mm threshold. f 3D geometry
of nasal septum after virtual
septoplasty. g, h Septal
thickness and septal deviation
after virtual septoplasty

3D Nasal Septum

Pre-Surgery

Nostrils

Hotspots

Virtual Septoplasty

Pre-Surgery
CT scan

Post-Surgery ]
CT scan

Choana

Septal Thickness Septal Deviation

10mm ¢

Pre-Surgery

@ virtual
Septoplasty

E @ Post-Surgery

@ virtual
Septoplasty

Fig.6 Nasal septal geometry in the virtual septoplasty model compared with a pre-surgery CT scan and b post-surgery CT scan. The virtual
septoplasty model was based on the pre-surgery CT scan using the systematic algorithm without knowledge of the post-surgery CT scan

Virtual septoplasty predicted that the percentage of air
flowing through the right nostril would increase from 11 to
42%, which was in good agreement with the 36% observed in
the actual post-surgery model (Fig. 8a). More symmetric air-
flow partitioning between the left and right nostrils was due
to more even unilateral resistances in the left and right cavi-
ties in the virtual surgery model (0.06 vs. 0.08 Pas ml~!) and
post-surgery model (0.05 vs. 0.08 Pa s ml~!) as compared
to the pre-surgery model (0.07 vs. 0.91 Pa's ml~!) (Fig. 8b).

The sharp reduction in right side resistance is largely due to
the increase in minimal cross-sectional area from 0.05 cm?
pre-surgery to 0.54 cm? in the virtual septoplasty model
and 0.50 cm? in the post-surgery model (Fig. 7). Bilateral
resistance was predicted to decrease from 0.06 Pa s ml~!
pre-surgery to 0.03 Pa s ml~! in both the virtual septoplasty
and post-surgery models (Fig. 8b).
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Fig.7 Airspace cross-sectional
areas. a Airspace cross-sectional
areas were measured
perpendicular to airflow
streamlines in the anterior nose
and perpendicular to the nasal
floor in the posterior nose (L
represents the normalized
distance along the streamline).
b, ¢ Airspace cross-sectional
areas versus the normalized
distance from nostrils in the
pre-surgery, virtual septoplasty,
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Discussion

Septoplasty is the most common nasal surgical procedure
performed in adults [24]. Yet, objective criteria to select
patients for surgery are lacking and its effectiveness remains
uncertain [5]. In 2015, the American Academy of Oto-
laryngology had to rely on expert opinion to promote
evidence-based care for patients with nasal obstruction asso-
ciated with a septal deviation [25]. The panel of experts
agreed that septoplasty is “a surgical procedure designed to
correct a deviated nasal septum for the purpose of improving
nasal function, form, or both.” However, the panel did not
reach a consensus on the statement that “acoustic rhinom-
etry and rhinomanometry can be helpful for patients who
present with nasal obstruction as a primary complaint.” In
other words, otolaryngologists agree that the goal of septo-
plasty is to improve nasal function, but there is no consensus
on which objective method to use to quantify nasal function
and to inform surgical decisions.

@ Springer

A recent systematic literature review concluded that the
current body of evidence does not support firm conclu-
sions on the effectiveness of septoplasty [26]. Although most
studies included in the review reported significant improve-
ment in objective outcomes after septoplasty, the authors
highlighted the methodological flaws of these studies and
concluded that the risk of bias was high. This knowledge
gap motivated the first randomized controlled clinical trial
of septoplasty versus non-surgical management of nasal
obstruction in adults with a deviated septum [27]. This clin-
ical trial found that patients undergoing septoplasty had
greater improvement in subjective nasal patency and quality
of life scores than patients in the non-surgical group. Objec-
tive measurements of peak nasal inspiratory airflow (PNIF)
demonstrated higher airflow in the septoplasty group. How-
ever, nasal resistance measured with rhinomanometry did not
show a statistically significant difference between the sep-
toplasty and non-surgical groups. The authors attributed the
inconsistency between the two objective measures to the poor
responsiveness of rhinomanometry [27, 28]. One shortcom-
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ing of this clinical trial is that it did not include sham surgery,
thus it did not account for the placebo effect in the surgi-
cal group. Also, although rhinomanometry is prone to large
errors [29], its responsiveness is sufficient to document the
reduction in nasal resistance after mucosal decongestion with
nasal sprays [30]. This suggests that the effect size of sep-
toplasty is smaller than the uncertainty of rhinomanometric
measurements. Therefore, there is a need for more accurate
objective measures of nasal obstruction to inform surgical
decisions and improve the success rate of NAO surgery.

There is hope that virtual surgery planning based on CFD
simulations may fill this clinical need for objective mea-
sures of nasal airflow. Virtual surgery planning software is
currently available [2, 31], but several challenges must be
overcome before this technology can be adopted in clinical
practice. One major challenge that the current study aims
to address is that existing virtual surgery methods are based
on manual editing of nasal anatomy models [18, 32]. Man-
ual editing is performed frame-by-frame in two-dimensional
CT images [18, 33] or by removing tissue layers in three-
dimensional models [31]. These manual editing techniques
are subjective and labor-intensive since it can take several
hours of work to create a virtual surgery model. This is a sig-
nificant barrier to the adoption of this technology in clinical
care, since it makes the technology expensive and impracti-
cal. One major contribution of this manuscript is the proposal
of a systematic, algorithmic method for virtual septoplasty
that has the potential to be fully automated. Although future
virtual surgery environments will likely include the ability for
user-interaction so that surgeons may alter the geometry by
hand if they disagree with the algorithm’s proposed anatomi-
cal changes, automated methods are expected to speed up the
surgical planning, reduce costs, and thus facilitate adoption
of this technology in clinical care.

Another key contribution of this work is the development
of the first benchmark geometry of a healthy nasal septum,
which was based on the average dimensions of the nasal
septa from 47 healthy individuals (Fig. 4). The importance
of the benchmark geometry is that it allows identification
of regions of abnormal septal anatomy through a point-by-
point comparison between the septal geometry of a patient
with NAO and the benchmark geometry (Fig. 5d, e). Clas-
sification systems have been previously reported to quantify
the severity of septal deviation, but these classification sys-
tems were based on visual inspection of septal anatomy via
rhinoscopy and endoscopy [34]. Our computational method,
which is based on measurements of septal thickness and
septal deviation on CT scans (Fig. 2b, c), provides a new
classification system that is both quantitative and objective.
Importantly, posterior septal deviations that deviate as much
as 3.5 mm from the midline were observed in our healthy
cohort, but the anterior septum was mostly straight in the 47
healthy subjects (Fig. 4b). These observations are consistent

with previous reports that anterior septal deviations are more
likely to be clinically relevant because they increase nasal
resistance more than posterior deviations [10].

Some limitations of this work must be acknowledged.
First, our 3D models of the nasal airspace were obtained
via manual segmentation from CT scans. Segmentation is
currently the most labor-intensive step in the CFD analy-
sis, which limits the sample size in CFD studies of nasal
airflow. Automatic segmentation of the nasal anatomy with
techniques such as machine learning is expected to overcome
this limitation in the near future. Second, another limita-
tion of our virtual septoplasty method is that we did not
account for fluctuations in mucosal engorgement associated
with the nasal cycle. Fluctuations in mucosal engorgement
lead to significant oscillations in unilateral nasal resistance
and airflow partitioning [35]. Virtual correction of CT scans
showing extreme nasal cycling has been shown to increase
the correlation between CFD variables and subjective nasal
patency scores, and thus, it should be considered when imple-
menting virtual surgery planning in clinical care [36, 37].
Third, another limitation of this work is that the virtual
septoplasty method was illustrated in a single patient with
NAO. Given the substantial anatomical variability among
patients, additional studies are needed to demonstrate the
utility of the virtual septoplasty method in a larger sample of
patients. Fourth, this was a retrospective study. Good agree-
ment was found between anatomical and airflow changes
predicted by our virtual septoplasty method and observed
post-surgery. However, prospective studies are needed to test
the hypothesis that virtual surgery planning will increase
patient satisfaction and improve objective outcomes after
septoplasty. Finally, NAO patients often undergo septo-
plasty in combination with other surgical procedures, such
as inferior turbinate reduction and functional rhinoplasty.
Therefore, our virtual septoplasty method will be most useful
when implemented in a virtual surgery environment that also
includes automated methods for planning inferior turbinate
reduction, functional rhinoplasty, and other nasal surgery
procedures.

In summary, there is no consensus among physicians on
quantitative criteria to select patients for septoplasty. Sur-
gical planning is currently based on subjective symptoms
and surgeon judgment, which lead to a substantial fraction
of patients reporting persistent symptoms postoperatively.
This manuscript reports the first systematic virtual surgery
method to identify patients with septal anatomy outside
the normal range and to predict post-surgical changes in
nasal airflow. The method was applied to one NAO patient
and showed good agreement with actual surgical outcomes.
Future implementation of this method in automated virtual
surgery planning software has the potential to improve sep-
toplasty outcomes.
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