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Objectives/Hypothesis: Current methods that
measure cross-sectional areas of the nasal passage on
eomputed tomography (CT) do not determine the
minimum cross-sectional area that may be an impor-
tant factor in nasal airway resistance. Objective mea-
surement of the dimensions of the nasal passage may
help in the diagnosis, as well as the choice and eval-
uation of surgical treatment for upper airway insuf-
ficiencies. Study Design: Retrospective and clinical
study. Methods: Software was developed that auto-
matically calculates the minimum cross-sectional
area of the nasal passage on CT. Results: Evaluation
shows that the minimization algorithm in the soft-
ware reliably calculates the position and orientation
of the oblique plane on which the minimum cross-
gection lies. Conclusion: The developed method may
be used for objective and observer-independent eval-
wation of surgical treatment options. Key Words: Na-
sal valve, cross-sectional area, computed tomography,
rhinomanometry, resistance.
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IMNTRODUCTION

Measurement of the cross-sectional area of the nasal
passage on computed tomography (CT) may be valuable
for assessing the effect of different treatment options in
nasal valve surgery and for validating other nasal valve
measurement methods such as acoustic rhinometry.
Current methods to determine the cross-sectional
area of the nasal passage on CT do not determine the
section with the minimum area.’” In many cases, mea-
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surements are made on coronal slices,>* resulting in
cross-sectional areas that may be up to 50% higher than
areas determined on a tilted plane® Considerable im-
provement can be obtained when a center line of the nasal
passage is either drawn or calculated and areas are deter-
mined in planes perpendicular to this line.%® However,
these methods still do not determine the location and
orientation where the minimum cross-sectional area in
the passage occurs; furthermore, the presented methods
involve steps that require laborious manual input.

Software was developed that allows determination of
the cross-sectional area on any oblique plane intersecting
with the nasal passage on CT. Furthermore, a minimiza-
tion procedure was developed that automatically deter-
mines the location of the minimum cross-sectional area of
the nasal passage. The method was evaluated retrospec-
tively using CT scans from patients undergoing sinus
surgery.

MATERIALS AND METHODS

Minimization of Cross-Sectional Area

The minimum cross-sectional area of the nasal passage on
CT lies on some oblique plane that slices through the recorded
dataset. The position of the “reslice-plane” can be parameterized
by a depth coordinate, y, running from anterior to posterior
through the nasal passage, and the orientation of the plane can be
defined by two angles, Alpha and Beta, the rotation of the plane
around the vertical axis and around a horizontal axis, respec-
tively. If Alpha and Beta are 0°, the plane corresponds to the
coronal plane; if Alpha is 90° and Beta 0°, the plane corresponds
to the sagittal plane; and if Alpha is 0°and Beta is 90°, the plane
corresponds to the axial plane.

A software program has been made showing four separate
views on the CT data, namely, three orthogonal views (coronal,
sagittal, and axial), and the oblique reslice-plane itself (Fig. 1).
Furthermore, for evaluation of the results, a fifth view is pre-
sented that shows a three-dimensional virtual endoscopic render-
ing of the CT data (Fig. 2). The three orthogonal views are
interlinked so that selecting a point in one view automatically
makes the other two orthogonal views run through the same
selected point. A green line indicates the intersection line be-
tween the reslice-plane and the view.
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Fig. 1. Views of the computed tomog-
raphy scan presented by the software.
The yellow cross-hair indicates the se-
lected location corresponding in all
three views. The green line indicates
the intersection of the oblique slice
plane with the orthogonal views. (A)
The sagittal slice plane. (B) The coronal
plane. (D) The axial plane. (C) The
oblique slice plane with the determined
area of the nasal passage in white.

The cross-sectional area of the nasal passage in a given
reslice-plane is determined by automatic segmentation with a
fixed threshold. To determine the location and orientation of the
reslice-plane that results in the minimum cross-sect tonal area, an
iterative minimization algorithm was implemented that uses the
downhill simplex method.? However, depending on the initializa-
tion values chosen for the plane parameters, the downhill simplex

Fig. 2. Two three-dimensional virtual endoscopic views of the com-
puted tomography scan as presented by the software. The green
plane is the calculated oblique slice plane containing the minimum
cross-sectional area. Users can fly freely through the three-
dimensional visualization using their mouse, for instance, to enter
the nose to inspect the intersection of the plane with the nasal
anatomy to assess whether the minimum cross-section is located at
the nasal valve.
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might converge on u local minimum rather than the global min-
imum.

To ensure that a global minimum is found, a three-siep
approach is adopled. In the first step the user provides an initial
estimate of the location of the reslice-plane by selecting a location
on the three orthogonal views with a few mouse clicks. In the
second step, the downhill simplex is executed 36 times at initial-
ization values distributed regularly around the initial estimate.
In the third step, the initialization value that resulted in the
minimum result in the second step is used to perform a
downhill simplex with u slower but more aceurate tolerance
ting.

For the initialization values in the second step, nine differ-

ent values for the depth coordinate are used, which are 2.0 mm
apart and ranging in distance from -8.0 to +8.0 mm to the initial

user estimate. At each of the nine depths, four different cor
nations of the two reslice angles are used, each angle either +20°
or -20° from the user estimate.

After completion of minimization, the results are saved for
further analysis and the user may verify the results by visual
inspection of the intersection line of the plane in the views.
Furthermore, a three-dimensional virtual endoscopic visualiza-

tion is presented of the CT scan, which the user may fly through
to inspect the plane (Fig. 2.

Equipment
The CT imag
quired with a Philips Mx8000 spiral CT scanner, with the stan-

for the present evaluation study were ac-
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-d sinus protocol with a pitch of 0.875, at 120 kV and 50 mA.
onstructions were made with voxels of 0.7 X 0.324 X 0.324
~m. Computed tomography data were Gausian filtered with SD
of 1.0 mm.

The pixel values for a tilted reslice-plane are determined
from the neighboring CT voxel values using trilinear interpola-
n, with a pixel size of the reslice-plane of 0.25 X 0.25 mm. The
algorithms and interfaces are programmed in MS Visual C++
using the VTK and QT toolboxes, and the C+ + numerical recipes,
and the software runs on a normal PC.

Evaluation

An evaluation of the software and minimization algorithm
was performed retrospectively using four randomly selected CT
sets from patients undergoing sinus surgery. Decongestion was
not applied in these patients before CT scanning. For each CT,
the algorithm was tested four times on both nasal passages using
random initialization for the location of the reslice-plane,
whereas the initialization for the angles was kept at 0°. After the
reslice-plane was determined the angles were set to 0° to compute
the cross-sectional area on the same location but in the coronal
plane, The caleulated area and the orientation of the reslice-plane
vere recorded, as well as the area determined on the orthogonal
coronal slice at the same location.

RESULTS

Repeated execution of the algorithm on the same
nasal passage with random initializations showed that the
algorithm reliably converges on the minimum cross-
section with little variation (Table I). In some cases, the
orientation of the plane containing the minimum cross-
section is far from the orthogonal coronal slice plane (Al-
pha = 0°, Beta = 0°).

DISCUSSION

The presented method provides an objective and
observer-independent measurement of the minimal cross-
sectional area of the lumen of the nasal cavity. Results
showed that the plane of this minimal cross-sectional area
often was tilted with respect to the coronal plane. This
finding demonstrates that methods which determine the
cross-sectional area only on coronal slices'-%4 are not able
to calculate the true minimum cross-sectional area of the
nasal cavity.

TABLE |

Fesults of the Evaluation of the Algorithm. Values are Means Plus
or Minus One Standard Deviation.

Alpha Beta Minimum Area Ccﬁocr)xfal
o7 set (degrees) (degrees) {cm?) area
1left 24.4 = 0.5 339 =16 0.56 = 0.003 56
Tright —308 =09 411+ 0.6 0.76 = 0.001 54
2 left -26.1 =05 256 + 0.2 0.52 = 0.002 65
2 right 13.0 = 0.7 19.0 £ 0.2 0.48 + 0.001 66
3 left —-185+12 373202 0.55 = 0.002 *
3 right -38x09 —-13=x05 0.79 = 0.004 99
4 left 13.5 £ 0.1 3303 0.83 + 0.002 ¥
4 right -8.0 =04 7.5 = 01 0.80 = 0.002 *

* The coronal sections runs through the opening in the nostril so that no,
closed contour in the cross-section was present at the location,
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In the present technique, the intersection of the plane
of the minimal cross-sectional area is directly shown on
orthogonal slices, thereby demonstrating the relation be-
tween the anatomy and the narrowest plane of the nasal
airway. In general, the narrowest plane of the nasal air-
way is defined as the internal nasal valve region that by
definition includes the caudal end of the upper lateral, the
nasal septum, the head of the inferior turbinate, the piri-
form aperture, and the floor of the nose. Narrowing of
parts of this segment can result in impaired nasal breath-
ing. Physical examination of the nose is not always unam-
bigucus in determining the exact anatomical site that
causes this functional impairment, making the choice of
the surgical procedure (eg, spreader graft or alar batten
implantation, inferior turbinoplasty) sometimes trouble-
some. Our present method to measure cross-sectional area
of the nasal passage on CT can objectively assess and
visualize in three-dimensions which anatomical struc-
tures are involved in the plane of the minimal cross-
sectional area, to determine the most adequate surgical
plan to reach maximum functional improvement as well
as to validate it in the postoperative situation. In the
present study, we determined the minimum cross-
sectional area in a metrical sense where the highest air-
flow velocities can be expected. In future studies, we
would like to examine flow patterns through this plane to
study the question of whether this plane is also the nar-
rowest plane in a physiological sense.

In the presented retrospective evaluation of the algo-
rithm, no decongestion with xylometazoline was applied
before CT scanning. In principle, decongestion only re-
duces the thickness of the mucosa and does not alter the
anatomy of the internal nasal valve. However, deconges-
tion before CT scanning in the assessment of a patient
with impaired nasal breathing due to inferior turbinate
hypertrophy could result in a false minimal cross-
sectional area, possibly leading to improper diagnosis and
treatment regime. On the other hand, when no deconges-
tion is applied before CT scanning, biases could occur as a
result of temporary factors that influence the thickness of
the mucosal lining, such as the nasal cycle, allergy, inha-
lation of dust and smoke, alcohol, or a decrease of nasal
resistance attributable to exercise. Nevertheless, decon-
gestion with xylometazoline is more powerful than other
factors influencing mucosal thickness and therefore the
evaluation of the minimum cross-sectional area to be per-
formed in the most physiological condition. However, it
will be interesting to evaluate the effects of topical decon-
gestion on the minimum cross-sectional area on CT and
compare this with subjective symptoms of the patients
and other tools such as rhinomanometry.

CONCLUSION

Software was developed that automatically calcu-
lates the minimum cross-sectional area of the nasal pas-
sage on CT, which may be an important factor in nasal
airway resistance. Objective and observer-independent
measurement of the dimensions of the nasal passage may
help in the diagnosis, as well as in the choice and evalu-
ation of surgical treatment for upper airway insufficien-
cies. Research will be continued, and the method will be
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validated against other diagnostic tools such as acoustic
rhinometry, rhinomanometry, and nasal peak flow. More-
over, the method will be used to compare cross-sectional
areas at the internal nasal valve level before and after
surgical procedures such as spreader graft and alar batten
implantations.
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