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Creation of a standardized geometry of the human nasal cavity.
J Appl Physiol 106: 784 –795, 2009. First published January 8,
2009; doi:10.1152/japplphysiol.90376.2008.—A novel, standard-
ized geometry of the human nasal cavity was created by aligning and
processing 30 sets of computed tomography (CT) scans of nasal
airways of healthy subjects. Digital three-dimensional (3-D) geome-
tries of the 60 single human nasal cavities (30 right and 30 mirrored
left cavities) were generated from the CT scans and measurements of
physical parameters of each single nasal cavity were performed. A
methodology was developed to scale, orient, and align the nasal
geometries, after which 2-D digital coronal cross-sectional slices were
generated. With the use of an innovative image processing algorithm,
median cross-sectional geometries were created to match median
physical parameters while retaining the unique geometric features of
the human nasal cavity. From these idealized 2-D images, an original
3-D standardized median human nasal cavity was created. This new
standardized geometry was compared against the original geometries
of all subjects as well as limited existing data from the literature. The
new model has potential for use as a geometric standard in future
experimental and numerical studies of deposition of inhaled aerosols,
as well as for use as a reference during diagnosis of unhealthy
patients. The specific procedure developed could also be applied to
build standard nasal geometries for different identifiable groups
within the larger population.

nasal airway; nostril; median nasal geometry; average nasal passage-
way; processing CT scans

TRADITIONALLY, MEDICATION in the form of drops or aerosols has
been delivered to the nasal cavity in the treatment of allergies
and congestion. More recently, mainly due to developments in
safer and better tolerated enhancers to improve medication
absorption by the nasal mucosa, the nasal tract has been
considered for the delivery of vaccines, insulin, and other
medications to treat osteoporosis, blood disorders, and mi-
graine headaches (18, 29). Despite the growing interest in nasal
drug delivery systems (15, 32), the pharmaceutical industry
does not have a standard nasal replica for testing devices using
aerosol medication, which is typically delivered either as
metered-dose liquid sprays or as a dry powder. Most in vitro
studies that have appeared in the literature (e.g., 8, 20, 23) used
realistic replicas of particular individuals, and thus lack uni-
versality. Those geometries may not properly represent the
population in general when aerosol medication deposition is
concerned.

To optimize the delivery of therapeutic aerosols, a full
understanding of particle deposition patterns in the human
nasal cavity is necessary through experimental (both in vitro
and in vivo) and numerical studies of aerosol deposition.

Several experimental studies (e.g., 6–8, 20, 23, 56) and nu-
merical investigations using computational fluid dynamics
(CFD; e.g., Refs. 19, 22, 28, 45, 47, 54, 57) have appeared in
the literature, but nasal drug delivery remains a poorly under-
stood problem due in large part to the complexity of the human
nasal cavity geometry.

The highly complex geometry of the human nasal cavity is
not only an obstacle in the research of nasal drug delivery, but
also raises significant challenges in clinical research in many
related fields including nasal surgery (e.g., 1, 33, 34, 36, 39, 44,
58), nasal toxicology (e.g., 3, 24, 25, 35, 41, 46, 54, 57), risk
assessment (e.g., 40, 42, 55), disease diagnosis (e.g., 12, 26, 37,
51), and olfaction (e.g., 9, 11, 59). The creation of a standard-
ized three-dimensional geometry of the human nasal cavity
representative of the general population, as well as a procedure
for developing geometries of specific population subsets,
would be a significant development that could benefit all of
these fields.

Although other investigations have measured basic character-
istic dimensions of the human nasal cavity using acoustic rhinom-
etry (AR; Refs. 6, 10, 17, 21, 31, 53), magnetic resonance imaging
(MRI; Refs. 6, 7, 10, 16), computed tomography (CT; Refs. 31,
53), and an in vivo cast (52), none have attempted to determine a
median human nasal geometry. Table 1 summarizes the measure-
ments taken in these studies along with number of subjects and
techniques used.

Kesavanathan and Swift (21) measured the characteristic
dimensions of the nostrils of 10 healthy Asian and European
American subjects aged 23–60 yr using AR. Three nostril
shape measurements were taken: the major axis of the nostril
cross-section (the length of the nostril), the minor axis of the
nostril cross-section (the width of the nostril), and the angle of
the major axis with the base of the nose (i.e., the complement
of the half angle between the major axes of the nostrils in the
inlet plane). These data were used to augment the current data
when defining a generic nostril inlet plane in the present study.
Several of the other studies listed (e.g., 10, 17, 31, 53) were
primarily concerned with demonstrating the AR technique for
estimating flow cross-sectional areas (CSA) and comparing its
accuracy with more precise MRI and CT measurements. The
reported CSA data from all of the works listed in Table 1 were
used as a reference for comparison with the standardized
geometry developed in this paper.

The objectives of this study were to summarize geometric
characteristics of the nasal cavities of 30 healthy adults; to
develop an objective methodology for aligning, scaling, and
averaging the associated 60 single individual nasal passages;
and to use this methodology to create a single, detailed,
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standardized geometry that could be considered as a standard
human nasal cavity for aerosol deposition studies (experimen-
tal and numerical). The described methodology has potential
for future work to develop specific models for population
subsets.

Anatomy and Physiology of Nasal Cavity

While the human nasal cavity is highly variable among
individuals, it does retain several key features. The nasal cavity
is nominally symmetric and is separated into two distinct air
passages by a vertical thin wall called the nasal septum. The
top part of the nasal cavity is formed by bones and cartilage
and is tent shaped. The floor of the nasal cavity is formed by
the palate, which separates the nasal and oral cavities and
extends horizontally toward the posterior of the skull. As
shown in Fig. 1, there are three shelves on the lateral wall
known as turbinates or conchae, which serve to increase the
surface area exposed to the air, thus increasing heat and
moisture exchange. The grooved space below each turbinate is
referred to as a meatus. The turbinates and meatuses are each
labeled superior, middle, or inferior (see Fig. 1B).

In the nasal vestibules, the regions just after the nostrils,
numerous filtering hair follicles and sebaceous glands are

present (38). In the superior region of the nasal cavity, the
walls are covered by olfactory mucosa. The remainder of the
nose is lined with respiratory mucosa (containing ciliated
epithelium, producing mucus and secreting antibacterial en-
zymes), which clears the cavity by moving contaminated
mucus toward the pharynx (throat) where it is swallowed (30).
As a human breathes, inhaled air enters the nasal cavity from
the nostril and passes through the narrowest portion of the

Table 1. Characteristic dimensions of human nasal cavity measured by others

Researchers and Year
Number, Gender (M/F), and

Age of Subjects Method Reported Measurement Data Focus of Paper

Hilberg et al., 1989 (17) 6, 3/3, 22–55 yr AR CSA as a function of
distance for both left and
right nasal cavities

Assessed AR technique for
measuring CSA of the
nasal cavity as a function
of the distance from the
nostril.

Min and Jang., 1995 (31) 30, 22/8, 20–62 yr AR and CT scans CSA as a function of
distance for both left and
right nasal cavities

Evaluate the validity and
characteristics of AR
tests compared with the
results obtained from CT
scans.

Swift and Kesavanathan,
1996 (52)

1, 1/0, N/A In vivo casting CSA, perimeter, and
hydraulic diameters of
11 cross sections

Use fibrous filter theory to
determine the deposition
efficiency in nasal cavity.

Cheng, Y. S. et al., 1996 (7) 4, 4/0, 36–57 yr MRI CSA, total surface area,
and perimeter of cross
sections

Experiments on deposition
of ultrafine particles in
human nasal cavity and
its relationship to airway
geometry.

Cheng, K. H. et al., 1996 (6) 10, 10/0, 24–58 yr MRI and AR Minimum CSA, surface
area, and defined “shape
complexity”

Deposition efficiency in
terms of nasal shape
parameters

Corey et al., 1997 (10) 5, 3/2, N/A AR and MRI CSA and volume as a
function of distance

Determine accuracy of AR
as a technique in
assessing nasal CSAs and
volumes by comparing
with MRI.

Guilmette et al., 1997 (16) 45, 21/24, N/A MRI Total surface area and
internal volume

Correlations for nasal area
and volume with
measured body
parameters

Kesavanathan and Swift,
1998 (21)

10, 7/3, 23–60 yr AR Nostril shape (characteristic
dimensions)

Effect of particle size, flow
rate, nostril shape and
nasal passage geometry
on nasal particle
deposition efficiency.

Terheyden et al., 2000 (53) 6, 3/3, 22–55 yr CT scans and AR Comparison of CSA-
distance curve using CT
scans and AR

Validate the AR technique
against CT scanning.

AR, acoustic rhinometry; CT, computed tomography; CSA, cross-sectional area.

Fig. 1. Anatomy of the human nasal cavity schematic of a sagittal plane cut
(A) and sample coronal plane midway through the nasal cavity (B).
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nasal cavity, i.e., the nasal valve, which increases its speed
(14). The air then expands and decelerates while flowing
through the middle and posterior part of the nasal cavity,
impinging and circumventing the three turbinates and poten-
tially creating turbulence that promotes contact between the air
and the mucosa. With this complex geometry, the nose filters,
warms, and humidifies the entering air.

MATERIALS AND METHODS

Generation and Alignment of Individual 3-D Nasal Cavity Models

Converting CT scans to coarse 3-D models. Coronal CT scans for
30 healthy adult subjects were obtained in partnership with the
Department of Otolaryngology at the Ottawa Civic Hospital. CT scans
were completed as part of the work-up for patients who were ulti-
mately determined to have migraine, cluster, or tension headaches, all
of which are not known to have any accepted associated anatomic
abnormality. In coordination with the hospital’s Ethics Board, the
normal scans were obtained while maintaining patient anonymity.

All scans were reviewed and confirmed to have nasal anatomy
considered to be within normal limits. Specifically, there were no
obstructing lesions and the septum was not deviated. Subjects were
not decongested for the imaging. The distance between consecutive
slices was 2.5 mm, except in three subjects for which cuts were 1 or
2 mm apart. The age and gender of each subject were recorded as well
as the characteristics of CT scans, which are shown in Table 2. The
age of subjects ranged from 17 to 78 yr (median of 45); there were 13

men and 17 women. Ethnicity was not specifically tracked as part of
the original examinations and thus these data were not available.
However, the included scans were indiscriminately chosen to include
all available normal scans of patients presenting at the Department of
Otolaryngology, and the subjects, who had a variety of ethnic back-
grounds, could be expected to comprise an unbiased sample of the
Ottawa, Ontario, Canada population [predominantly Caucasian with
16% visible minorities including 4.0% Black, 2.9% Chinese, and
2.5% Arab, as reported by Statistics Canada, 2006 (4)].

The raw 2-D CT images were first processed using 3D-Doctor
(Able Software, Lexington, MA) to produce coarse, 3-D nasal cavity
geometries for each of the subjects. The 30 coarse models (including
both left and right nasal airways) were generated from CT scans in a
three-step process that included: 1) importing images and setting
calibration parameters (i.e., image resolution and distance between
scans), 2) segmenting images (using the texture-based auto-segmen-
tation function within 3D-Doctor) and processing boundaries, and
3) rendering surfaces and exporting coarse 3-D models.

It should be noted that the paranasal sinuses (the air-filled pockets
located within the bones of the skull surrounding the nasal cavity)
were excluded from the model. During processing of the raw CT
scans, the paranasal sinuses were easily distinguished from the main
nasal passageway and were readily excluded by adjusting the seg-
menting parameter within the 3D-Doctor software.

Alignment of coarse 3-D models. In general, when CT scans are
taken, there is no precise method of positioning subjects or defining a
measurement origin, such that the 3-D orientation of each set of CT
scans varies. Thus, before direct comparisons or physical measure-
ments could be made, all of the generated coarse 3-D models needed
to be rotated and aligned to a commonly defined position. In all,
sufficient geometric constraints had to be applied to satisfy six degrees
of freedom (3 spatial coordinates, x, y, z of a common origin and 3
independent rotation angles about this origin). After much experimen-
tation with the raw CT images and the coarse 3-D models, a multistep
procedure was developed to provide the necessary geometric con-
straints.

The first part of the procedure involved specifying a common
“landmark” on each set of CT scans. The tip of the anterior maxillary
spine, or the point where the nasal septum intersects the maxilla bone,
was chosen as the first landmark (Fig. 2A). This location was identi-
fiable within each set of coronal plane CT scans and was representa-
tive of the anterior region of the nose. The mean length of the anterior
maxillary spine of all 30 subjects was determined to be 6.5 � 1.9 mm.
Thus the uncertainty in defining this location was consistent with the
spacing of the CT scans. The landmark was identified on each model
and assigned an arbitrary x-y-z coordinate location of (0 mm, 0 mm,
0 mm), thus removing three degrees of freedom.

A second constraint was developed by identifying the point on a
posterior coronal plane at which the two nasal airways merge, known
as the choana or the opening into the nasopharynx (Fig. 2B). The
imaginary line joining the anterior maxillary spine and the choana was
then used to define the nominal plane of symmetry. By rotating the
3-D model about this line until the projected area viewed from the top
of the model was minimized, the x-y plane of symmetry could be fully
specified for each model, thus removing two additional degrees of
freedom. With a subsequent rotation about the y-axis, the symmetry
plane was aligned with the final X-Y coordinate plane.

The procedure for rotational alignment is illustrated schematically
in Fig. 3, which shows the initial (x-y-z) and final, aligned (X-Y-Z)
coordinate axes of model no. 8. The initial rotation about the imagi-
nary reference line linking the maxillary spine landmark and the
choana is indicated by the angle �. The secondary rotation about the
y-axis is given by angle �. Figure 4A, B, and C show rendered images
of nasal model no. 8 before and after the two rotations. In general, the
magnitude of the rotational transformations � and � were small since
the subjects were approximately aligned prior to taking coronal plane
CT scans. In the current data, the maximum rotational corrections, �

Table 2. Subject and CT scan information for 30 individuals
in current study

Subject No. Sex Age
Distance Between

Slices, mm
Resolution in x-y
Plane, mm/pixel

Number of Scan
Planes

1 F 45 2.5 0.325 38
2 M 59 2.5 0.325 40
3 F 63 2.0 0.24 39
4 F 36 2.5 0.325 38
5 F 20 2.5 0.325 40
6 F 49 2.0 0.325 36
7 F 30 2.5 0.325 32
8 M 74 2.5 0.325 43
9 M 60 2.5 0.325 42

10 F 17 2.5 0.325 39
11 M 56 2.5 0.325 40
12 M 52 2.5 0.325 44
13 M 39 2.5 0.325 40
14 F 37 2.5 0.325 38
15 M 52 2.5 0.3 43
16 M 41 2.5 0.293 39
17 F 78 2.5 0.339 43
18 F 26 2.5 0.245 41
19 M 52 2.5 0.283 42
20 F 23 2.5 0.313 44
21 M 52 2.5 0.325 39
22 F 45 2.5 0.325 34
23 F 52 2.5 0.325 38
24 F 30 2.5 0.325 45
25 F 34 2.5 0.325 41
26 F 66 1.0 0.348 80
27 F 49 2.5 0.325 42
28 M 36 2.5 0.325 40
29 M 42 2.5 0.293 47
30 M 45 2.5 0.293 40

Average 45.3 2.42 0.315 41.6
Median 45 2.5 0.325 40
Max 78 2.5 0.348 80
Min 17 1 0.24 32

M, male; F, female.
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in the coronal (y-z) plane, and � in the transverse (x-z) plane, relative
to the orientation of the raw CT scans were all between �5.0° and
4.0° and �2.0° and 5.0°, respectively.

A final rotational constraint was applied by rotating the model
about an axis perpendicular to the plane of symmetry (Z-axis) until the
projected area on y-z plane as viewed from the front of the model was
minimized. This rotation is indicated by the angle, �, in Fig. 3, and is
shown by example for model no. 8 in Fig. 5. � is a measure of the
rotational pitch of each subject’s head during the CT scans, which
varied more significantly among subjects. For the current data, rota-
tional adjustments of up to 35.5° were necessary to align the models.

This entire alignment procedure was repeated for each of the 30
subjects. With the six degrees of freedom appropriately constrained,
the resulting 30 coarse nasal cavity models were aligned so that the
location of the common maxillary spine landmark was identically
specified, and the direction of the X-Y-Z axes were fixed relative to the
nominal plane of symmetry.

Each of the aligned coarse nasal cavity models was divided into
three subregions: the anterior/nostril region (from anterior tip of the
nostril to the anterior maxillary spine), the middle/nasal airway region
(from the maxillary spine to the choana), and the posterior region
(corresponding to the region posterior to the choana known as the
nasopharynx), as indicated in Fig. 6.

Creation of the Standardized Human Nasal Cavity Model

Measuring characteristic length and scaling the individual
coarse models. Prior to attempting to determine a median shape of a
standardized 3-D nasal cavity, it was necessary to compensate for size

variations among subjects. For each subject geometry, a characteristic
length of the middle/airway region was defined as the dimension in
the X-direction between the anterior maxillary spine landmark to the
choana or posterior merge point of the nasal airways. As reported in
Table 3, the measured characteristic lengths range from 50 to 80.5
mm, which reflects differences in sex as well as normal variability
among subjects. However, relative to an average length of 65.1 mm,
the standard deviation is only 7.2 mm or 11%.

To facilitate computation of a median 3-D shape, each of the nasal
cavity models was geometrically scaled using the ratio of the average
characteristic length of all nasal geometries to the characteristic length
of that specific geometry:

Si � LM /LM, i,

where Si is the geometric scale factor for the ith model, L� M � 65.1 mm
and is the averaged characteristic length, and LM,i is the characteristic
length of the ith model as listed in Table 3. Referring to Table 3, this

Fig. 2. Identification of the maxillary spine landmark (A) and choana (B) in the
raw, coronal plane computed tomography (CT) scans. Note the apparent
rotational misalignment toward the clockwise direction of the raw CT images.

Fig. 3. Coordinate systems before and after rotational alignment of the coarse
3-dimensional (3-D) nasal cavity model.

Fig. 4. Example images during rotational alignment of coarse 3-D nasal cavity
model 8. A: top view of model before rotation; B: top view of model after
rotation around imaginary reference line linking the maxillary spine landmark
and the posterior merge point (choana); C: top view of model after rotation
around Y-axis to align symmetry plane with X-axis.

Fig. 5. Lateral view of example images of model number 8 showing rotational
alignment of a coarse 3-D nasal cavity model. Original orientation is shown in
green and final aligned model is shown in red. The positions of the imaginary
reference lines before and after alignment are indicated.
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was generally a small adjustment since most of the scale factors were
within 11%, and all were within 24%, of unity.

Slicing and smoothing individual coarse models. Each of the
aligned and scaled coarse 3-D models was then sliced by Y-Z planes
along the X-direction using ICEM software (Ansys, Canonsburg, PA)
to generate up to 56 coronal plane images spaced 2 mm apart for each
of the 30 full nasal models.

As noted previously, the right and left nasal passages of each of the
30 full nasal models in this study were considered as distinct geom-
etries. Thus, in the frontal and middle regions of the model (anterior

to the choana), each of the coronal plane images generated from the
aligned and scaled models was separated into two distinct images,
containing the boundaries of either the left or right nasal passages. The
images of the left nasal passages were mirrored about the plane of
symmetry (determined using the procedure described above), to pro-
duce 30 additional sets of images of right nasal airways. This proce-
dure effectively doubled the available sample size to produce a total
sample of 60 sets of right nasal airway coronal plane images.

Since not all of the available sets of CT scans extended fully to the tip
of the nose, and in general they terminated at different posterior locations
downstream of the choana, fewer than 60 coronal plane images were
available toward the anterior and posterior ends of the model. Figure 7
shows a plot of the number of coronal plane images available at each
X-location along the length of the nasal cavity. The vertical lines on the
graph indicate the relative X-locations of the entry into the final nasal
model (developed below), the anterior maxillary spine, the choana, and
the posterior termination of the final model (within the nasopharynx near
the pharyngeal wall). Throughout most of the length of the nasal cavity,
60 cross-sectional (coronal) images were available, which included the
region of highest geometric variability.

Boundaries obtained from the 56 cross-sectional images of each
coarse model were individually checked and smoothed using the
ICEM software to eliminate any obvious errors generated from 3D-
Doctor, such as discontinuous curves or abnormally sharp or angled
edges. The procedure of smoothing included: 1) manually selecting
60�100 points along each boundary curve (the number of points

Fig. 6. Separation of a 3-D nasal cavity into three regions.

Table 3. Individual subject measurements

Subject No. Sex
Characteristic Length of Middle

Region in X-Direction, mm

Internal Volume Of Middle Region
Of Single Nasal Passage, mm3

CSA in Middle Region of
a Single Passage, mm2

Left Right Max Min

1 F 60.1 10,418 10,509 240 111
2 M 67.6 10,212 11,245 209 68
3 F 50 8,745 7,523 215 118
4 F 56.7 8,934 10,000 307 69
5 F 69.3 6,468 8,075 179 52
6 F 60.8 1,0462 6,782 221 52
7 F 62.9 6,846 7,660 157 67
8 M 66.3 10,862 9,756 275 68
9 M 65.1 10,481 11,880 244 67

10 F 67.9 9,315 8,988 224 71
11 M 64.6 10,980 12,561 238 103
12 M 73.4 11,227 11,827 242 85
13 M 60.1 16,145 13,819 354 82
14 F 60.8 9,971 9,486 230 82
15 M 57.7 8,655 13,601 274 82
16 M 61 7,066 8,111 202 60
17 F 65 10,527 9,331 213 91
18 F 60 7,567 9,104 254 50
19 M 78.3 15,549 14,289 280 78
20 F 65.3 12,099 14,356 296 97
21 M 72.3 12,807 16,192 312 89
22 F 65.6 8,093 7,199 189 59
23 F 63.8 8,346 97,74 194 58
24 F 77.4 11,293 9,285 230 43
25 F 61.2 11,843 12,411 260 102
26 F 53 10,747 10,751 322 83
27 F 66.3 9,127 10,432 236 68
28 M 63.6 9,951 16,435 306 89
29 M 80.5 15,989 11,660 261 66
30 M 76.6 12,283 11,002 223 66

Average 65.1 10,434 10,801 246 76
Median 64.8 10,440 10,471 239 70
SD 7.2 2,458 2,568 46 19
Max 80.5 16,145 16,435 354 118
Min 50 6,468 6,782 157 43

Max, maximum; Min, minimum.
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varied for different length boundary curves), 2) creating smoothed
boundary curves (see Fig. 8) from these points using the automatic
curve-generating function within ICEM, which uses the standard
B-spline algorithm (13), 3) exporting a set of 56 new, smoothed
cross-sectional (coronal) images for each model, and 4) rendering a
new smoothed 3-D surface from the adjusted coronal images of each
single passage using the surface-generating function within ICEM.

Figure 9 shows a set of 36 of the 60 final coronal plane images
available at a location 30 mm further into the nasal cavity, relative to
the maxillary spine landmark. As is evident in the images, this region
has the most dramatic geometric variability of any location along the
nasal cavity. While the general structure of the cavity (vertical passage
with turbinates) is apparent in each of the images, the exact shape
varies dramatically.

Measurement of characteristic dimensions of individual 3-D nasal
cavity models. Several measurements, in addition to characteristic
length, were taken for each model and are also shown in Table 3. The
internal volume of the middle region of each single nasal airway was
calculated by summing the products of the CSAs of all coronal planes
and the distance between planes (2 mm). Measurements were cor-
rected for scale so that actual physical dimensions are shown. The
internal volumes of each single nasal airway (i.e., left/right airway in
the middle region) and the minimum and maximum flow CSAs in
each airway show significant variability among subjects. Maximum
and minimum CSAs for extreme subjects were as much as 55% larger
or 43% smaller than average values.

Table 4 summarizes measured dimensions for the anterior/nostril
region of the nasal models using the available seven complete sets of
scans (representing 14 single nasal passageways) that extended fully
to the anterior tip of the nostrils. Calculated internal volumes and
surface areas are also included in the table. Similar to the measurement
of volume, the surface area of each complete nasal cavity was obtained by
summing the products of the perimeters of each coronal plane cross-
section and the distance between planes (2 mm). As expected, and
consistent with previous studies using other methods (21), there is
variability in the length and width of the nostrils as well as the nostril
angle (defined as the angle within the entry plane between the major axis
of the nostril and the base of the nose). Because of the significant
variability throughout the individual nasal cavities, a sophisticated image

processing protocol was required to fulfill the goal of generating a
meaningful standard cavity model, as described below.

Image processing methodology for generating median coronal
plane images. For each of the 56 X-locations, the available images
were processed to produce a median cross-sectional shape at that
location. To aid this process, several in-house algorithms were devel-
oped using image-processing tools from LabVIEW (National Instru-
ments, Austin, TX). Through a process of ensemble averaging, thresh-
olding, and edge detection, while considering physical shape and area
constraints, these algorithms allowed statistically based estimation of
median cross-sectional geometries. Figure 10, A–D, shows example
images for a coronal plane 30 mm into the cavity in the X-direction
relative to the maxillary spine landmark at various stages during
processing. As noted above, this region of the nasal cavity exhibited
the maximum geometric variability and presented the greatest chal-
lenge in determining a median shape. The full analysis procedure
involved several steps as described below.

1) All available cross-sectional images at each X-location were
binarized (intensities of pixels located within the boundary were set to
unity while pixels outside the boundary were set to zero) and summed
(pixel by pixel addition of intensities at corresponding locations in all
of the images) to create a single, ensemble averaged grayscale image
for each of the 56 X-locations in the model. The sample image for X �
30 mm is shown in Fig. 10A.

2) A “median” image, defined as the pixel by pixel collection of all
points that fell within at least 50% of the nasal cavities, was generated
from the ensemble averaged, grayscale images. This was accom-
plished by applying a 50% threshold (i.e., a threshold value equal to
one-half of the total number of available images) to produce a binary
image where pixels with value 1 fell within at least 50% of cavities and
pixels with value 0 did not. A sample median image for X � 30 mm is

Fig. 8. Example of cross-sectional boundary smoothing. Dashed gray curve is
original boundary, points are manually selected on this boundary, and black
continuous curve is corrected and smoothed boundary.

Fig. 7. Number of available coronal-plane images at each X-location along
nasal cavity.
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shown in Fig. 10B. Because of the significant geometric variability at
this location, the image in Fig. 10B is jagged and discontinuous. This
example represents the worst case of the cross-sections, and at other
locations with less variability the median image was quite smooth.

3) A separate “median-area” image was also generated at each
cross-section using a different threshold value. This “auto-threshold”
value was iteratively chosen so that that the CSA in the median-area
image would match median CSA calculated from the up to 60
available images for that location. Figure 10C shows in red, the
“median” image from step 2 overlaid on top of the median-area image
in yellow for X � 30 mm. The characteristic shape of the nasal airway
at this location is now much more readily apparent.

4) Using the superimposed images it was possible to make minor
manual edits to the shape of the cross-sectional image while con-
straining the area to match the median CSA of all available subject
images. As shown in Fig. 10D, to further aid the final editing process,
the Canny edge detection algorithm (5) was used to calculate and

overlay the contours of the nasal cavity geometry from adjacent
cross-sections. In Fig. 10D, the working contour at X � 30 mm is
shown in yellow while the adjacent upstream contour at X � 28 mm
is shown in green and the adjacent downstream contour at X � 32 mm
is shown in red. These contours are overlaid on the median-area image,
which is shown in blue. The final contour shapes at each cross-section
were adjusted iteratively to avoid introduction of bias. In general, only
very minor edits, if any, were required at most X-locations.

This procedure was employed for each of the 56 X-positions along
the nasal cavity and 56 cross-sectional shapes for the standardized
human nasal cavity were obtained (Fig. 11). At the nostril entry plane
only, where there were less data available, the averaged physical
descriptors (e.g., major and minor axis lengths in the nostril entry
plane and angle between the major axis and base of nose) were
calculated from the measured data (shown in Table 4), supplemented
with the measured results of Kesavanathan and Swift (21). The
combined averaged physical descriptors (current data merged with

Table 4. Measurements of frontal/nostril regions from 7 sets of CT scans

Subject No. Sex

Length of Frontal
Region in X-
Direction, cm

Length Along Major
Axis of Nostril at

Inlet Plane, cm

Width Along Minor
Axis of Nostril at Inlet

Plane, cm
Nostril Angle,

degrees

Internal Volume
of Single Nasal
Passage (Nostril
to Choana), mm3

Surface area of
Single Nasal

Passage (Nostril to
Choana, cm2

Left Right Left Right

7 F 3.56 2.35 0.92 65.2 10.1 10.8 85.1 85.0
8 M 3.49 2.25 0.65 68.9 15.3 12.0 113.5 110.9
9 M 3.24 2.64 0.74 70.1 13.6 15.3 107.9 101.1

11 M 3.42 2.10 0.87 69.8 14.8 16.3 102.2 104.2
15 M 4.29 2.15 0.97 67.7 10.8 14.6 115.1 107.6
23 F 3.05 1.83 0.56 68.6 11.3 12.4 79.7 85.4
27 F 3.19 2.06 0.83 68.2 13.2 14.1 109.8 112.3

Average 3.46 2.2 0.79 68.4 13.2 101.4
SD 0.41 0.25 0.15 1.6 2.0 12.3
Max 4.29 2.64 0.97 70.1 16.3 115.1
Min 3.05 1.83 0.56 65.2 10.1 79.7

Fig. 9. Thirty-two of 60 nasal cavity cross-sectional
shapes located 30 mm from the maxillary spine
landmark. Scale at top left indicates cm.
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data from Ref. 21) at the nostril entry plane are shown in Table 5, and
these values were used to define the shape of the inlet plane to the
standardized nasal cavity model.

In the posterior region of the cavity, the two separate airways fuse
into a single passageway at the choana, which spans the symmetry
plane. Thus, as shown in Fig. 7, the number of available cross-
sectional images suddenly drops from 60 to 30 at the merge point.
However, since the goal of this work was to develop a single-sided
nasal cavity model, and to remain consistent with the procedure
developed above, the cross-sectional images past the choana were
split and mirrored about the symmetry plane. In the final, standard
cavity model detailed below, only one-half of the airway (patient’s
right side) is shown. Thus, if the final model were copied and
mirrored, a full two-sided nasal cavity could easily be produced.

RESULTS

Construction of the Final Standardized Nasal Model

Similar to the generation of coarse models, all of the 56 final
cross-sectional images were imported into 3D-Doctor and a
coarse standardized nasal model was generated. This coarse
standardized model was imported into ICEM and was
smoothed using the same procedure described previously to
create the final, standardized nasal model as shown in Fig. 12.
The new model is referred to here and on figures as the
Carleton-Civic standardized nasal model. Full geometric de-
tails of this model are freely available from Carleton University
and may be downloaded for use by other researchers and
clinicians at http://aerosol.mae.carleton.ca.

Analysis of the Carleton-Civic Standardized Nasal Model

Figure 13 shows the CSA of the standardized nasal model as
a function of the distance from the maxillary spine landmark
(selected here as the reference point), compared with the local,
median, and averaged CSAs of all subjects used in this re-
search. The values of CSA among the 60 nasal cavities vary
significantly. However, the CSA of the new standardized
geometry very closely tracks the median value of the CSA
from all subject cavities, especially in the complex turbinate
region. There is a slight deviation in the nostril region, �2 cm
upstream of the maxillary spine; however, the difference is
insignificant relative to the variability among all models and is
negligible when compared with the 14 complete nasal cavity
models (Fig. 14).

Figure 14 shows CSAs of the standardized nasal cavity
and the available 14 complete nasal passages, which allows
a closer examination of the CSAs in the nostril region. Data
are plotted as a function of distance relative to the tip of the
nostril and without any geometric scaling to permit more
critical comparison. The minimum CSA (MCA) of the nasal
models occurs in a region 20 –35 mm from the tip of nostril;
the corresponding airway narrowing is called the nasal
valve. For the standardized model, the MCA occurs at a
location 24 mm from the nostril, which agrees very well
with the averaged curves of 14 cavities. This is an additional
indication that the standardized model effectively captures
key geometrical features of the nasal cavity. The CSA then
increases as expected in the region of the turbinates (35–75
mm from the nostril).

Figure 15 shows the CSA of the standardized nasal model as
a function of the distance from the nostril, compared with
available CSA data extracted from published literature. Both
CT scan derived data [Min and Jang (31), Terheyden et al.
(53), Kelly et al. (20)] and MRI derived data [Cheng et al. (7),
Corey et al. (10)] are included. Data are plotted as X-position
relative to the tip of the nostril using coordinate data as
reported. It is important to note that some alignment bias would
be expected among data in the literature in the absence of a
common and rigorous alignment protocol. Because of the
generally elongated shape of the nasal cavity, any relative
misalignment about the Y- or Z-axes should bias toward higher
estimates of CSA.

The scatter in the individual geometry data is again quite
apparent; however, the standardized model correlates very well
with all data at the anterior tip of the nasal passage, and there
is a generally consistent trend among averaged data of multiple
geometries. In particular, the standardized model CSA corre-
lates well with the average data of four cavities from Cheng
et al. (7) (where the reported CSA for the full two-sided
cavities have been halved for comparison) and 12 single-sided
cavities from Terheyden et al. (53). On careful observation, the
standardized model trends on the lower side of the dispersed
CSA values in Fig. 15. However, as the cited data from the
literature are heavily biased toward male subjects (33 men/13
women) and the current data are slightly biased toward female
subjects (13 men/17 women), this is not necessarily unex-
pected. The data from Min and Jang (31), which reflect an

Fig. 10. Example coronal plane images at X � 30
mm obtained during processing to determine the
characteristic cross-sectional geometry. A: ensem-
ble averaged grayscale image; B: binarized 50%
threshold (“median”) image; C: median image in
red overlaid on top of “median area” image in
yellow; D: final boundaries of cavity at current
X-position in yellow, at next upstream position in
green, at next downstream position in red, overlaid
on median area image in blue.
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identical sample size to the current study, do not seem to
correlate as well with all of the other data. Although data from
Min and Jang (31) span a narrower range, an overall flatter
trend in CSA with distance is apparent. One could speculate

that this difference may be attributable to differences in align-
ment (i.e., head pitch).

The internal volume and surface area of the standardized
model (from tip to choana for a single passageway) were
calculated as described above and were found to be 13.19
cm3 and 90.69 cm2, respectively. These values compare well
with MRI measurements on 45 human subjects performed
by Guilmette et al. (16), who reported mean nasal surface
areas between 75.24 and 124.47 cm2 (mean of 91.65 cm2)
and internal volumes between 7.37 and 16.91 cm3 (mean of
8.9 cm3).

In conclusion, a novel, standardized nasal cavity model has
been generated using a novel procedure for aligning and
processing 30 sets of CT scans of human nasal cavities. The

Table 5. Averaged dimensions of the nostril inlet plane
[merged raw data from Table 4 and from Kesavanathan and
Swift (21)] compared with final values for the Carleton-Civic
Standardized Model

Mean � SD Range Standardized Model

Length of major axis 1.76�0.43 cm 1.18–2.64 cm 1.77
Width of minor axis 0.72�0.15 cm 0.50–0.97 cm 0.72
Nostril Angle 53�16.6° 17.5°–70.1° 67.7°

Fig. 11. Fifty-six cross-sectional shapes at 2-mm
intervals along the X-axis of the standardized human
nasal cavity. Scale markings at top left indicate cm.
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left and right nasal cavities were separately analyzed for each
set of scans to give a total sample size of 60 individual cavities.
The 60 cavities were rendered as 3-D digital models, and
oriented, aligned, and scaled to allow an objective geometrical
comparison. Through digital image processing, a standardized
nasal cavity model was developed that closely matches the
median CSA characteristic of the 60 raw geometries, while
retaining the unique geometric features of the human nasal
cavity.

This new model is freely distributed online through Carleton
University and will be useful to researchers and physicians in a

Fig. 12. Final Carleton-Civic standardized nasal cavity model. A: top view;
B: side view; C: bottom view. Scale at top of image is in cm.

Fig. 13. Cross-sectional area of the Carleton-Civic standardized nasal model
(green curve) compared with individual (dots), median (red curve), and
average (blue curve) cross-sectional areas from all available subjects.

Fig. 14. Cross-sectional areas of the standardized nasal model (green curve)
and 14 complete nasal passages (black curves). Running average of the 14
complete curves is shown for comparison in blue.

Fig. 15. Comparison of cross-sectional areas of the Carleton-Civic standard-
ized nasal model (green curve) with published CT scan derived data from Min
and Jang (31) (orange and red curves), Terheyden et al. (53) (crosses/blue
curve), and Kelly et al. (20) (circles); and MRI derived data from Cheng et al.
(7) (inverted triangles/purple curve) and Corey et al. (10) (yellow curve).
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variety of fields. In addition, the model could serve as a candidate
standard for aerosol deposition testing in the pharmaceutical
industry, enabling more accurate experimental and numerical
predictions of pharmaceutical aerosol deposition and raising pos-
sibilities for new insight, faster development, and reduced costs of
better drug delivery devices. As a diagnostic tool, the CT scan of
a patient could be processed and compared against this stan-
dardized model to indicate deviation from the present average
characteristic values, such as CSA, nostril area, or general
shape. Finally, the specific procedure developed in this study
could be applied in comprehensive studies involving different
identifiable groups in the population, as more CT scan or MRI
data become available.
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