
RESEARCH ARTICLE

Proposal of new upper airway margins in children assessed
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Objectives: Recently, studies have performed three-dimensional analyses of upper airways in
children. However, there was a lack of airway delineation according to anatomical
boundaries and/or easily mobile soft-tissue landmarks were used. The aim of the present
study was to define new upper airway margins in children on CBCT according to anatomical
bony landmarks and to validate the method.
Methods: 25 scans were randomly selected from a larger database containing CBCT scans of
children prior to orthodontic treatment (14 girls and 11 boys; mean age, 10.9 ± 2.5 years).
Scans were evaluated by two observers. Specific head positioning and virtual orientation
protocols were adopted and greyscale thresholding was established for each patient. Volume
and minimum cross-sectional area of the oropharynx were calculated. Intra- and interobserver
reliability were assessed by reassessment of the CBCTs 2 weeks later.
Results: The new airway margins were defined superiorly by a line passing through the
palatal plane (anterior nasal spine to posterior nasal spine) extending to the posterior wall of
the pharynx, inferiorly by a line passing from the anterosuperior edge of C4 to menton,
anteriorly by a line passing from the soft palate to menton, posteriorly and laterally by the
respective pharyngeal walls. Method error for airway volume and minimal cross-sectional
area was #2.00%, and intra- and interobserver reliability ranged from 0.99 to 1.00.
Conclusions: The proposed protocol utilizes easily identifiable bony landmarks to delineate
the upper airway on cone beam scans of children and was found to be reliable and reproducible.
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Introduction

Increased interest in upper airway dimensions and mor-
phology over the past few decades can be attributed to the
appreciation that upper airway configuration is associated
with sleep-disordered breathing (SDB) as well as its gen-
eral relationship to craniofacial morphology.1,2 The up-
per airway volume and minimal cross-sectional area are

significantly smaller in children with SDB and tend to
be narrower laterally than in children without sleep
disorders.3–6 Early diagnosis of SDB, or potential
associations of SDB, is essential to encourage normal
facial development.7,8 Reduced pharyngeal dimen-
sions established early in life could potentially pre-
dispose to later development of SDB or even ob-
structive sleep apnoea,9 as soft-tissue changes related
to ageing, obesity or genetic background further re-
duce oropharyngeal patency.10

Previously, most studies that assessed the upper air-
way were based on lateral cephalometry as it was part
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of standard records for orthodontic treatment planning.
Although a wealth of information was obtained, lateral
cephalograms are of limited use for detailed airway
analysis. They provide two-dimensional information
(height and depth) of a three-dimensional structure,
therefore restricting accurate assessment of the com-
plexity and size of these structures. The axial plane,
which is not visualized on a lateral cephalogram, is also
a physiologically relevant plane because it is perpen-
dicular to airflow.11,12 Previous studies that relied on
two-dimensional cephalometry to assess upper airway
dimensions were limited to drawing major conclusions
from the narrowest anteroposterior sections in the air-
way. Measuring the narrowest constriction in a two-
dimensional image may not adequately represent the
spatial relationship of the associated structures in all three
dimensions.13

CBCT has become an unprecedented diagnostic
method to analyse the airway in all three planes.1 CBCT
is capable of defining the boundaries between soft tissue
and empty spaces (air) accurately.14 Furthermore,
CBCT provides excellent hard-tissue detail (bone and
teeth), and anatomical landmarks are easily identified
without superimposition or distortion.15 Magnification
is negligible with isotropic resolution and a 1 : 1 ratio in
all three planes.16 Its advantages over medical CT in-
clude reduced radiation dose to the patient, lower cost
and the ability to scan the patient in an upright position,
which is recommended for baseline assessment of upper
airway morphology and dimensions.1 However, medical
CT demonstrates better soft-tissue contrast and detail
than does CBCT.17

Recently, studies have performed three-dimensional
analyses of upper airways in healthy children or included
healthy children as a control18–27 (Table 1). However,
there was a lack of airway delineation according to ana-
tomical boundaries in children,18–20,24–27 and/or easily
mobile soft-tissue landmarks were used.21,22 Furthermore,
anterior or posterior anatomical margins were generally
not described (Table 1). CBCT is a low-contrast imaging
medium, which can only adequately differentiate between
considerably different radiographic densities, such as air
and soft tissue, and soft tissue and the bone. However,
soft-tissue contrast is poor.14,17,28–30 Anatomically, the
airway is surrounded by soft tissue of varying thickness.
Radiographically, the lateral and posterior pharyngeal
walls are easily identifiable. By contrast, anteriorly, su-
periorly and inferiorly, differentiation of the pharyngeal
airway is much more complicated owing to the close as-
sociation of very mobile soft tissue. However, hard-tissue
points are easily identifiable and can be used to develop
margins that approximate the soft-tissue boundaries.
Studies in adults have demonstrated that the use of

CBCT in evaluation of the upper airway was accurate
and reliable.1,29,31 However, reliability assessments of
various upper airway margins in young children have not
yet been performed. Differences in upper airway assess-
ment exist between adults and children, as anatomically
structures vary with growth and development.32–34 A

standardized, consistent, reproducible method has not yet
been proposed for three-dimensional airway analysis in
children.

Therefore, the aims of the present study were (1) to
define new upper airway margins in children assessed on
CBCT and (2) to validate the new upper airway margins.

Methods and materials

25 CBCT scans of healthy children, 14 girls and
11 boys, aged 8–16 years (mean age, 10.9 ± 2.5 years)
obtained prior to the commencement of orthodontic
treatment were assessed for this study. The scans were
randomly selected from a database consisting of all
patients who attended one private practice in Victoria,
Australia, for orthodontic treatment between January
2011 and July 2014. Inclusion criteria were healthy
children between 8 and 16 years prior to the com-
mencement of orthodontic treatment who had complete
imaging of the cranial base, maxilla, mandible, the first
four cervical vertebrae (C1–C4) and the associated air-
way. The exclusion criteria were previous orthodontic
treatment and/or orthognathic surgery; previous adeno-
tonsillectomy; known syndromal conditions; presence of
pathology detectable along the upper airway; history of
obstructive sleep apnoea; movement artefacts and
swallowing during scan acquisition. The experimental
protocol used in the present study was approved by the
James Cook University Human Research Ethics Com-
mittee (H5115) as part of a larger research thesis.

Scan protocol
All patients were imaged in the same i-CAT® Next
Generation Cone Beam CT machine (Imaging Sciences
International, Hatfield, PA) by the same operator, as
part of their dental and orthodontic assessment prior to
treatment. All the images were taken in a standardized
sitting position: patients were restrained using a head-
rest and velcro head strap; the chin rest was not used to
allow for the patient’s head to be positioned so that
Frankfurt horizontal was parallel to the floor. Patients
were instructed to close into centric occlusion, relax
their tongue and lips, and to breathe gently and not
swallow or move during the acquisition. A standardized
protocol was used: 120 kV; 5 mA; 0.3 mm of voxel res-
olution, 8.9 s scan time, 13 cm (height)3 16 cm (di-
ameter) scan volume. All CBCTs were reviewed by
a dento-maxillofacial radiologist (RD) to ensure no
significant pathology was identified and that all in-
clusion criteria were met.

Airway assessment
The digital imaging and communications in medicine
data were processed using Dolphin Imaging software
v. 11.5 (Dolphin Imaging and Management Solutions,
Chatsworth, CA). After training and calibration by the
supervisor (LS), all digital imaging and communications
in medicine data were evaluated separately by the
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principal investigator (SA) and another observer (YA)
to determine the interobserver reliability. In addition,
each patient was reassessed separately by each in-
vestigator 2 weeks later to determine the intraobserver
reliability and the method error. Therefore, the 25 scans
were measured twice by each investigator. The airway
was assessed according to the following protocol.

First the scan was reorientated in three planes:

• coronal view—so that the most inferior point on the
infraorbital margin (orbitale) of both sides lies on the
same horizontal plane (Figure 1a)

• sagittal plane—so that the Frankfort plane (line
joining the most superior point on the external
auditory meatus to the infraorbital margin) is
horizontal (Figure 1b)

• axial plane—with the patient facing down (endocra-
nial view), so that a line through the crista galli and

the midpoint on the anterior margin of foramen
magnum (basion) is vertical. With the patient facing
up (exocranial view), it was ensured that no trans-
verse rotation of the mandible or the zygomatic
arches were present (Figure 1c).

Definitions of the new upper airway margins were
then proposed according to anatomical margins of the
upper airway in children35–37 and previous CBCT
studies of children18–27 (Table 1). The margins were
outlined on the mid-sagittal plane. The mid-sagittal
plane was identified as the sagittal slice that included the
anterior nasal spine and incisive canal and confirmed
visually using the three-dimensional volume rendered
image. To ensure the anterior boundary was completely
in soft issue, the mid-sagittal soft-palate tip point was
identified and confirmed on either side (left and right)

Table 1 Previous CBCT studies on anatomical landmarks that included oropharyngeal assessment in healthy children

Study

Anatomical landmarks

Superior Inferior Anterior Posterior
El and Palomo18–20 Palatal plane (ANS–PNS) and

extending to posterior wall
of the pharynx

Plane parallel to palatal plane that
passes from the most antero-inferior
point of the second cervical vertebrae

– –

Alves et al21,22 Edge of the hard palate to the
posterior of the pharynx
(parallel to Frankfurt plane)

Tip of the epiglottis on a plane
parallel to Frankfurt plane

– –

Schendel et al23 PNS Anterosuperior edge of C4, which
is generally consistent with the
position of the epiglottis

– –

Chiang et al24 Palatal plane Lowermost border of C4
Claudino et al26 Palatal plane extended to the

posterior pharyngeal wall
Plane parallel to the palatal lane
that intersected the lower and the
most anterior point of the C4

– –

Diwakar et al25 Line joining the ANS–PNS and
extending to the posterior
pharyngeal wall

Line parallel to the ANS–PNS plane,
passing through the antero-inferior
border of the second cervical
vertebrae

– –

Celikoglu et al27 A plane perpendicular to the
sagittal plane that includes
the PNS and the lower
medial border of the
first cervical vertebrae

Plane tangent to the most caudal
medial projection of the third
cervical vertebra perpendicular
to the sagittal plane

A vertical plane through the point
(the intersection of the vertical
plane from sella to nasion–basion
plane) to the sagittal plane at the
lowest border of the vomer

Posterior
wall of the
pharynx

ANS, anterior nasal spine; C4, the fourth cervical vertebrae; PNS, posterior nasal spine.

Figure 1 Orientation of the CBCT scan. (a) Coronal plane; (b) sagittal plane, Frankfort plane is indicated by the green line; (c) axial plane.
Ba, basion; CG, crista galli; Or, orbitale. For colour images please see online.
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on the sagittal slices where the incisive canal initially
reached its minimal width.
The process of airway segmentation was systemized

as follows:

• The “seed point” was defined as a virtual marker for
the region of interest demarcation and was placed
centrally in the airway region immediately posterior
to the soft-palate tip (Figure 2a) to facilitate
automated segmentation of the airway based on
greyscale values.

• The most appropriate threshold value for each
patient was then determined. After the sagittal view
was maximized as much as possible while ensuring
visualization of all previously determined margins,
the software-determined threshold value was manu-
ally adjusted for each data set (operator-adjusted
threshold) until the airway volume (pink area,
Figure 2) adequately depicted the airway–soft-tissue
interface. Other views were then checked to ensure
that an adequate threshold was used and that there
was no incorrect extension of airway segmentation
into the soft tissues.

The airway volume (mm3) was then automatically
calculated by the software within the defined margins.
For calculation of minimum cross-sectional area, the

upper and lower limits (red lines, Figure 2b) were then
set within the previously defined margins that included
both anterior and posterior margins of the airway. This
was to ensure that the entire area was calculated and not
a partial section created by the difference in airway
boundary for volume calculation and the plane of area
calculation. Within the defined margins, the software
automatically calculated the minimum cross-sectional
area (mm2).

Statistical analyses
The systematic error between the two sets of data was
assessed by paired t-test. The method errors were cal-
culated according to Dahlberg’s formula38 and the
Houston39 reliability coefficient. Intraclass correlation

coefficient (ICC) according to Donner and Koval40 was
calculated to assess intraobserver reliability as well as
interobserver agreement between the measurements of
airway volume and minimal cross-sectional area. The
results from the tests were considered to be significant at
p-values ,0.05. All statistical analyses were performed
using SPSS® Statistical Package for Social Sciences,
v. 20.00 (SPSS Inc., Chicago, IL).

Results

The following new airway margins were defined
(Table 2, Figure 2):

• superior: the line passing from the palatal plane
(anterior nasal spine to posterior nasal spine)
extending to the posterior wall of the pharynx

• inferior: line passing from the anterosuperior edge of
the fourth cervical vertebra (C4) to menton

• anterior: line passing from the soft palate to menton
• posterior: posterior wall of the pharynx
• lateral: respective pharyngeal walls.

Figure 2 Upper airway assessment. (a) Margins for delineation of the upper airway. Green lines indicate the margins used to delineate the airway
according to Table 2. The yellow point represents the seed point. (b) Margins for minimal cross-sectional area. The red lines indicate the upper and
lower limits used to measure the minimal cross-sectional area. For colour images please see online.

Table 2 Anatomical and technical limits of the upper airway

Limit Anatomical Technical
Superior Hard and soft palate The line passing from the

palatal plane (ANS to PNS)
extending to the posterior
wall of the pharynx

Inferior Vallecula (plane of the
hyoid bone; base of
the epiglottis)

Line passing from the
anterosuperior edge of
C4 to menton

Anterior Circumvallate papillae
and the oropharyngeal
isthmus

Line passing from the soft
palate to menton

Posterior Respective pharyngeal
walls

Posterior wall of the pharynx

Laterally Respective pharyngeal
walls

Respective pharyngeal walls

ANS, anterior nasal spine; C4, the fourth cervical vertebrae; PNS,
posterior nasal spine.
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No systematic error was found between the two sets
of data, and the method errors for airway volume and
the minimal cross-section area were ,2.00% (Table 3).

The Houston reliability coefficient and ICC for both
intra- and interobserver reliability was 0.99–1.00 for the
airway volume and the minimal cross-section area
(Table 3).

The airway volume ranged from 5217.7 to 23,519.3mm3

(mean, 10,398.5 ± 5372.0 mm3), and the minimal cross-
sectional area ranged from 39.5 to 348.5 mm2 (mean,
129.3 ± 83.6 mm2).

Discussion

The oropharynx extends from the hard and soft palate
superiorly to the vallecula inferiorly (plane of the hyoid
bone; base of epiglottis).35 It is bordered anteriorly by the
circumvallate papillae and the oropharyngeal isthmus
and posteriorly by a muscular wall made up of the su-
perior, middle and inferior constrictor muscles that lie in
front of the cervical spine. The lateral pharyngeal walls
are complicated and consist of numerous muscles (the
pharyngeal constrictors, hypoglossus, styloglossus, stly-
lopharyngeus, palatoglossus, stylohyoid, palatophar-
yngeus), pharyngeal mucosa and lymphoid tissue.35–37

Radiographic assessment of the oropharynx should
therefore be based on these structures to adequately en-
compass the entire area of interest as has been performed
in the newly proposed protocol of this study.

Furthermore, airway dimensions are influenced by
dynamic variables such as respiration state of the pa-
tient,1,3 head posture1,41,42 and mobility of the soft
tissues.1,3 Patient positioning for the scan is very im-
portant. The patient can either be scanned in a vertical
seated or upright position or in a supine position,
depending on the CBCT apparatus. Data gathered from
patients sitting or standing cannot be adequately com-
pared with those obtained with the individual in the
supine position owing to the gravitational effects on
oropharyngeal structures.13 The upper airway and as-
sociated soft tissues morphologically change as a result
of gravity and posture.41–43 Because the upright position
is closer to the natural head posture and is recom-
mended for baseline assessment of upper airway mor-
phology and dimensions,1 the scans in the present study
were obtained from patients scanned in a vertical seated
position.

Radiographically, the lateral and posterior airway
margins are easily identifiable as CBCT scans demon-
strate adequate contrast between the soft tissue (muscle)
and pharyngeal air space to allow for differentiation.14

Therefore, in the present study, these anatomical struc-
tures were used to delineate the corresponding margins.
This is in agreement with a previous study where the
posterior wall of the pharynx was used to delineate the
posterior airway margin.27

Anteriorly, superiorly and inferiorly, identification of
the pharyngeal airway margins is much more compli-
cated owing to the close association with mobile soft
tissues.30,36,37 However, hard-tissue points that can be
used to develop margins that approximated the soft-
tissue boundaries are easily identifiable (Table 2). Fur-
thermore, the hyoid bone and soft tissue of the airway
can easily move depending on the respiration state of the
patient, which can be an issue with children, especially
with longer scan acquisition times, sometimes resulting in
movement artefact.44,45 In the present study, the su-
perior margin was defined according to a plane through
the anterior nasal spine and the posterior nasal spine. This
is in agreement with previous studies.18–20,24–26

As patients are in centric occlusion during scan ac-
quisition, a plane from the anterosuperior point of C4 to
the most inferior point of the mandibular symphysis
(menton) was used in this study to demarcate the in-
ferior margin. The plane represents the anatomical in-
ferior boundary of the oropharyngeal airway23 as well
as being approximately parallel to the palatal plane.

In the present study, the soft palate was used to de-
marcate the anterior limit of the airway. A soft-tissue
landmark had to be used for this margin because no
hard-tissue landmarks could be identified to delineate
the airway according to anatomical limits. In a previous
study that validated delineation of the airway in
adults,46 the anterior limit was the frontal plane per-
pendicular to Frankfurt horizontal passing through the
posterior nasal spine. However, by that method, parts
of the oral cavity were included in some measurements.
The landmarks used in the present study have been
shown to pass through the structures that anatomically
border the oropharynx in children.35

To our knowledge, the reproducibility of upper airway
margins in children has not previously been reported in the
literature. However, a few studies have assessed the re-
liability of different protocols to delineate the upper airway
in adults.46–48 Very high reproducibility was found in all

Table 3 Method error, intra- and interobserver reliability for proposed protocol

Reliability test

Airway volume (mm3) Minimal cross-sectional area (mm2)

Observer 1 Observer 2 Observer 1 Observer 2
Systematic error Non Non Non Non
Method error 197.54 (1.90%) 116.50 (1.10%) 0.59 (0.46%) 1.15 (0.89%)
Houston reliability coefficient 0.99 1.00 1.00 1.00
Intra-class
correlation

1.00 1.00 1.00 1.00
1.00 1.00
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three studies in relation to airway volume assessment, with
intra- and interexaminer ICC values of 0.99 reported in all
studies, even with examiners of different backgrounds.48

This is in agreement with the present study were the ICC
value was 1.00. However, there was greater variation in the
reliability of minimal oropharyngeal cross-sectional area
measurements in previous adult studies. Intraexaminer
ICC values ranged from 0.78 to 0.99, and interexaminer
values ranged from 0.83 to 0.98.46–48 In the present study,
very high intra- and interobserver reliability for calculation
of the minimal cross-sectional area was observed with ICC
values of 1.00.
Previously, only a few studies had calculated the

method error of the upper airway margins in adults in
various ways.46,48 Guijarro-Martı́nez and Swennen46

calculated relative errors ranging from 13.45% to
15.92% for minimal oropharyngeal cross-sectional area
measurements and ranging from 1.03% to 1.53% for
oropharyngeal volume measurements, depending on the
observer. Mattos et al48 determined measurement errors
by the ratio of the absolute mean difference to the mean
measurement value. This ranged from 2.7% to 6.4%
for intra- and interobserver measurements of minimal
cross-sectional area and volume. In the present study,
no systematic error was found, and the method errors

were #2.00% according to Dahlberg’s formula,38 which
is considered a standard calculation for the method er-
ror of cephalometric measurements.

The results of the study indicate that the newly pro-
posed protocol for three-dimensional airway analysis in
children is accurate, reliable and reproducible. The
findings may be owing to the use of easily identifiable
hard-tissue landmarks and the limited use of soft-tissue
landmarks.

Conclusion

A new method for upper airway delineation on cone
beam scans of children for the assessment of upper
airway morphology has been proposed and was found
to be reliable and reproducible. This has the potential to
standardize upper airway analysis in children and per-
mit comparisons among future studies.
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