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The relationship of vertical skeletofacial morphology to oropharyngeal

airway shape using cone beam computed tomography:

Possible implications for airway restriction

Jennifer A. Haskella; Bruce S. Haskellb; Michael E. Spoonc; Changyong Fengd

ABSTRACT
Objective: To determine if the shape of the oropharyngeal airway is related to the vertical
morphology of the skeletofacial complex, including the hyoid bone.
Materials and Methods: Cone beam computed tomography scans from 50 pretreatment adult
orthodontic records were used to obtain skeletal and airway measurements. Linear regression
statistics were used to compare soft tissue variables to hard tissue predictor variables.
Results: Transverse airway widening was significantly increased when the distance between the
hyoid and vertebrae was reduced; when the three-dimensional (3D) facial axis angle decreased
(became more vertical); when the 3D mandibular plane angle increased; when the width of the
hyoid increased, or when the calculated length of the geniohyoid decreased.
Conclusions: A laterally elliptical airway—found when the face is more vertical and when the
hyoid is closer to the cervical vertebrae—is hypothetically more resistant to collapse. Patients with
a retrognathic, skeletal deep bite and a rounded oropharynx should be identified and corrected
early to prevent potential airway problems. (Angle Orthod. 2014;84:548–554.)
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INTRODUCTION

Upper airway dimension is a contributing factor to
airway collapsibility in oxygen-limiting disorders such
as obstructive sleep apnea (OSA).1–15 However, the
findings related to patients with OSA are ambiguous.
There is a lack of correlation between pharyngeal size
and the apneic index of OSA patients.

Pharyngeal resistance to airway collapse on inspi-
ration is decreased in OSA patients, but the overlap

with normal individuals confuses the use of this
parameter. Waking measurements of airway resis-
tance in OSA individuals often display normal values.16

The suprahyoid muscle group lifts the hyoid to
improve airway patency. Electromyography (EMG) of
these muscles may be elevated in both sleeping and
awake OSA and non-OSA individuals. It is believed
that OSA individuals activate airway musculature to
compensate for increased airway loads while sleeping.
EMG activity might well be activated fully while awake
but is unable to meet the required level of activation
necessary for patency when the airway is loaded
during sleep.17

The etiology of OSA is thus unclear: EMG activity,
pharyngeal size, and pharyngeal resistance may be
normal in OSA sufferers. Leiter’s model8 introduced
the physics of airway shape in OSA etiology. An airway
that has a cross section that is longer anterior-
posteriorly (A–P) than laterally is considered more at
risk for collapse during sleep.8

The muscles associated with the anterior border of
the pharynx influence the shape and volume of the
airway. A laterally elliptical hypopharynx displays
increased volume when pulled anteriorly by muscle
action, compared to an airway that is originally rounded
or elongated in the A–P direction (Figure 1).8 The lack of
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muscles on the lateral walls of the pharynx requires the
internal pressure of the airway to maintain patency. It is
the posterior and lateral walls that collapse in apneic
individuals.18–20 Turbulence in the pharynx causes an
increase in the velocity of air, with a lowering of
surrounding pressure (the Bernoulli effect), which ele-
vates the soft tissue structure into the narrowed space
and closes the airway.21 It is the inspiratory activation of
the muscles in the A–P plane, including the genioglos-
sus, that stabilizes and dilates the airway anteriorly.21

The shape of the upper airway can also be constrained
laterally by fat pads. It follows that the OSA patients with
the smallest airway lumens, oriented in the A–P direction,
require the greatest amount of EMG activity to maintain
airway patency. Thus, there is a balance between airway
lumen, EMG activity, and shape.

Biomechanical efficiency factors such as the position
of the hyoid impact the relative muscle activity displayed
and may determine whether or not a threshold effect is
reached, resulting in OSA. Additionally, the physics of a
transverse elliptical pharynx allow for less pharyngeal
resistance, with less airway turbulence.8

A two-dimensional cephalometric study by Otsuka
et al.22 compared variables between responders and
nonresponders with regard to a titratable oral appli-
ance. Surprisingly, middle and inferior airway space
and oropharyngeal airway cross-sectional area were
significantly larger in the group that did not respond to
a titratable mandibular advancing appliance. However,
only the sagittal component can be seen in cephalo-
metric radiographs. Ogawa et al.23 demonstrated the
utility of three-dimensional (3D) airway diagnosis with
cone beam computed tomography (CBCT) imaging.
Two-dimensional images are not capable of measuring
cross-sectional areas of the oropharynx.

A CBCT evaluation by Schendel et al.24 showed that
as the airway grows, the total volume, length, area,
and volume-to-length index all increase until age 20,
then remain relatively stable until age 50, when they
begin to decrease profoundly. They found that

45-year-olds had only slightly larger airways than did
15-year-olds. Other anatomical factors exist that have
an influence upon airway patency, but they are not fully
understood.25–28

The present study was designed to clarify the
relationship between airway shape, craniofacial mor-
phology, and the hyoid using i-CATH (Imaging Scienc-
es International, Hatfield, Pa) CBCT images of adults
that presented for orthodontic treatment. The specific
aims were to (1) determine if the airway is laterally
elliptical when the hyoid is lower, further back, angled,
or smaller in width and (2) determine the correlation
with vertical and horizontal facial morphology. Under-
standing the anatomical factors in the development of
airway patency issues may improve diagnosis for risk
factors of airway obstructions and possibly contribute
to averting them with various treatment modalities.29–34

MATERIALS AND METHODS

This retrospective study was approved by the local
Research Subjects Review Board. Fifty pretreatment
CBCT records were collected from a private orthodon-
tics practice. Inclusion criteria included the following:
patient age of 18 years or older (nongrowing individ-
uals); the hyoid had to be visible in its entirety; the
subject must not have undergone previous orthog-
nathic surgery; and the subject had to be dentate.

DICOM files were imported into Dolphin v.11 and
oriented with the axial plane equal to the occlusal
plane—defined by the mesiobuccal cusp tips of both
maxillary first molars and the incisal embrasure
between the maxillary central incisors. The occlusal
plane is parallel to the planes of interest—the cross
sections of the oropharynx (Figure 2). The midsagittal
plane was subjectively determined.

Measurements of the hyoid, the craniofacial com-
plex, and the oropharyngeal airway were made by
digitizing 48 landmarks (see Table 1) using Dolphin 3D
Imaging 11 software.

The software was created to calculate specified
measurements from the XYZ coordinates of the
landmarks. It was necessary to modify conventional
cephalometric measurements for 3D analysis. The
angle of interest for all craniofacial measurements
(two angles are always created at the intersection of
two planes) was parallel to the sagittal plane. The
following lists (Tables 2–4) show each measurement
made and the definition of each according to the
landmarks listed in Table 1.

The SAS statistical software package (SAS Institute
Inc, Cary, NC) was used to calculate linear regression
using the hard tissue hyoid and craniofacial measure-
ments (H1–H11 and C1–C7) as the independent
variables and the airway measurements (A1–A10) as

Figure 1. Cross section of the oropharynx. Based on shape, the left

image is more at risk for collapse. The right image is a more

desirable, less collapsible shape.
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the dependent variables. Descriptive statistics were
performed for each variable, including mean, standard
deviation, and range. Pearson correlations compared
each of the airway variables to each other. The
normality of the outcome variables was tested with a
Shapiro-Wilks test, which found that six of the 10
airway variables needed to be transformed via Box-
Cox to obtain normality. A4 was squared, and the log
of A6 through A10 was taken. Only the significant
variables (p # .05) were included in the linear
regression equation.

RESULTS

Linear regression analysis showed that there are
significant predictor hard tissue variables for all of the
outcome airway variables. The significant hyoid predictor
variables were the width between the greater cornua
(H1); the width between the lesser cornua (H2); the
distance of the anterior body of the hyoid from the nearest
vertebra along the hyoid plane (H7); the angle of the hyoid
plane to the occlusal plane (H3); the angle of the hyoid
plane to Frankfort horizontal (H5); and the calculated
length of geniohyoid muscle (H11). The most significant
craniofacial predictor variables were modified facial axis
(C1) and modified mandibular plane angle (C2).

Table 5 shows the significant predictor variables for
the lateral width of each level of the airway. It also shows
the coefficient and p-value for each significant predictor
variable. A negative coefficient represents an inverse
relationship between the predictor and outcome

variables. For example, the first two lines of the table
can be interpreted in the following ways: the width
between the lesser cornua of the hyoid increases by
0.65 mm or the distance between the hyoid body and the
anterior surface of the vertebral column along the plane
of the hyoid decreases by 2.65 mm; the width of the
airway at the superior aspect of C2 increases by 1 mm.

Table 6 shows the shape data as the outcome
variables, in which each is represented as the log of
the ratio of lateral to AP width of the airway at each of the
five levels. Because each outcome variable in Table 6
has had its log taken, the coefficients of the predictor
variables appear very small, but all are highly significant.

The relationship of hard tissue anatomy to the shape
of the airway can be summarized as follows:

N The more vertical the craniofacial morphology,
according to the modified facial axis and modified
mandibular plane angle, the more laterally wide and
transversely elliptical the airway.

N The closer the hyoid body and the vertebrae, the more
laterally wide and transversely elliptical the airway.

N The closer the hyoid is to the chin, the more
transversely elliptical the airway. (For example, in a
retrognathic, vertically developed individual, the
hyoid is closer to the chin and the vertebrae.)

N The wider the hyoid in the greater cornu or lesser
cornu areas, the more laterally wide and transversely
elliptical the airway.

N The steeper the pitch of the hyoid relative to the
Frankfort horizontal, the more elliptical the airway.

Figure 2. The five levels of the airway cross sections measured.
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DISCUSSION

The position of the hyoid descends over time in
vertical patients with a steep facial axis,11 apparently
worsening the biomechanics necessary for a proper
EMG level of the genioglossus and the suprahyoid
muscles in the modality explained by Leiter.8 An
increased need for excessive nighttime EMG activity
and tonus is required for patency, which may not be
achieved in this milieu. Collapsibility is a function of
lumen size, not only lumen shape. Grauer et al.35

indicated a qualitatively narrower and smaller airway in
vertical, as compared with normal, facial types. It is
suggested that vertical facial types might well have a
higher rate of OSA were it not for a compensated
elliptical airway shape creating a transverse resistance
to compression in the elliptical pharynxes.

Iwasaki et al.28 showed that while the size of the
upper airway did not differ statistically among facial
types, the simulated maximal pressure and velocity of
the dolichofacial type were significantly higher than
those of the brachyfacial type. The higher velocities
and lower pressures found in the vertical skeletal types
indicate a constriction of flow consistent with a
narrowing of the airway.

Table 1. Landmark Definitions

Definition

L1 Greater cornu tip, hyoid left

L2 Greater cornu tip, hyoid right

L3 Lesser cornu tip, hyoid left

L4 Lesser cornu tip, hyoid right

L5 Most anterior-superior portion of hyoid body

L6 Most posterior-superior aspect of hyoid body

L7 (Not used in analysis)

L8 Posterior border of pharynx along plane of hyoid

L9 Genial tubercle

L10 Right lingula tip

L11 Left lingula tip

L12 Right mesiobuccal maxillary first molar cusp tip

L13 Left mesiobuccal maxillary first molar cusp tip

L14 Midpoint between incisal embrasure of upper centrals

L15 Right orbitale

L16 Left orbitale

L17 Right temporal fossa point (TFP)21

L18 Left (TFP)21

L19 Anterior nasal spine

L20 Right lateral condyle pole

L21 Left lateral condyle pole

L22 Right medial condyle pole

L23 Left medial condyle pole

L24 Right foramen rotundum

L25 Left foramen rotundum

L26 Nasion

L27 Basion

L28 Most anterior vertebral point along plane of hyoid

L29, 30 Points defining the line at the largest transverse width

of airway at the cross section (LAT) of the superior-

anterior (Sup) aspect of the second cervical vertebra

body (C2)

L31, 32 Points defining the line at the largest anterior-posterior

depth of airway at the cross section (AP) of Sup C2

L33, 34 LAT of the middle aspect (Mid) of C2

L35, 36 AP of Mid C2

L37, 38 LAT of the most inferior-posterior aspect (Inf) of C2

L39, 40 AP of Inf C2

L41, 42 LAT of Sup C3

L43, 44 AP of Sup C3

L45, 46 LAT of Mid C3

L47, 48 AP of Mid C3

Table 2. Hyoid Measurements

Hyoid Measurements

H1 Greater cornua distance (mm): L1–L2

H2 Lesser cornua distance: L3–L4

H3 Hyoid plane (HP) (L1, L2, L5) to occlusal plane (OP)

(L12, L13, L14) angle

H4 HP to mandibular plane (MP; L9, L10, L11) angle

H5 HP to Frankfort horizontal plane (FH; midpoint of L15,

L16 to L17 to L18) angle

H6 Distance from the posterior of the body of hyoid to the

posterior of the pharynx: L6–L8

H7 Distance from the posterior of the body of hyoid to the

anterior of the vertebral column: L6–L28

H8 Distance of hyoid to MP: perpendicular intersect of L5

with the MP

H9 Hyoid to lingula distance, right: L5–L10

H10 Hyoid to lingula distance, left: L5–L11

H11 Geniohyoid length: L6–L9

Table 3. Craniofacial Measurements

Craniofacial Measurements

C1 Modified facial axis: posterior, inferior angle between

the (midpoint of L24, L25) to L9 and L26–L27

C2 Mandibular plane angle: mandibular plane to Frankfort

horizontal

C3 Lower facial angle, right: L19 to L10 to L9

C4 Lower facial angle, left: L19 to L11 to L9

C5 Mandibular angle, right: L9 to L10 to (midpoint between

L20, L22)

C6 Mandibular angle, left: L9 to L11 to (midpoint between

L21, L23)

C7 Inter-lingula distance: L10–L11

Table 4. Airway Measurements

Airway Measurements

A1 Largest transverse length of cross section of airway at

Sup C2: L29–L30

A2 Largest transverse length at Mid C2: L33–L34

A3 Largest transverse length at Inf C2: L37–L38

A4 Largest transverse length at Sup C3: L41–L42

A5 Largest transverse length at Mid C3: L45–L46

A6 Cross-sectional shape at Sup C2: LAT (L29–L30)/AP

(L31–L32)

A7 Cross-sectional shape at Mid C2: LAT (L33–L34)/AP

(L35–L36)

A8 Cross-sectional shape at Inf C2: LAT (L37–L38)/AP

(L39–L40)

A9 Cross-sectional shape at Sup C3: LAT (L41–L42)/AP

(L43–L44)

A10 Cross-sectional shape at Mid C3: LAT (L45–L46)/AP

(L47–L48)
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A simple analogy is drawn in obtaining a photo-
graphic exposure. A combination of factors, with the
potential for compensatory balances, yields a proper
exposure. For example, a longer exposure can make
up for a sensor with low light sensitivity. A similar
interaction of anatomic (oropharyngeal shape and
size) and physiologic factors (muscle activation) is
necessary to avoid OSA.

Confounding factors in this study are that the images
were captured in upright, alert patients with no attempt
to control respiration or swallowing (ie, to mimic a
nongrowing, orthodontic patient population). The head
is tipped up during CBCT capture, until the occlusal
plane is horizontal, so postural change of the airway is
inevitable. The sample of 50 random patients offers a
wide distribution of possible attributes. Dental classi-
fications and sexual dimorphism were avoided at the
current level of investigation because the sample was
intended to be statistically random for morphologic
traits and OSA status.

OSA is a multifactorial problem, of which shape is a
major component that has been addressed in biophys-
ical and physiologic research. Investigating 3D shape
as it relates to skeletal morphology is proposed using a
simple measurement made possible by CBCT imag-
ing. This study was not intended to prove that a
positive relationship exists between certain airway
shapes and OSA subjects. It was designed to serve as
a descriptive population study of how horizontal and
vertical craniofacial measurements relate to 3D airway

shape and as a precursor to additional research.
Previous studies describing the cross-sectional rela-
tionship to the vertebrae and the hyoid involved two
dimensions only.

CONCLUSIONS

N Vertical aspects of skeletal morphology in relation-
ship to the hyoid bone are linked to the shape of the
airway, as the subjects in this study were not known
to have an airway obstruction. No study has yet fully
integrated the interplay among airway morphology,
the physiology of airway dynamics (including supra-
hyoid muscle activity), and biomechanics and the
size and shape of the pharyngeal airway.

N OSA has a multifactorial etiology, and shape seems
to be an important factor for airway patency. It is
not known whether persons with a vertical facial
pattern are more ‘‘resistant’’ to airway collapse
because of the correlation with a transverse
elliptical airway. It also does not mean that they
are ‘‘immune’’ from airway obstructive disease.
Other factors, such as obesity, decreased volume,
inadequate muscle activity, aging, etc, may have an
overarching effect.

N Indeed, it may be more important than previously
realized to take the vertical dimension into consider-
ation in comprehensive treatment planning for airway
patency. Brachyfacial patients with a flat mandibular
plane angle that are retrognathic or bimaxillary

Table 5. Predictor Variables for the Lateral Width of the Airway

Outcome Variable: Lateral Width Predictor Variables Coefficient p-value

C2 superior (A1) Lesser cornu width 0.65 0.03

Distance of hyoid from nearest vertebra along the hyoid plane 22.65 0.01

C2 middle (A2) Modified mandibular plane angle 0.27 0.03

Lesser cornu width 0.82 0.006

Distance of hyoid from nearest vertebra 22.16 0.02

C2 inferior (A3) Modified facial axis 20.52 0.01

C3 superior (squared) Modified facial axis 219.66 0.04

Angle of hyoid plane to occlusal plane 215.82 0.009

C3 middle (A5) Greater cornu width 0.39 0.01

Angle of hyoid plane to occlusal plane 20.29 0.003

Table 6. Predictor Variables for the Lateral/Anterior-Posterior (A-P) Ratio of the Airway

Outcome Variable: (log) Ratio Predictor Variables Coefficient p-Value

C2 superior (A6) Distance of hyoid from nearest vertebra

along the hyoid plane

20.04 ,.0001

C2 middle (A7) Lesser cornu width 0.05 .002

Distance of hyoid from nearest vertebra 20.05 ,.0001

C2 inferior (A8) Distance of hyoid from nearest vertebra 20.06 ,.0001

Geniohyoid length 20.03 .002

C3 superior (A9) Modified facial axis 20.02 .005

Greater cornu width 0.02 .02

Distance of hyoid from nearest vertebra 20.04 ,.001

C3 middle (A10) Distance of hyoid from nearest vertebra 20.05 ,.001

Angle of hyoid plane to Frankfort horizontal 0.01 .04
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skeletally retrusive and with a low hyoid may be at
greater risk for sleep apnea or other obstructive
sleep disorders later in life if an associated airway
morphology is determined to be more ‘‘rounded’’ in
configuration. This remains to be proven with
confirmed OSA patients, instead of through infer-
ence through biophysical and morphologic data.
Treatment plans that decrease the vertical and A–P
skeletal dimensions in patients who are retrognathic
and brachyfacial should be avoided.

N By inference, this study proposes that it may be
prudent to have a CBCT scan to assess airway
shape in selected orthodontic patients with planned
procedures that might compromise or negatively
influence the airway.
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