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Three-dimensional evaluation of changes in upper airway volume in
growing skeletal Class II patients following mandibular advancement
treatment with functional orthopedic appliances
Stig Isidora*; Gabriele Di Carlob*; Marie A. Cornelisc; Flemming Isidord; Paolo M. Cattaneoe
ABSTRACT
Objectives: The aim of this study was to assess three-dimensionally the upper airway changes
following functional appliance treatment in growing Class II patients.
Materials and Methods: Pre-and post-treatment Cone beam computed tomography scans of 20
patients (age range: 9 to 12; mean: 11.4 6 1.0 years) were retrieved from the list of patients
previously treated with functional appliances in the Postgraduate Clinic at the Section of
Orthodontics, Aarhus University, Denmark. Total and partial volumes of the upper airway (ie,
lower nasopharynx, velopharynx, and oropharynx) were calculated. To rule out the effect of growth,
the changes in the functional appliance group were compared to an age-matched Class I group of
18 patients (age range: 8 to 14; mean: 11.8 6 1.4 years).
Results: In the functional appliance group, all the partial and total volumes were significantly larger
at the end of treatment when compared to the start of treatment (P , .003). On the other hand,
when comparing the changes for the total and partial volumes of the upper airway in the functional
appliance group with the Class I group, a statistical difference was seen only for the oropharynx (P
¼ .022) and total volume (P ¼ .025), with the functional appliance group showing a larger volume
increment.
Conclusions: An increase in the upper airway volume was found after treatment with functional
appliances. This difference was mainly related to the changes at the oropharynx level, which
differed significantly from what was observed in the Class I group. (Angle Orthod. 2018;88:552–
559.)
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newborns with mandibular deficiency, thereby preventing posterior relocation of the tongue during sleep and
the occurrence of oropharyngeal collapse.1 This
concept is now widely used in adult obstructive sleep
apnea (OSA) patients to prevent an upper airway

INTRODUCTION
One of the first indications for using functional
appliances was related to their effect on the upper
airway. Indeed, in 1934, Pierre Robin suggested using
an intraoral appliance to bring the lower jaw forward in

* The first two authors contributed equally to this work.
a
Former Postgraduate Student, Section of Orthodontics, Department of Dentistry and Oral Health, Aarhus University, Aarhus,
Denmark.
b
PhD Student, Department of Oral and Maxillofacial Sciences, Unit of Pediatric Dentistry, Sapienza University of Rome, Rome, Italy;
and Section of Orthodontics, Department of Dentistry and Oral Health, Aarhus University, Aarhus, Denmark.
c
Associate Professor and Head, Section of Orthodontics, Department of Dentistry and Oral Health, Aarhus University, Aarhus,
Denmark.
d
Professor, Section of Prosthetic Dentistry, Department of Dentistry and Oral Health, Aarhus University, Aarhus, Denmark.
e
Associate Professor, Section of Orthodontics, Department of Dentistry and Oral Health, Aarhus University, Aarhus, Denmark.
Corresponding author: Dr Paolo M. Cattaneo, Section of Orthodontics, Department of Dentistry and Oral Health, Aarhus University,
Vennelyst Boulevard 9, DK-8000 Aarhus C, Denmark.
(e-mail: paolo.cattaneo@dent.au.dk)
Accepted: March 2018. Submitted: August 2017.
Published Online: May 29, 2018
Ó 2018 by The EH Angle Education and Research Foundation, Inc.
Angle Orthodontist, Vol 88, No 5, 2018

552

DOI: 10.2319/083117-587.1

3D EVALUATION OF UPPER AIRWAY CHANGES POST-TREATMENT IN CLASS II PATIENTS

collapse during sleep using similar oral appliances.2
Moreover, the concept to relocate the mandible
anteriorly is applied in dentofacial orthopedics by using
functional appliances to stimulate mandibular growth in
skeletal Class II growing patients with mandibular
deficiency.3 Several authors have hypothesized that
the functional orthopedic treatment of growing patients
with deficient mandibles may lead to increased
oropharyngeal airway dimensions, and some have
suggested a possible reduction in the risk of future
respiratory problems.4–7 In most of those investigations,
the assessment of the upper airway was based on
lateral cephalograms. On the other hand, Warren and
Spalding stated that the relationship between nasorespiratory function and dentofacial development remained controversial as conventional plane 2D
radiographic evidence is questionable.8 Indeed, 2D
images are influenced by artifacts of distortion,
differences in magnification, and superimposition of
bilateral craniofacial structures.9,10 Most importantly,
lateral cephalograms do not provide information on
cross sectional areas or volumes, although it is known
that linear measurements are only weakly correlated
with cross-sectional areas or volumes of the upper
airway. 11
Cone beam computed tomography (CBCT) facilitates accurate two-dimensional (2D) and three-dimensional (3D) measurements, therefore allowing
assessment of cross-sectional areas and volumes of
various maxillofacial structures. There is a lower
radiation dose and relatively shorter scanning time
compared to CT and magnetic resonance imaging,
respectively.12 For these reasons, CBCT has been
increasingly used for diagnosis, treatment planning,
and treatment outcome assessment in the craniofacial
area and it has been extensively used to study the
relationship between upper airway dimensions and
craniofacial morphology.13,14
The aim of the present study was to determine
whether functional appliance therapy influences upper
airway morphology in Class II growing patients. The
null hypothesis of this retrospective study was that
upper airway volume would not change following
mandibular advancement treatment with functional
appliances.
MATERIALS AND METHODS
Subjects
In this retrospective study, the data of Class II
patients were collected from the database of the
Section of Orthodontics, Department of Dentistry and
Oral Health, Aarhus University, Denmark. Permission
to analyze the data was obtained from the Danish
Health Board (#2015-57-0002), and the data were
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collected under the permission of the Danish Data
Protection Agency (#62908).
The inclusion criteria were: subjects were preadolescents having overjet equal to or greater than 6 mm,
had been treated with an orthopedic functional
appliance for stimulation of mandibular growth, had
pre-and post-treatment large field of view CBCT scans
in order to encompass all the relevant structures, and
with the scans taken in a supine position and in
occlusion. Exclusion criteria were subjects with pathologies involving the upper airway, subjects who had a
medical history of allergic rhinitis, subjects who had a
previous adenotonsillectomy procedure, and/or subjectively perceived respiratory problems as retrieved
from the patients’ records.
To rule out the effect of growth, the changes in the
test group were compared with the corresponding
changes in an age-matched Class I group selected
from the same database of patients treated between
2008 and 2012. The inclusion criteria for this group
were subjects were preadolescents with less than 6
mm overjet and a Class I molar relationship, had been
treated without the use of a functional appliance or bite
jumping appliance or intermaxillary elastics or expansion device, and had pre- and post-treatment CBCT
scans with the same characteristics as described for
the test group. Exclusion criteria for the Class I group
were the same as for the test group. Baseline
descriptive data of the two groups were used to check
whether the two groups were matching with respect to
age and treatment duration.
In the functional appliance group, records of 20
subjects (12 females, 8 males) with an age range of 9
to 12 (mean: 11.4 6 1.0 years) were retrieved. For the
Class I group, records of 18 patients (14 females, 4
males) with an age between 8 and 14 (mean: 11.8 6
1.4 years) were retrieved.
3D Image Processing
All CBCT scans were taken with a supine scanner
(NewTom 3G and 5G, QR s.r.l., Verona, Italy) and
reconstructed with an isotropic voxel dimension of 0.30
mm. Raw data obtained from CBCT scanning were
exported in DICOM (digital imaging and communications in medicine) format and imported into a specific
software program (Mimics 15, Materialise, Leuven,
Belgium). All measurements were done using a slightly
modified version of the method described by Lenza
and colleagues.11 The threshold levels used to generate the 3D reconstructions were determined for each
CBCT dataset individually on the basis of a profile line
traced through the upper airway starting from basion
(Ba) until the posterior nasal spine (PNS) on the
Angle Orthodontist, Vol 88, No 5, 2018
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Table 1. Cephalometric Landmarks and Measurements
Description
Points
Skeletal
A
ANS
B
Ba
GoL
GoR
ii
MoL
MoR
N
PNS
Pl
Pr
PoG
S
So
Airway
ad1
ad2
P3
T2
E
E1
E2
Measurements
Overjet
ANB
Palatal width
SNB
SNA

Position of the deepest concavity on anterior profile of the maxilla
Tip of anterior nasal spine
Most posterior point on the anterior contour of the lower alveolar process
Most postero-inferior point on the clivus
The most inferior-posterior point on the left angle of the mandible
The most inferior-posterior point on the right angle of the mandible
A point midway between the incisal edges of the maxillary and mandibular central incisors
The distal tip of the first left molar in the jaw of interest
The distal tip of the first right molar in the jaw of interest
The intersection of the internasal and frontonasal sutures in the midsagittal plane
The most posterior point on the bony hard palate
Centroid of the greater palatine foramen left
Centroid of the greater palatine foramen right
The most anterior point of the bony chin in the midsagittal plane
Midpoint of the sella turcica
Midpoint of the sella-basion line
Intersection of the line PNS-Ba and the posterior nasopharyngeal wall
Intersection of the line PNS-So and the posterior nasopharyngeal wall
Intersection between the posterior pharyngeal wall and the bisected Occlusal plane (OP)
Intersection between the contour of the tongue and the bisected OP
Most superior point of epiglottis
Frontal wall of pharyngeal airway over E1-E2 line
Posterior wall of pharyngeal airway over E1-E2 line
This angle indicates the horizontal position of the maxilla relative to the cranial base.
Linear measurement from line through the upper incisal edge point perpendicular to the occlusal plane to a
line through the lower incisal edge point perpendicular to the occlusal plane
Angle formed by the intersection of lines NA and NB, which measures the anterior-posterior relation of the
maxilla and the mandible
Linear measurement from the left palatal point to the right
This angle expresses the horizontal position of the mandible relative to the cranial base.

sagittal image corresponding to the midsagittal
plane.11,15
Determination of Landmarks and Cephalometric
Analysis
Twenty-three conventional landmarks were identified
for the cephalometric analysis (Table 1). All landmarks
were identified in the sagittal view of the midsagittal
plane, and their position was checked on all three
orthogonal planes (ie, coronal, sagittal, and transversal
planes), except for the bilateral points that were
identified on the 3D surface and finely adjusted by
checking and relocating them on the axial, coronal, and
sagittal views. Specific descriptions of the cephalometric measurements can be found in Table 1. The upper
airway analysis was performed selecting eight anteroposterior landmarks to delimit the upper airway
boundaries according to Di Carlo et al. 15 In order to
describe the upper airway volumes, four planes
passing through two of the previously defined points
and perpendicular to the sagittal plane were generated
(Table 2). According to the location of the planes, the
Angle Orthodontist, Vol 88, No 5, 2018

total upper airway was divided into three parts and their
volumes were calculated (Figures 1a and b): lower
nasopharynx volume (LNP), bounded superiorly by
ad2-PNS plane and inferiorly by ad1-PNS plane;
velopharynx volume (VLP), bounded superiorly by
ad1-PNS plane and inferiorly by T2-P3 plane; and
oropharynx volume (ORP), bounded superiorly by T2P3 plane and inferiorly by E1-E2 plane. Subsequently,
the total volume, bounded superiorly by ad2-PNS
plane and inferiorly by E1-E2 plane, was calculated
(TV).
Table 2. Airway Measurements
Description
ad2-PNS
ad1-PNS
T2-P3

E2-E1

Upper sagittal depth of the nasopharyngeal airway
Lower sagittal depth of the nasopharyngeal airway
Airway space measured from the dorsum of the
tongue to the posterior pharyngeal wall on the
bisected occlusal plane (OP)
Plane passing through E perpendicular to PRLa

a
PRL indicates line perpendicular to Frankfort horizontal plane
passing through porion.
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Table 3. Error of the Method (Double Measurements)a

ANB (8)
LNP (mm3)
VLP (mm3)
ORP (mm3)
TV (mm3)
a

Error

CoR

Paired t-test

0.46
148
390
314
706

0.95
0.98
0.88
0.94
0.92

0.94
0.86
0.39
0.25
0.35

Error indicates Dahlberg formula; CoR, coefficient of reliability.

Statistical Analysis
The statistical analysis was carried out using SPSS
(Version 13; SPSS, Chicago, Ill, USA). All measurements were performed by one operator (SI), who was
previously trained and calibrated to identify 3D
landmarks. Every DICOM file was anonymized and
the operator was blinded regarding the type of image
(Class II or Class I group, pre- or post-treatment). The
intra-examiner error was calculated based on double
measurements of 10 randomly selected cases at two
different times using Dahlberg’s formula.16 The coefficient of reliability, calculated as CoR ¼ 1  s2 / SD2 was
calculated and a paired t-test was performed on the
double measurements (Table 3). The data were
checked for normal distribution; as they were not
normally distributed, the intra group differences were
assessed by the Wilcoxon signed-rank test. To
compare intergroup differences, the Mann-Whitney
rank-sum test was used.
RESULTS
The calculation of the error of the method revealed
that the errors were small for all the measurements.
The coefficient of reliability was good for all measurements and no systematic error in measuring was
detected (Table 3).
Treatment time was significantly shorter (21.7 6 8.4
months) for the Functional appliance group compared
to the Class I group (29 6 8.5 months; P ¼ .03).
Functional appliances in the study group were distributed as follows: 8 Twin Block appliances and 12
modified monobloc activators. The pre- and posttreatment data for both groups are reported in Table
4, and the dental and skeletal treatment effects are
reported in Table 5. The total and partial airway

Figure 1. (a, b) Three-dimensional reconstruction of the skull and
airway volumes delimited by eight anteroposterior landmarks. Light
blue ¼ lower nasopharynx (LNP); red ¼ velopharynx (VLP); yellow ¼
oropharynx (ORP).

volumes (TV, LNP, VLP, and ORP) before and after
treatment as well as the changes during treatment for
both the Functional appliance and Class I groups are
reported in Table 6, and Figures 2a, 2b, and 3.

Table 4. Baseline Data and Post-treatment for Both Groups
Functional Appliance
Pre-tx
Overjet (mm)
ANB (8)
SNA (8)
SNB (8)
Palatal width (mm)

9.5
5.7
80.6
75.1
27.6

6
6
6
6
6

2.1
2.0
4.9
4.5
1.7

Post-tx
3.4
4.6
79.7
75.3
28.7

6
6
6
6
6

1.1
1.7
4.5
3.7
1.8

Class I

Difference
6.2
1.1
1.0
0.2
1.1

6
6
6
6
6

2.4
1.6
3.0
2.8
1.2

P Value
,.001
.009
n.s
n.s
,.001

Pre-tx
4.5
3.3
80.3
77.1
27.4

6
6
6
6
6

1.8
1.4
5.1
4.4
2.5

Post-tx
3.3
3.3
80.2
77.1
28.2

6
6
6
6
6

0.8
1.2
4.6
4.8
2.5

Difference
1.2
0.0
0.1
0.0
0.8

6
6
6
6
6

1.9
0.7
1.3
1.2
1.0

P Value
.002
n.s.
n.s.
n.s.
¼.005
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bite in maximal intercuspation, not to swallow and to
limit breathing during acquisition. The latter is quite
difficult to control, especially in children; this might
generate some inaccuracies when measuring the
airway size. Moreover, CBCT scans were taken in
the supine position. Although the upright position is
closer to the natural head position and recommended
for baseline assessment of upper airway morphology
and dimensions, CBCT acquisition in a supine position
is closer to sleeping position where a collapse of the
airway is more prone to occur, though it is known that
during sleep patients present different muscular tone
compared to when they are awake.13,15
When dealing with treatment effect in growing
patients, it is not easy to distinguish between changes
due to treatment alone and due to growth. One
possible way to solve this issue is to compare the
treatment outcome with a matched control group. As
this was a retrospective study based on CBCT scans,
the settings were different from the ideal study design:
a randomized control trial where the treatment effect
would be evaluated using subjects with the same
baseline characteristics, randomized into a treatment
and a control group. However, performing such a
randomized controlled trial raises ethical issues related
to leaving a group of skeletal Class II subjects
untreated for a long time, and with unnecessary
exposure to ionizing radiation.23 An alternative could
be the use of a Class II control group treated with Class
II non-compliance distalization or elastics. However,
there was not such a group of patients in the database,
having both CBCT data pre- and post-treatment. For
this reason, in the present study, treated Class I
patients with a similar age range as the Functional
appliance patients were used as controls. Although
growth patterns are not necessarily the same in Class I
and Class II patients, treated Class I patients were the
only ethically acceptable control group, as exposing
untreated Class II patients to CBCTs would not be
possible. Still, using orthodontically treated Class I
patients as controls, without treatment of the maxillamandibular relationship, would allow the evaluation of
the effect of growth alone. Thus, this treated control
group was considered as adequate to compare the

Table 5. Difference in Treatment Effects
Treatment Effect* Functional/Class I

Overjet (mm)
ANB (8)
SNA (8)
SNB (8)
Palatal width (mm)

Difference

P Value

5
1.1
0.9
0.2
0.3

,.001
.02
n.s.
n.s.
n.s.

* Treatment effect ¼ difference between pre-post-treatment
changes between groups.

DISCUSSION
The main purpose of this study was to assess with
CBCT the changes in upper airway characteristics in
children with Class II malocclusion after functional
appliance treatment. When evaluating the upper
airway, it was previously reported that the evaluation
of the smallest cross-section alone was very imprecise.11,17,18 Therefore, it was decided to look only at the
total and partial volume changes. This decision is
supported by the existence of a strong correlation
between the smallest cross-sectional area and the total
volume.11,19 However, it has been shown in a large
sample that a wide variability in airway volumes exists,
which was confirmed by the present study.15,20
Thresholding is a major issue when measuring the
upper airways on CBCTs. In the present study, a
manual threshold value was individually determined for
each CBCT scan: Though this is a time-consuming
approach, this method was judged to be the most
reproducible.11,20,21 This was also confirmed by the
present study, where a high intraobserver reliability
was observed. Moreover, the justification supporting
this decision was that automatic segmentation is a
notoriously difficult task to perform in computer
graphics, especially when the images are characterized by noise and poor voxel consistency, as is the
case with CBCT.20 Selecting voxels of a specific
density range will invariably ignore some voxels that
should be selected and include others that should not
be selected.20
The upper airway dimension has been reported to be
very dependent on head posture, mandibular position,
tongue position, and respiration phase during CBCT
acquisition.22 In this study, the patients were asked to

Table 6. Baseline Data of Airway Measurements and Difference in Treatment Effects*
Functional Appliance
Pre-tx
LNP (mm3)
VLP (mm3)
ORP (mm3)
TV (mm3)

1791
3725
4306
9822

6
6
6
6

888
876
2220
2660

Post-tx
2359
4580
5472
12411

6
6
6
6

1129
1239
2031
2976

Difference

P Value

568
855
1167
2590

,.001
.003
.002
,.001

* Tx effect ¼ difference between pre-post treatment changes between groups; n.s. indicates not statistically significant.
Angle Orthodontist, Vol 88, No 5, 2018
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Figure 2. Differences between pre- and post-treatment partial and total volumes. (a) the Functional appliance group and (b) the Control group.

changes of the volumes of the upper airway after
functional appliance treatment.24
Subjects from the Class I group received CBCTs for
oral surgery indications (ie, impacted teeth). This is in
agreement with the current diagnostic and treatment
planning indications for CBCTs at the Section of
Orthodontics, Department of Dentistry and Oral Health,
Aarhus University.14 By contrast, since the subjects in
the Functional appliance group had been treated
between 2008 and 2012, they were not subject to the
present CBCT indications, but to previous guidelines,
where functional appliance treatment was included as
an indication for taking CBCTs. However, since 2015,
according to the revised diagnostic and treatment
planning indications for CBCTs in the department
based on more recent evidence, functional appliance
treatment is no longer an indication for CBCT
imaging.14 Thus, currently it would not be possible to
acquire CBCT data for this type of study; this highlights
the relevance of the present retrospective study.
The Class I group was matching the Functional
appliance group for the baseline characteristics, yet the
treatment length was significantly longer in the Class I
group compared to the Functional appliance group.
The main reason was that some patients in the
Functional appliance group were treated only with a

functional appliance, whereas all of the patients in the
Class I group were treated with fixed appliances. This
slightly longer treatment time in the Class I group
probably gave room for more growth to happen, thus
possibly resulting in a larger airway volume after
treatment. Despite this, significantly larger airway
volumes in the oropharynx and in the total volume
were found in the Functional appliance group after
treatment.
Some of the functional appliances used in the study
had built-in expansion devices, which might cause
some skeletal palatal expansion. In order to evaluate
the expansion produced, the pre- and post-treatment
palatal dimensions were compared. Although a significant increase in palatal width in the Functional
appliance group was observed after treatment, when
this was compared to the Class I group, which did not
have any active expansion, no statistically significant
difference was found. This finding underlines the
importance of having a control group. By looking at
the Functional appliance group alone, one would
erroneously conclude that functional appliances have
a significant expansion effect on the palate. Yet, when
comparing this to the increase observed in the control
group, it is reasonable to believe that most of the
expansion was simply related to growth.

Table 6. Extended
Class I Group
Pre-tx
1443
2919
4231
8594

6
6
6
6

1014
1132
1330
2657

Post-tx
1715
3543
4465
9722

6
6
6
6

1156
1689
1823
3845

Tx Effect (Functional - Control)
Difference

P Value

Difference

P Value

271
624
234
1128

n.s
.04
n.s
n.s

297
231
933
1462

n.s
n.s
.022
.025
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er, advantages in terms of mandibular growth stimulation with one specific functional appliance rather than
another could not be confirmed by the literature.
Therefore, the variety of appliances used in the present
study should not affect the outcomes.27
CONCLUSIONS




An increase in oropharyngeal volume was found after
functional appliance treatment in Class II patients,
leading to an increase in total volume of the upper
airway.
However, the long-term effects of these changes
should be considered with caution since no evidence exists that this increase will be maintained
with time.

ACKNOWLEDGMENT
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