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Abstract
Objective To develop and compare pediatric upper airway three-dimensional normative values using the two most commonly 
used cone beam computed tomography (CBCT) software: Invivo5 (fixed threshold) and Dolphin 3D (interactive threshold).
Study design Out of 3738 CBCT scans, scans of 81 pediatric patients were utilized after applying strict exclusion criteria. 
The sample was grouped into two age groups (7–11 and 12–17 years). Intra-class correlation coefficient was used to test 
intra-rater and inter-rater reliability and showed coefficients greater than 0.9 indicating good reliability of the methods used.
Results Paired t tests showed that volumetric and area measurements obtained using Dolphin 3D were significantly larger 
than those obtained using Invivo5 (p < 0.05). The mean minimal cross-sectional areas (MCSA) for Dolphin 3D were 151 mm2 
and 177 mm2 for age groups 1 and 2, respectively. The mean MCSA values for Invivo5 for age groups 1 and 2 were 120 mm2 
and 145 mm2, respectively.
Conclusion Pediatric upper airway volumetric, area, and linear measurements were reported after applying strict exclusion 
criteria including a validated sleep questionnaire. Our goal is that clinicians utilize the proposed-here normative values for 
screening and assist in the timely diagnosis and management of pediatric sleep apnea.

Keywords Airway · CBCT · OSA · Sleep apnea · Adenoids

Introduction

Airway volume is increasingly of interest in the orthodontic 
field because it relates to craniofacial growth and develop-
ment and responses to orthodontic treatment [1, 2]. The 
prevalence of pediatric obstructive sleep apnea (OSA) is on 
the rise especially with the increase in childhood obesity [3]. 
Orthodontists are in a unique position to assess the upper 
airway. Since orthodontists acquire radiographic records and 
screen children on a daily basis, they can recognize individu-
als who are at risk of OSA [2, 3]. Finding screening tools 
for timely diagnosis and management of pediatric OSA is 
important and may prevent associated comorbidities [4].

Different three-dimensional (3D) imaging modalities 
are available to investigate airway morphology and the sur-
rounding soft tissues. This allows for the quantification of 
volumetric, area, and linear measurements [5]. Nowadays, 
the use of cone beam computed tomography (CBCT) is 
increasing in orthodontic practice due to its 3D diagnostic 
ability with the continued reduction in cost and radiation 
exposure [6].
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Several factors influence upper airway analysis when 
using CBCT; airway segmentation technique is one of these 
factors [7, 8]. During airway segmentation, an appropriate 
threshold value is selected, which controls the degree of 
airway filling. The threshold value can either be fixed or 
interactive. A fixed threshold technique uses one threshold 
value for all patients. This single threshold value can be 
determined either manually by the operator [7, 9], or auto-
matically by software algorithms [8]. On the other hand, an 
interactive threshold technique involves the operator choos-
ing a threshold value for each patient. This is based on visual 
inspection of the airway in all 3D views for that specific 
patient [8]. Weissheimer et al. showed a statistically signifi-
cant difference between measurements obtained using soft-
ware programs that use different threshold techniques [8].

When analyzing anatomical structures, it is necessary to 
have normative values to define a deviation and to distin-
guish abnormalities. To develop normative values, a rep-
resentative subgroup of the population should be selected 
[10]. Pediatric 3D upper airway normative values are lacking 
since most upper airway and sleep studies are conducted in 
adults [3]. The aims of this study were (1) to develop 3D 
upper airway normative values using two commonly used 
CBCT software in pediatric patients between the ages of 7 
and 17, and (2) to compare pediatric 3D upper airway nor-
mative values measured using CBCT software that employs 
a fixed threshold technique or an interactive threshold 
technique.

Materials and methods

The sample utilized in this retrospective study consisted of 
CBCT scans obtained from two private orthodontic offices 
in Green Bay, Wisconsin. The two offices were operated by 
the same clinician and the CBCT scans were taken as part 
of routine initial diagnostic records. The inclusion criteria 
were being between 7 and 17 years of age and being Cau-
casian. Exclusion criteria were as follows: (1) craniofacial 
anomalies, (2) previous orthodontic treatment of any kind, 
(3) history of tonsillectomy or adenoidectomy, (4) posterior 
cross-bite, (5) CBCT scans not showing porion or the root 
of clivus superiorly, or the base of the epiglottis inferiorly, 

(6) ANB angle > 4.9 or < 0, (7) Frankfort mandibular plane 
angle (FMA) < 20 or > 29.9, (8) obesity based on body mass 
index (BMI) z score > 2 [11], and (9) pediatric sleep ques-
tionnaire (PSQ) score of 8 and above [12]. The University 
of Illinois at Chicago institutional review board reviewed 
and approved the study. Of a total of 3738 patient records 
that were reviewed, 81 met the eligibility criteria and were 
analyzed. The scans were divided into two groups based on 
age (7–11 and 12–17 years of age) to reflect different stages 
of pubertal growth.

All scans were taken with the same machine (iCAT FLX; 
Imaging Sciences International, Hatfield, Pa) following a 
standardized protocol (120 kV, 18.54 mAs, 0.3 mm voxel, 
16 × 13 cm field of view, and 4.8–8.9 s scanning time). The 
machine has a chair and head support for scanning patients 
in an upright position. An incorporated mirror and a laser 
beam light are used to orient patients and ensure that the 
scan is obtained in natural head position. Also, patients were 
instructed to breathe lightly through the nose, rest the tongue 
in a relaxed position touching the upper front teeth, bite in 
maximum intercuspation which is an easily reproducible 
position for the mandible, avoid swallowing, and avoid any 
movement.

Two software programs were used to upload, re-orient, 
analyze, and obtain measurements. The first was Dolphin 3D 
(version 11.7, Dolphin Imaging, Chatsworth, CA), which 
employs an interactive threshold technique, and the second 
was Invivo5 (Version 5.4, Anatomage Inc, San Jose, CA), 
which employs a fixed threshold technique. Key differences 
between software programs are listed in Table 1. All meas-
urements were performed by a single examiner.

Dolphin 3D

In Dolphin 3D, the scans were uploaded and re-oriented 
to a modified Frankfort horizontal (FH) axial plane deter-
mined by three landmarks: right porion, right orbitale, and 
left orbitale and checked in three views similar to previ-
ous reports [7]. On the right sagittal view, the horizontal 
reference line passed through porion and the right orbitale. 
On the frontal view, the horizontal reference line passed 
through the right and left orbitale, and the vertical reference 
line passed though Nasion (N) and the anterior nasal spine 

Table 1  Key differences between dolphin 3D and Invivo5

Dolphin 3D Invivo5

Threshold Interactive threshold technique manually adjusted by the operator 
which can produce larger volumes (Weissheimer et al.)

Fixed threshold technique which makes identify-
ing the airway less time consuming

Airway segmentation Semi-automatic using borders and seed points Semi-automatic by placing points along the airway
Nasopharynx Bordered anteriorly by a coronal plane perpendicular to FH passing 

through PNS
Limited anteriorly by a plane extending from sella 

to PNS leading to a smaller NPV
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(ANS) perpendicular to the horizontal reference line. On 
the transverse view with the nose pointing downwards, the 
vertical reference line passed through crista galli and basion 
(BA) (Fig. 1).

Once the scans were re-oriented, the airway was defined. 
The airway was assessed from the root of the clivus supe-
riorly to the base of the epiglottis inferiorly, and from PNS 
anteriorly to the pharyngeal wall posteriorly and laterally. 
The airway was divided into three subregions: nasopharynx 

(NP), oropharynx (OP), and hypopharynx (HP). Table 2 and 
Fig. 2 show the technical limits for each subregion adopted 
from the limits proposed by Guijarro-Martinez and Swen-
nen [7]. The root of clivus was identified by the ventral end 
of the spheno-occipital synchondrosis. In younger subjects, 
when there was a gap at clivus, the lower margin of this gap 
was chosen.

Dolphin 3D uses semi-automatic segmentation, so after 
the technical limits were identified, a “seed” point was 

Fig. 1  Dolphin 3D skull orientation, right sagittal view (left), frontal view (middle), and transverse view (right). Images rendered using Dolphin 
(http://dolph inima ging.com)

Table 2  Dolphin 3D technical limits of each airway subregion

Subregion Limit Technical limit

All 3 subregions Anterior Coronal plane perpendicular to FH passing through PNS (sagittal view)
All 3 subregions Posterior Coronal plane perpendicular to FH passing through the superior posterior extremity of the odon-

toid process of the second cervical vertebra (C2sp) (sagittal view)
All 3 subregions Lateral Sagittal planes perpendicular to FH through lateral borders of lateral pterygoid plates (axial view)
Nasopharynx Upper Transverse plane parallel to FH passing through the root of clivus (sagittal view)

Lower Transverse plane parallel to FH passing through PNS (sagittal view)
Oropharynx Upper Transverse plane parallel to FH passing through PNS (sagittal view)

Lower Transverse plane parallel to FH passing through anterior inferior of body of C3 (sagittal view)
Hypopharynx Upper Transverse plane parallel to FH passing through anterior inferior of body of C3 (sagittal view)

Lower Transverse plane parallel to FH passing though base of the epiglottis (sagittal view)

Fig. 2  Dolphin 3D technical limits of the nasopharyngeal (left), oropharyngeal (middle), and hypopharyngeal (right) airway subregions used 
during three-dimensional airway analysis. Images rendered using Dolphin (http://dolph inima ging.com)

http://dolphinimaging.com
http://dolphinimaging.com
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placed to identify the airway. Additional seed points were 
placed as needed based upon visual inspection in the sagit-
tal, frontal, and transverse views. Regions that often needed 
additional seed points included the region of the nasal sep-
tum, the region anterior to the uvula, the epiglottis region, 
and the palatine tonsillar region if the tonsils were touching. 
An interactive thresholding technique was used with one 
threshold value assigned per subject. In an attempt to stand-
ardize airway sensitivity threshold values in 3D analysis, we 
decided to confine it to a range [7, 9]. The threshold value 
was kept between 40 and 80 selecting maximum airway 
volume yet limiting the noise (Fig. 3). To confirm that the 
appropriate sensitivity was selected, the primary investigator 
assessed airway slices in the sagittal, frontal, and transverse 
views. The threshold chosen in the nasopharynx was applied 
to the oropharynx and hypopharynx.

In terms of volumetric and area measurements, Dolphin 
3D calculated the nasopharyngeal volume (NPV), the oro-
pharyngeal volume (OPV), the oropharyngeal minimum 
cross-sectional area (OCSA), the hypopharyngeal volume 
(HPV), and the hypopharyngeal minimum cross-sectional 
area (HCSA). The minimum cross-sectional area was not 
calculated in the nasopharynx due to extreme variability and 
the fact that the nasopharynx looks like a pyramid rather 
than a tube. The total airway volume was calculated by add-
ing the NPV, OPV, and HPV. OCSA and HCSA were iden-
tified in the sagittal view. Superior and inferior limits were 
selected using two horizontal red lines, which were placed 
0.5 mm away from the upper and lower limits of the subre-
gion to avoid locating OCSA or HCSA at the limits which 
can cause errors (Fig. 4). Once the OCSA and HCSA were 
recorded, those 2 measurements were compared and the 
smaller of the two was deemed the minimum cross-sectional 
area (MCSA) and its location was recorded.

The sagittal and transverse dimensions of the MCSA 
were measured using the 2D line measuring function in the 
axial view. The sagittal 2D measuring line was defined by 
two points centered in MCSA transversely, one point ante-
riorly and one posteriorly. Care was taken to make sure this 

line was perpendicular to the coronal plane. The transverse 
2D measuring line was defined by 2 points centered in the 
MCSA sagitally, one point on the right border and another 
on the left. Care was taken to make sure this line was per-
pendicular to the sagittal 2D measuring line. Both dimen-
sions were recorded in millimeters by the software (Fig. 5). 
If there were 2 separate areas for the MCSA, one in front 
of the other, the sagittal dimensions of both areas were 
added but only the transverse dimension of larger area was 
recorded (Fig. 6). If the 2 separate areas for the MCSA were 
next to each other, side by side, the transverse dimensions 
of both areas were added but only the sagittal dimension of 
the larger area was recorded. 

Fig. 3  Dolphin 3D axial views showing underflow (left), overflow (middle) and adequate flow (right) during three-dimensional airway threshold 
selection. Images rendered using Dolphin (http://dolph inima ging.com)

Fig. 4  Dolphin 3D horizontal red lines placed 0.5 mm away from the 
superior and inferior limits of the oropharynx during oropharyngeal 
minimum cross-sectional area measurement. Images rendered using 
Dolphin (http://dolph inima ging.com)

http://dolphinimaging.com
http://dolphinimaging.com
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Finally, the total airway length was measured from the 
upper limit of the nasopharynx (the root of the clivus) to the 
base of the epiglottis in the sagittal view. Care was taken to 
make sure the 2D measuring line was made perpendicular to 

FH (Fig. 7). In some younger subjects, the lower border of 
the oropharynx (anterior inferior border of C3) was inferior 
to the base of the epiglottis. In those subjects, the lower 
border of the oropharynx was set at the base of the epiglot-
tis, where our airway analysis ended, and no hypopharyn-
geal measurements were performed nor were values given 
to HPV or HCSA (Fig. 8).

Invivo5

In Invivo5 the orientation technique was similar to that of 
Dolphin 3D (Fig. 9). For standardization, the default sagittal 
slice (50% clipping, Level/Brightness: 1650/0.00, Window/
Contrast: 3300/0.00) was used to perform all the measure-
ments in all scans. Unlike Dolphin 3D, no technical limits 
are needed to segment the airway, rather points are placed 
along the airway. These points form circular planes that act 
as limits to airway overflow superiorly and inferiorly. No 
threshold adjustment was used since Invivo5 employs a fixed 
threshold technique.

Similar to what was carried out in Dolphin 3D, the 
airway was divided into three subregions: NP, OP, and 
HP (Fig. 10). The NP limits were identified by placing 
points along the nasopharyngeal airway path. The first 
point formed a circular plane which acted as the anterior 
and superior limits of the nasopharynx. When placing 
this plane perpendicular to the modified FH axial plane, 

Fig. 5  Dolphin 3D axial view showing the sagittal and transverse 
dimensions of the minimum cross-sectional area. Image rendered 
using Dolphin (http://dolph inima ging.com)

Fig. 6  Dolphin 3D axial view showing the sagittal and transverse 
dimensions of the minimum cross-sectional area (MCSA) when there 
are 2 separate areas, one in front of the other. Image rendered using 
Dolphin (http://dolph inima ging.com)

Fig. 7  Dolphin 3D sagittal view showing the total airway length 
measured from the root of the clivus to the base of the epiglottis. 
Images rendered using Dolphin (http://dolph inima ging.com)

http://dolphinimaging.com
http://dolphinimaging.com
http://dolphinimaging.com
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unwanted overflow occurred to the nasal cavity and sur-
rounding areas which lead to an overestimation of the NPV 
(Fig. 11). To avoid such overestimation, this plane was 
rotated in a counterclockwise direction to extend from 
PNS to sella. This plane acted as the anterior superior 
limit of the NP. Other points were placed along the path 
of the nasopharynx with the last point forming a circular 
plane at the level of PNS parallel to the modified FH axial 
plane representing the inferior limit of the NP. The NPV 
was then automatically calculated. 

The OP limits were identified superiorly with a circu-
lar transverse plane parallel to the modified FH axial plane 
passing through PNS, and inferiorly with a circular trans-
verse plane parallel to the modified FH axial plane pass-
ing through the anterior inferior point of the body of C3. 
The HP limits were identified superiorly with a transverse 
circular plane parallel to the modified FH axial plane pass-
ing through the anterior inferior point of the body of C3, 
and inferiorly with a circular transverse plane parallel to the 
modified FH axial plane at the level of the base of the epi-
glottis. The software automatically calculated OPV, OCSA, 
HPV, and HCSA. Once the OCSA and HCSA were recorded, 
those 2 measurements were compared and the smaller of the 
two was deemed the MCSA and its location was recorded. 
The software also automatically calculated the sagittal and 
transverse dimension of each cross-sectional area by AP 
(anterior-posterior) and RL (right–left) lines which were 
perpendicular to each other (Fig. 12). Finally, the total air-
way length was measured on the default sagittal view, using 
a vertical line perpendicular to FH defined by two points 
extending from the root of clivus superiorly to the base of 
the epiglottis inferiorly (Fig. 13). 

Statistical analysis

IBM SPSS Statistics for Windows, version 22.0 (Armonk, 
NY: IBM Corp.) was used for statistical analysis. To test 
reliability of the measurements used, 10 scans were analyzed 
using both software programs and all measurements were 
registered. 2 weeks later, measurements were repeated under 
the same conditions by the primary investigator, to establish 
intra-rater reliability, and by a co-investigator, to establish 
inter-rater reliability. Intra-class correlation coefficient (ICC) 
was used to test reliability. The distribution of the raw data 
was investigated using Shapiro–Wilk test of normality. Most 
data were normally distributed (p > 0.05) and parametric 
tests were used. Statistics were performed for the two age 

Fig. 8  A young subject where the lower border of the oropharynx 
was more inferior to the base of the epiglottis. In this subject, the 
lower border of the oropharynx was set at the base of the epiglottis 
and no values were given to HPV or HCSA. Images rendered using 
Dolphin (http://dolph inima ging.com)

Fig. 9  Invivo5 skull orientation, right sagittal view (left), frontal view (middle), and transverse view (right). Images rendered using Anatom-
age—Invivo5 (anatomage.com)

http://dolphinimaging.com
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Fig. 10  Invivo5 airway subregions: nasopharynx (left), oropharynx (middle), and hypopharynx (right). Images rendered using Anatomage—
Invivo5 (anatomage.com)

Fig. 11  Invivo5 sagittal view 
showing unwanted overflow to 
the nasal cavity and surrounding 
areas, when the anterior limit 
of the nasopharynx is placed 
perpendicular to the modified 
Frankfort horizontal axial plane. 
Images rendered using Anatom-
age—Invivo5 (anatomage.com)

Fig. 12  Invivo5 view showing the sagittal and transverse dimensions 
of the minimum cross-sectional area by RL (right-left) and AP (ante-
rior-posterior) lines. Images rendered using Anatomage—Invivo5 
(anatomage.com)

Fig. 13  Invivo5 sagittal view showing the total airway length meas-
ured from the root of the clivus to the base of the epiglottis. Images 
rendered using Anatomage—Invivo5 (anatomage.com)
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groups separately to show the corresponding normative val-
ues. Paired t test was performed to test the mean difference 
between variables measured using Dolphin 3D and Invivo5. 
Pearson correlation was used to test the association between 
age and different variables. When evaluating the strength 
of correlation, the following classification was used: strong 
if 0.7 < Ι r Ι ≤ 1.0, moderate if 0.4 ≤ Ι r Ι ≤ 0.7, and weak if 
0.2 < Ι r Ι < 0.4. Statistical significance was set at α = 0.05.

Results

The total sample size was 81 subjects with a mean age of 
12.1 (± 2.6) years. In age group 1 (7–11 years), there were 
36 subjects with a mean age of 10.3 (± 1.3) years (12 males 
and 24 females), while in age group 2 (12–17 years) there 
were 45 subjects with a mean age of 14.1 (± 1.3) years (20 
males and 25 females). The mean PSQ score was 2.0 (± 1.8) 
positive answers, and the mean BMI z score was 0.5 (± 0.9). 
ICC was higher than 0.9 for all the variables with 95% con-
fidence intervals ranging from 0.80 to 0.99 for Dolphin 3D, 
and 0.632 to 0.99 for Invivo5 indicating good reliability of 
the methods used.

Dolphin 3D threshold values ranged from 40 to 60, 
with a mean of 47.00 (± 4.51). Tables 3 and 4 show nor-
mative upper airway values for both software programs for 
age groups 1 and 2, respectively. Results of paired t tests 
to compare between Dolphin 3D and Invivo5 mean values 
are shown in Table 5. MCSA locations were similar using 
both Dolphin 3D and Invivo5 software programs. MCSA 

was located in the oropharynx in 72 subjects (88.9%) and 
the hypopharynx in 9 subjects (11.1%). Correlation coeffi-
cients between age and different upper airway variables are 
displayed in Table 6.   

Discussion

According to Merriam-Webster Collegiate Dictionary, nor-
mality is defined as “a state or form conforming to natural 
order or law and having a typical structure”. In this study, 
with a total sample size of 81, we attempted to develop 
pediatric 3D normative values for upper airway evaluation 
using two CBCT software programs. The sample size when 
developing orthodontic normative values varies in the lit-
erature. Some of the most prominent analyses in the field 
of orthodontics belong to Steiner, Downs, Tweed, and Sas-
souni who used 1, 20, 95, and 100 subjects, respectively 
[10]. Aboudara et al. [13] and Kim et al. [14] evaluated 3D 
airway measures in pediatric subjects with normal skele-
tal patterns using sample sizes of 11 and 14, respectively. 
Schendel et al. used a larger sample size with 474 subjects 
under the age of 20 years. However, they did not include the 
nasopharynx in their analysis [15]. The nasopharynx is very 
important to consider in children where adenotonsillectomy 
is often recommended as the first line of treatment [3, 16]. 
Additionally, none of above-mentioned pediatric 3D airway 
studies used a method to exclude sleep-disordered breathing 
such as a sleep study or a sleep questionnaire as was used in 

Table 3  Normative upper airway values for age group 1 (7–11 years)

NPV nasopharyngeal airway volume  (mm3), OPV oropharyngeal airway volume  (mm3), HPV hypopharyngeal airway volume  (mm3), Total-V 
total airway volume  (mm3), OCSA oropharyngeal minimum cross-sectional area  (mm2), HCSA hypopharyngeal minimum cross-sectional area 
 (mm2), MCSA minimum cross-sectional area of all 3 subregions  (mm2), MCSA-AP antero-posterior dimension of MCSA (mm), MCSA-T trans-
verse dimension of MCSA (mm), Total-L total airway length (mm)

Variables N Dolphin  3D® N Invivo5®

Min Max M SD Min Max M SD

Volume
 NPV  (mm3) 36 910.9 6219.7 3723.41 1266.79 36 700 6200 2961.11 1245.17
 OPV  (mm3) 36 3898.7 19,836.1 10,649.93 4012.61 36 2900 17,300 9191.67 3642.71
 HPV  (mm3) 14 310.1 3961.1 1270.35 872.99 12 300 1100 758.33 271.22
 Total-V  (mm3) 36 4809.6 25,613.3 14,867.36 4787.59 36 5300 21,900 12,058.68 4187.81

Area
 OCSA  (mm2) 36 27.2 327.2 153.18 75.89 36 16.2 238.3 122.74 63.99
 HCSA  (mm2) 14 94.9 299.8 157.11 62.70 8 47 154.5 98.99 42.80
 MCSA  (mm2) 36 27.2 299.8 151.17 74.69 36 16.2 238.3 119.50 63.91

Linear
 MCSA-AP (mm) 36 2.7 16.3 7.98 3.43 36 2.3 13 8.4 2.63
 MCSA-T (mm) 36 7 30.4 18.76 6.19 36 8.3 31.6 20.93 6.35
 Total-L (mm) 36 45.5 75.1 61.82 6.46 36 44.45 74.16 62.39 6.59
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the present study. Certainly using a sleep study would have 
been the gold standard but it would be very costly.

Tables 3 and 4 show that values were larger in age 
group 2 compared to age group 1. Additionally, Table 6 
shows statistically significant correlations between 
almost all measurements and age. The findings confirm 

what has been reported by Schendel et al. that airway size 
and length continue to increase until the age of 20 [15]. 
Authors have stated that during growth spurts, faces grow 
vertically, and the pharyngeal airway increases in the verti-
cal dimension [17]. In Table 6, the total airway length had 

Table 4  Normative upper airway values for age group 2 (12–17 years)

NPV nasopharyngeal airway volume  (mm3), OPV oropharyngeal airway volume  (mm3), HPV hypopharyngeal airway volume  (mm3), Total-V 
total airway volume  (mm3), OCSA oropharyngeal minimum cross-sectional area  (mm2), HCSA hypopharyngeal minimum cross-sectional area 
 (mm2), MCSA minimum cross-sectional area of all 3 subregions  (mm2), MCSA-AP antero-posterior dimension of MCSA (mm), MCSA-T trans-
verse dimension of MCSA (mm), Total-L total airway length (mm)

Variables N Dolphin  3D® N Invivo5®

Min Max M SD Min Max M SD

Volume
 NPV  (mm3) 45 684.8 10,582.2 5061.64 1970.76 45 1700 9600 4368.89 1822.94
 OPV  (mm3) 45 6118.4 30,813.4 14,175.89 6202.57 45 4900 30,000 12,573.33 6091.67
 HPV  (mm3) 29 382.5 4718.1 2092.13 1211.95 28 300 3700 1750 973.92
 Total-V  (mm3) 45 9498.9 43,965.7 20,585.79 7766.97 45 8000 40,000 18,031.11 7349.30

Area
 OCSA  (mm2) 45 74.3 480 181.69 100.16 45 39.5 364.1 149.51 78.65
 HCSA  (mm2) 29 67.5 513.1 226.52 111.92 22 41.1 439.4 192.11 98.48
 MCSA  (mm2) 45 67.5 480 177.23 99.60 45 39.5 364.1 144.79 78.43

Linear
 MCSA-AP (mm) 45 2.8 15.5 8.03 3.18 45 4.5 20 8.55 2.72
 MCSA-T (mm) 45 10.6 36.8 22.16 6.31 45 10.5 41.1 23.17 7.52
 Total-L (mm) 45 57 88.2 73.92 7.36 45 58.24 89.37 74.26 7.58

Table 5  Comparison of 
volumetric, area and linear 
measurements in Dolphin  3D® 
and  Invivo5®

*Significant at p ≤ 0.05
1 Dolphin  3D®; 2  Invivo5®

NPV nasopharyngeal airway volume  (mm3), OPV oropharyngeal airway volume  (mm3), HPV hypopharyn-
geal airway volume  (mm3), Total-V total airway volume  (mm3), OCSA oropharyngeal minimum cross-sec-
tional area  (mm2), HCSA hypopharyngeal minimum cross-sectional area  (mm2), MCSA minimum cross-
sectional area of all 3 subregions  (mm2), MCSA-AP antero-posterior dimension of MCSA (mm), MCSA-T 
transverse dimension of MCSA (mm), Total-L total airway length (mm)

Paired variables Paired differences Paired t test

Mean dif SD SE of mean 95% confidence 
interval of the 
difference

t df P value

Lower Upper

NPV–NPV2  (mm3) 723.66 702.38 78.04 568.35 878.97 9.27 80 0.000*
OPV–OPV2  (mm3) 1538.43 1319.26 146.58 1246.72 1830.14 10.50 80 0.000*
HPV–HPV2  (mm3) 363.55 681.15 106.38 148.50 578.54 2.42 40 0.001*
Total-V1–Total-V2  (mm3) 2667.57 2117.37 235.26 2199.38 3135.76 11.34 80 0.000*
OCSA–OCSA2  (mm2) 31.41 35.67 3.96 23.52 39.30 7.93 80 0.000*
HCSA–HCSA2  (mm2) 70.25 80.22 13.01 43.88 96.62 5.40 37 0.000*
MCSA–MCSA2  (mm2) 32.10 34.09 3.79 24.56 39.64 8.48 80 0.000*
MCSA-AP–MCSAAP2 (mm) − 0.48 2.30 0.26 − 0.98 0.03 − 1.86 80 0.066
MCSA-T–MCSAT2 (mm) − 1.53 5.14 0.57 − 2.66 − 0.39 − 2.67 80 0.009*
Total-L1–Total-L2 (mm) − 0.45 2.23 0.25 − 0.94 0.05 − 1.81 80 0.075
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the highest correlation coefficient (Dolphin 3D, r = 0.703; 
Invivo5, r = 0.683) which is in line with this statement.

A previous study showed an underestimation of the air-
way volume when both fixed and interactive threshold tech-
niques were used compared to the actual physical volume of 
the oropharynx acrylic phantom which was considered the 
gold standard. However, software programs with an interac-
tive threshold, i.e., Dolphin 3D, had a smaller error differ-
ence and larger volumes compared with software programs 
that used fixed threshold, i.e., Invivo5 [8]. Similarly, in our 
study, Table 5 shows a statistically significant difference in 
all volumetric and area measurements between Dolphin 3D 
and Invivo5, with larger measurements produced by Dolphin 
3D. Interactive threshold was used in Dolphin 3D and the 
operator manually increased the threshold to include all air-
way extensions yet limiting the noise. Accordingly, a linear 
measurement not dependent on threshold (i.e., total airway 
length) would not be expected to show significant difference 
between the two software programs which was the case as 
can be seen in Table 5 (p = 0.075).

Many researchers choose to exclude the NPV from their 
analysis due to its complexity [3, 15]. The NPV might not 
be critical in adults but, as previously mentioned, is very 
much so in children. Unlike Dolphin 3D, Invivo5 does not 
allow drawing borders. This led to overflow and overesti-
mation of NPV when using Invivo5 with the same limits as 
Dolphin 3D (Fig. 11). To overcome this issue, a different 
anterior limit was used for Invivo5 (Table 1) which evi-
dently produced a smaller NPV with Invivo5. Moreover, 
because of the difference in the anterior limit we could not 

properly compare our Invivo5 NPV values to other values 
in the literature. Finally, because of the pyramidal shape of 
the nasopharynx, the cross-sectional area was not recorded 
in this subregion.

Three-dimensional airway analysis using CBCT 
requires a large field of view. This exposes the patient to 
more radiation compared to the more conventional, yet 
limited, 2D airway analysis using cephalometric images. 
This might be the reason why the literature lacks 3D air-
way studies in children especially with regard to normative 
values [3]. Nonetheless, Kim et al. calculated the NPV in 
14 skeletal class I patients with a mean age of 11 years and 
found an NPV of 2620.8 mm3 [14]. The mean NPV when 
using Dolphin 3D in the current study for age group 1 was 
larger at 3723.4 mm3. Aboudara et al. measured the NPV 
in 11 normal children with a mean age of 12.63 years. 
They reported a mean NPV of 3845.9 mm3 [13]. The mean 
NPV when using Dolphin 3D in the current study for age 
group 2 was also larger at 5061.6 mm3. It is important to 
note that no sleep questionnaire or sleep study was used 
in both studies and some of these patients may have had 
symptoms or even undiagnosed OSA.

Li et al. reported a statistically significant yet weak 
correlation between the MCSA in adults and the respira-
tory disturbance index [18]. Ogawa et al. and Avarhami 
and Englender measured the MCSA in non-OSA adults 
documented by a sleep study and reported averages of 
147 mm2 and 174 mm2, respectively [19, 20]. Schendel 
et al. measured the MCSA in normal children, but as previ-
ously mentioned no sleep study or sleep questionnaire was 
used to rule out sleep-disordered breathing. They reported 
an MCSA of 83 mm2 for subjects aged 6–11 and an MCSA 
of 149 mm2 for subjects aged 12–17. Furthermore, they 
reported little to no change in the MCSA after the age of 
14 until the age of 40 [15]. In the present study, a sleep 
questionnaire was used in an attempt to rule out sleep-
disordered breathing. The mean MCSA for Dolphin 3D 
was 151 mm2 and 177 mm2 for age groups 1 and 2, respec-
tively. The mean MCSA for Invivo5, respectively, for age 
groups 1 and 2 was 120 mm2 and 145 mm2. From the 
above, we can infer that the MCSA in pediatric subjects, 
especially in age group 2, is not very different from what 
has been reported in non-OSA adults.

In adults, measurements for MCSA in OSA patients 
have been published but not for NPV. To our knowledge, 
measurements for MCSA or NPV do not exist for pediat-
ric patients with OSA. In the present study, we propose 3D 
normative values for pediatric patients and a future study 
should evaluate these 3D upper airway measures in pediatric 
patients with OSA. Such a study might help validate the use 
of CBCT for OSA screening in pediatric patients, especially 
those who already have CBCT scans taken for other pur-
poses such as orthodontic treatment.

Table 6  Correlation between age and different variables

*Significant at p ≤ 0.05
NPV nasopharyngeal airway volume  (mm3), OPV oropharyngeal 
airway volume  (mm3), HPV hypopharyngeal airway volume  (mm3), 
Total-V total airway volume  (mm3), MCSA minimum cross-sectional 
area of all 3 subregions  (mm2), MCSA-AP antero-posterior dimen-
sion of MCSA (mm), MCSA-T transverse dimension of MCSA (mm), 
Total-L total airway length (mm)

Bivariate correla-
tions

Dolphin  3D® Invivo5®

Correlation 
coefficient 
(r)

p value Correlation 
coefficient 
(r)

p value

Age–threshold − 0.276 0.013* N/A
Age–NPV 0.451 < 0.001* 0.478 < 0.001*
Age–OPV 0.424 < 0.001* 0.415 < 0.001*
Age–HPV 0.359 0.018* 0.503 < 0.001*
Age–Total-V 0.506 < 0.001* 0.519 < 0.001*
Age–MCSA 0.278 0.012* 0.256 0.021*
Age–MCSA-AP 0.095 0.397 0.090 0.425
Age–MCSA-T 0.378 < 0.001* 0.208 0.063
Age–Total-L 0.703 < 0.001* 0.683 < 0.001*
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Conclusion

Pediatric upper airway volumetric, area, and linear measure-
ments were reported after applying strict exclusion criteria 
including a validated sleep questionnaire. Comparing the 
two CBCT software programs, volumetric and area meas-
urements were significantly larger when using an interac-
tive threshold technique used in Dolphin 3D compared to 
a fixed threshold technique used in Inivo5. Our goal is that 
clinicians utilize the proposed-here upper airway normative 
values for screening and assist in the timely diagnosis and 
management of pediatric sleep apnea.
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