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Craniofacial morphology/phenotypes 
influence on mandibular range of movement 
in the design of a mandibular advancement 
device
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Abstract 

Background:  The mandibular opening path movements have different directions according to the craniofacial mor‑
phology of the patient but always downward and backward, therefore increasing the collapse of the upper airway. 
The aim of this work is to determine if there is a relationship between the craniofacial morphology and the mandibu‑
lar movement to help understand the impact on the mandibular position.

Methods:  52 students with full permanent dentition aged 19 to 23 years (mean 21.3 SD 1.7; 29 females and 23 
males), participated in the study. Each subject had a lateral cephalometric radiograph taken. The opening angle was 
determined for two levels of vertical openings at 5 and 10 mm.

Results:  The opening angle showed a greater variability between subjects ranging from 63.15 to 77.08 for 5 mm 
angle and from for 61.65 to 75.72 for the 10 mm angle. Differences of facial phenotypes was evident when comparing 
the individual dissoccluding angle of the low angle horizontal pattern and high angle vertical pattern.

Conclusions:  The opening angle is related to craniofacial morphology with higher vertical anterior and shorter anter‑
oposterior faces having a more horizontal path of mandibular movement than shorter vertical anterior and longer 
anteroposterior subjects who have a more vertical path.

Keywords:  Obstructive sleep apnea, Mandibular advancement device, Oral appliance design, Mandibular position, 
Vertical opening
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Background
Obstructive sleep apnea (OSA) is an important health 
problem, which has the presence of repeated episodes 
of a partial (hypopnea) or complete (apnea) collapse of 
the upper airway [1]. The consequences are fragmenta-
tion of sleep structure, a decrease in oxygen saturation 
and an increase in blood pressure [2]. The arousals and 

the nocturnal hypoxemia can lead to excessive daytime 
sleepiness, loss of concentration and hypertension [3, 4].

One treatment option for OSA is the use of a mandib-
ular advancement device (MAD) [1, 5]. MADs keep the 
mandible in a protruded position during sleep increasing 
the width of the airway and reducing its collapsibility [6]. 
Even though there are conflicting reports on the success 
rate of these appliances [1, 7], MADs have been reported 
to be an alternative treatment to CPAP in moderate to 
severe OSA cases [6, 8].

The human jaw/mandible has a specific motion that 
depends on the temporomandibular joints, which are the 
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most sophisticated joints in the human body with three 
rotational and three translational degrees of freedom. 
These movements can be followed by observing the lower 
central incisor. The border movements of the incisal 
edge of the lower incisor describe an area or envelope 
called border movement area or Posselt diagram [9, 10]. 
Within this area, we can find all the possible positions of 
this structure in the mandible. Little attention has been 
given to the large variation of craniofacial morphology 
and its impact on the mandibular motion characteristics 
(magnitude and direction) [9, 11, 12] and in particular to 
the use of MAD [13]. The mandible always retrudes by 
postero-rotation during aperture, but depending on the 
craniofacial morphology, it will present different degrees 
of retrusion [9]. The mandible in a more retruded posi-
tion in a sleep apnea patient might increase the severity 
of the apnea [14].

It is important to know the position of the mandible at 
two different moments with MAD: Starting Position (SP) 
and mandibular movements when the patient is asleep. A 
MAD is constructed with a SP placing the mandible with 
a determined range of advancement (50–75% of maxi-
mum protrusion) and vertical openings (2–6  mm) [15]. 
After the MAD is in place at the SP, we must consider the 
mandibular movements allowed by the appliance; lateral, 
anteroposterior and vertical (opening). The opening path 
movements have different directions according to the 
craniofacial morphology of the patient [9] but they are 
always downward and backward, therefore increasing the 
collapse of the upper airway [16]. All these movements 
can be visualized within the border movement area in 
order to ensure the desired advance of the mandible with 
the MAD. Thus, the aim of this study is to determine if 
there is a relationship between the different craniofacial 
morphologies/phenotypes and mandibular movement.

Methods
Fifty-two dentistry students, at the Universidad Alfonso 
X Madrid, 29 females and 23 males, 19 to 23  years old 
(mean age 21.3 SD 1.7) agreed to participate in this study. 
Sample size was selected according to a similar previous 
study [9]. All subjects were asymptomatic for temporo-
mandibular disorders, according to the Research Diag-
nostic Criteria/ Temporomandibular Disorders RDC/
TMD, RDC /TMD [17]. The ethical review board of Uni-
versidad Alfonso X Madrid UAX approved this study 
UAX-2016–021. All patients had full permanent denti-
tion up to the second molar with no previous maxillofa-
cial surgery or TMJ symptomology.

Lateral cephalometric radiograph were done for each 
participant at the start of the study with profile and fron-
tal extraoral photos. The Kinovea software (Kinovea, 
France) was used to trace landmarks on the lateral 

cephalograms. For each landmark, X and Y coordinates 
were determined with the reference at the posterior nasal 
spine (PNS) and using the plane anterior nasal spine 
(ANS) to PNS. Angles and distances were measured and 
placed in an excel worksheet. The landmarks with their 
respective definitions are listed in Table 1. Figure 1 illus-
trates a lateral cephalometric radiograph with landmarks. 
Distances and angles measured on each radiograph are 
listed in Table 2. Radiographs and measurement of maxi-
mum retrusión and protrusion were taken with partici-
pants’ head with Frankfurt plane parallel to the floor.

When taking measurements patients were asked to sit 
straight in the dental chair. The absolute range of maxi-
mal mandibular protrusion and retrusion was measured 
(in mm) using the George Gauge (Great Lakes Ortho-
dontics, Ltd., New York, USA) with a 2 mm interincisal 
vertical opening bite fork [13]. The principal investigator 
asked the patient to protrude and retrude for three times 
and took measurements of the maximum protrusion 
and maximum retrusion (Fig. 2). A simplified kinematic 
border movement model of the mandible in the sagittal 
plane was used to determine the Posselt diagram. Using 
the cephalometric radiograph a simplification of the Pos-
selt diagram was calculated [18].

The protrusion upper border was determined on the 
radiograph with the maximum retrusion (Fig.  2 point 
1) and maximum protrusion (Fig.  2 point 2) measure-
ments taken with the George Gauge. Once the position 
of the incisors is found, the condyle position at maximum 
advancement and retrusion is calculated considering its 
initial position in the radiograph and the morphology of 
the glenoid fossa (Fig. 3).

The next step was to calculate the curved posterior 
border in the first phase of the condyle rotation up to 
25  mm opening (Fig.  2 points 1–3) [10]. The rotational 
movement of the mandible in its hinge in the center of 
the condyles is represented as an arch. The center of the 
arch is located in the condyle (landmark Co) and having 
the curve pass through the lower incisor through the line 
that connects the condyle and the lower incisor (Co-II).

Once landmark 3 (Fig. 2 point 3) is reached, the con-
dyle moves through the glenoid fossa until the lower 
central incisors reach the maximum opening of 50  mm 
(Fig. 2 point 4).

The anterior curve of the diagram was drawn by an 
arch passing by points 2 and 4 (Fig. 2) with the radius at 
the condyle at maximum advancement. Figure  2 shows 
the resulting Posselt diagram where the shadowed area 
represents the region where the central lower incisors 
can be placed.

Once the diagrams were obtained, the disocclusion 
angle was calculated. (Fig. 4) The disocclusion angle has 
its vertex at the border of the lower central incisors and 
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one side is parallel to the occlusal plane. The other side 
is formed from the border of the central lower incisors to 
a point that crosses the rotational curve of the mandible 
at the 5 mm opening. The same was done for the 10 mm 
opening. The disocclusion angle allows us to compare/
obtain the differences in the direction of the mandibu-
lar movement between subjects at the curved posterior 
border in the first phase of condyle rotation of the Posselt 
diagram (Fig. 5).

To calculate reliability and measurement error of the 
structures and measurements obtained, ten radiographs 
were randomly selected and landmarked three times 
leaving one week in between trials. Interclass Correlation 
Coefficient was used to calculate the reliability as well as 
the measurement error for each landmark in each coor-
dinate (Table 3). The statistical analysis included descrip-
tive statistics, ANOVA and paired t-test using SPSS 
(version 24, IBM, Armonk, NY, USA). Paired sample test 

Table 1  Cephalometric landmarks used in the study

Cephalometric landmarks used in the study are shown in the figure.

Landmark Definition

6s Mesiobuccal cusp of the upper first molar

A-point (A) Deepest point of the maxillary base between the anterior nasal spine and the alveolar crest

Anterior Nasal Spine (ANS) Tip of the anterior nasal spine

B-Point (B) Deepest point in the concavity of the anterior border of the symphysis

Border movement 1 (Bm1) Maximum retrusion point at maximum retrusion value with the George Gauge at parallel line from occlusal plane 
and 2 mm opening from incisal edge of upper incisor

Border movement 2 (Bm2) Maximum protrusion point at maximum protrusion value with George Gauge at parallel line from occlusal plane 
and 2 mm opening from incisal edge of upper incisor

Border movement 3 (Bm3) Rotational posterior point at 25 mm of vertical opening

Border movement 4 (Bm4) Maximum opening point at 50 mm

Cervical vertebra (C1) The most anterior point on the corpus of the first cervical vertebra

Cervical vertebra (C2) The most anterior-inferior point on the corpus of the second cervical vertebra

Cervical vertebra (C3) The most anterior-inferior point on the corpus of the third cervical vertebra

Cervical vertebra (C4) The most anterior-inferior point on the corpus of the fourth cervical vertebra

Condyle (Co) The center point of the condyle

Condyle posterior (Cp) The most posterior posterior point of the condyle

Condyle superior (Cs) The most posterior superior point of the condyle

Condyle anterior (Ca) The most anterior superior point of the condyle

Eminence (E) The most inferior point of the articular eminence

Fossa (F) The most superior point of the glenoid fossa

Geni apophyse (Ge) The most posterior point of the apophyse geni

Gnathion(Gn) Midpoint between the most anterior and inferior point on the bony chin

Gonion (Go) The most convex point where the posterior and inferior curves of the ascending ramus meet each other

Incisor superior (IS) The most inferior anterior point of the incisal edge of the maxillary incisor

Incisor inferior (II) The most superior anterior point of the incisal edge of the mandibular incisor

Mandibular Incisor Edge (II) Tip of the mandibular central incisor

Maxillary Incisor Edge (IS) Tip of the maxillary central incisor

Menton (Me) Most inferior point of the symphysis

Nasion (N) Most anterior superior point at the intersection of the nasal bone and the nasofrontal suture in the midsagittal plane

Orbitale (Or) Most inferior point of outer border of the orbital cavity

Pogonion (Pog) Most anterior point on the midsagittal symphysis

Porion (Po) Most superior point of the external auditory canal

Posterior Nasal Spine (PNS) Tip of the posterior spine of the palatine bone

Retrusion opening point

5 mm (R5) Point on line parallel to maxillary occlusal plane at 5 mm and crossing arch with center on Co and radius on II

Retrusion opening point

10 mm (R10) Point on line parallel to maxillary occlusal plane at 10 mm and crossing arch with center on Co and radius on II

Sella (S) Center of sella turcica
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and Pearson correlation were used to compare findings 
with respect to each disocclusion angle of 5 and 10 mm 
(more significant results shown in Table  4). Descriptive 
Statistics and Multiple Comparisons analysis was used 
to verify difference between the three different groups 
(hypodivergent, normodivergent and hyperdivergent).
(Table 5).

Results
Reliability of cephalometric landmarks was measured 
on 10 random patients for three times for both x and y 
axis (Table 3). All landmarks presented excellent reliabil-
ity values with the lowest landmark being 0.97 (CI 95% 
0.94; 0.99) in the A point y-axis. It is worth noting the 
landmark PNS presented very low reliability but when 
reviewing the measurement error, these were on aver-
age 0.04  mm in both axes. The highest measurement 
error was found in landmark Me with 1.94  mm ± 1.05 
in the x-axis. The majority of landmarks had an average 
of < 1 mm error in all coordinates.

Once reliability was determined, all the cephalograms 
were landmarked and measured. The cephalometric 
analysis principal vertical and horizontal measurements 
are shown in Table 4, and the Descriptive Statistics and 
Multiple Comparisons analysis between the three differ-
ent groups (hypodivergent, normodivergent and hyperdi-
vergent) in Table 5.

The range of the mandibular disoccluding angle or 
opening angle was determined for the two degrees of 

vertical openings at 5 and 10 mm. The disoccluding angle 
showed a greater interindividual variability from 63.15 
to 77.08 with a mean value of 70.42 and standard devi-
ation 3.06 for the angle at 5 mm and for 61.65 to 75.72 
with a mean value of 68.90 and standard deviation 3.07 
for the angle at 10  mm. The amount of retrusion for a 
63º angle with an opening of 5 mm is 2.55 mm and for 
an angle of 77º is 1.15 mm. The same happens when the 
opening is 10 mm where the retrusion with an angle of 
75º is 2.68  mm and with 61º is 5.54  mm. The opening 
angle was similar (p > 0.05) between males (70.04) and 
females (70.71) for the angle at 5 mm and males (68.55) 
and females (69.16) for the angle at 10 mm. The sample 
was grouped based on their measurements into hypodi-
vergent (disoccluding angle < 68; 10 subjects), normodi-
vergent (68 ≤ and < 71; 25 subjects) and hyperdivergent 
(≥ 71; 17 subjects).

The value of normodivergent, from 68 to 71 for the 
disoccluding angle, was taken and a retrusion of 2  mm 
(1.80–2.2  mm) at a vertical increase of 5  mm was con-
sidered normal. The disoccluding angle showed a high 

Fig. 1  Cephalometric landmarks. Shows cephalometric radiography 
with landmarks as described in Table 1

Table 2  Measurements

Detailed description of the measurements used in the study.

Measurement Definition

Angles

 SNNA Angle formed by the planes S–N and N-A

 SNNB Angle formed by the planes S–N and N-B

 NANB Angle formed by the planes N-A and N-B

 SNGoMe Angle formed by the planes S–N and 
Go-Me

 SNSGe Angle formed by the planes S–N and S-Ge

 SNSGn Angle formed by the planes S–N and S-Gn

Vertical distances

 NENA Distance from N to ENA

 ENAMe Distance from ENA to Me

 NMe Distance from N to Me

 SGo Distance from S to Go

 ENPS Distance from S to ENP

 ENPGo Distance from ENP to Go

Horizontal distances

 CoA Distance from Co to A

 CoGn Distance from Co to Gn

 CoGo Distance from Co to Go

 GoGn Distance from Go to Gn

 GoMe Distance from Go to Me

Especial measurements

 Disoccluding angle 5 mm Angle formed by parallel line to occlusal 
maxillary plane crossing point II and line 
from II to R5

 Disoccluding angle10 mm Angle formed by parallel line to occlusal 
maxillary plane crossing point II and line 
from II to R10
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significant correlation (p < 0.001) with ANB angle, Frank-
fort-Maxillary occlusal angle and Bmi-Maxillary occlusal 
angle. It was found that shorter mandibles and condyles 
in a higher position had smaller angle values and there-
fore a greater horizontal opening pattern. (Table 5).

Differences of facial morphologies/phenotypes were 
evident when analyzing the individual opening angle of 
the high horizontal pattern and the low vertical pattern. 
(Fig. 5).

Discussion
The physiological position of the mandible during sleep 
is slightly opened (1–5) mm and in patients with OSA 
is opened more than 5  mm and can reach up to 10 or 
15  mm [19, 20]. The opening of the mandible induces 
mandibular retrusion, which is associated with an 
increase in collapsibility of the upper airway [21] and the 
reduction of the efficacy of the MAD [22]. Following this 
though, this study wanted to analyze the different open-
ing movement paths and their impact on the mandibular 

position according to the craniofacial morphology of the 
patient.

During normal sleep, the mouth is in a position known 
as the mandibular rest position or freeway space. The 
freeway space is described as the space between the max-
illary and mandibular occlusal surfaces when the mandi-
ble is in the rest position and should be 1–5 mm [23], an 
opening of up to 5 mm for 88.9% of total sleep time [19]. 
Increasing oscillating lowering movements of the man-
dible in response to the airway collapse during obstruc-
tive apnea have been described [24–26]. In patients with 
OSA, the mouth opening is greater than 5 mm for 69.3% 
of total sleep time [26]. A common pattern characterized 
by a gradual opening followed by a quick closure of the 
mouth, generally after an arousal, has been described in 
normal patients and patients with OSA [19, 24, 26]. For 
this reason the disoccluding angle of 5  mm that meas-
ures the normal opening in healthy patients and 10 mm 
that measures the opening in patients with OSA were 
obtained. The mandibular position and related struc-
tures are influenced by and participate in patency of 
the pharynx and the complex mechanisms that lead to 
obstruction of the upper airway [16]. Mandible opening 

Fig. 2  Construction of border movement area. The protrusion upper 
border was determined on the radiograph using the measurement 
maximum retrusion (point 1) and maximum protrusion (point 2). The 
curved posterior border in the first phase of the condyle rotation up 
to 25 mm opening (red area of arch) (points 1–3), and then rotation 
and translation up to 50 mm opening (points 3–4). The anterior curve 
of the diagram an arch passing by points 2 and 4 (Fig. 2) with radius 
at the condyle at maximum advancement. The final simplified border 
movement area is shown in yellow

Fig. 3  Condyle position at maximum retrusion and advancement. 
The condyle position at maximum advancement (blue arch) and 
retrusion (red arch) calculated considering the initial position of it in 
the radiograph and the morphology of the glenoid fossa
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during sleep causes mandibular posterior rotation [27] 
and is associated with a reduced cross-sectional area 
of the lumen [16], reduced mechanical efficiency of the 
pharyngeal dilator muscles [24] and increased resist-
ance and collapsibility of the upper airway [14, 21, 28]. 
All of which may contribute to sleep-related breathing 
abnormalities.

The findings of the present study show/suggest that 
the slope or angle of the mandibular movements are 

related to the craniofacial morphology with higher ver-
tical anterior and shorter anteroposterior faces with a 
more horizontal path of mandibular movements than 
shorter vertical anterior and longer anteroposterior 
subjects who have a more vertical path (Fig. 5). For an 
opening of 5  mm with an angle of 77º, the mandible 
retrudes 1.15 mm and with an angle of 63º is 2.55 mm. 
This is double for the same amount of opening at 5 mm. 
A similar scenario is present at the 10  mm opening 
where the retrusion at an angle of 75º is of 2.68 mm and 
at 61º is 5.54 mm which is close to a 3 mm difference.

Our results are similar to L’Estrange et al. [29] where 
they found a smaller effect on the oropharynx in sub-
jects who had a reduced lower facial height. They found 
that in these cases, maximal mandibular protrusion had 
a minimal increase of vertical opening and the mandib-
ular symphysis was further forward in relation to the 
posterior wall of the pharynx. The path of the mandi-
ble during aperture started in a position with the lower 
incisor much further forward and much closer to the 
cranium than in other subjects. Therefore, the man-
dible has a longer path to travel before it reaches the 
point where the airway begins to occlude. Subjects with 
higher vertical anterior faces and shorter anteroposteri-
ors have an opening path beginning further backwards 
and downwards. As found in our study, any increase in 
the vertical dimension would quickly retrude the man-
dible [29].

Fig. 4  The disocclusion angle. The disocclusion angle with vertex at the border of the lower central incisors, one side parallel to the occlusal plane 
(green line) and the other to a point crossing the rotational curve (blue arch) of the mandible at 5 mm opening (orange dotted line) (a). The same 
was done for the 10 mm opening (pink dotted line) (b)

Fig. 5  Disoccluding angle. The low angle horizontal pattern (blue 
area) (a) in a patient with higher vertical anterior and shorter 
anteroposterior face which describes a more vertical opening pattern 
and high angle vertical pattern (red area) (b) in a patient with a 
more horizontal path due to a shorter vertical anterior and longer 
anteroposterior face
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MADs place the mandible in a determined anteropos-
terior and vertical position to improve the upper airway 
cross-sectional area, due to a combination of both their 
effect of the protrusion of the mandible, and for their 
capability to stabilize the mandible [30–32] (Fig.  6). 
There are different MADs available in which control 
of the mandibular position with respect to the poten-
tial of mouth opening, especially in the supine position, 
depends on the MAD design [33]. A constantly larger 
mouth opening during sleep will reduce the efficacy of 
this treatment [8, 22, 28]. Two-piece appliance designs, 
which allow uncontrolled opening of the mandible, have 
shown a lower response rate in positional OSA [34], 
while appliances with limitation of mandibular opening 
are more effective in decreasing AHI [35]. Therefore, as 
shown in recent studies [18], the devices should incorpo-
rate vertical control in the design to not allow the jaw to 
move backwards at any time while opening the mouth, 
and as suggested by our study, consider the anatomic and 

kinematic of the mandible. Our results enhance recent 
studies that have identified the importance of phenotypic 
characteristics on treatment response, and suggest the 
relevance of MAD design features considering the kin-
ematic behavior of the mandible as part of a personalized 
approach to treatment [18, 30].

Table 3  Mean measurement error of  cephalometric 
landmarks

Descriptive statistics of the reliability of the cephalometric landmarks in both 
the x and y axis, showing the mean and the standard deviation.

Cephalometric 
landmarks

N Mean SD Mean SD

Descriptive statistics

 PNS 10x 0.04 0.02y 0.04 0.02

 N 10x 0.69 0.41y 0.60 0.33

 S 10x 0.63 0.52y 0.70 0.54

 Po 10x 0.82 0.40y 0.60 0.44

 Or 10x 1.40 1.10y 0.84 0.25

 ANS 10x 0.92 0.53y 0.65 0.38

 A 10x 0.92 0.55y 1.18 1.17

 IS 10x 0.58 0.41y 0.52 0.33

 II 10x 0.73 0.60y 0.43 0.31

 B 10x 0.58 0.26y 1.18 0.73

 Pog 10x 0.61 0.40y 0.86 0.46

 Gn 10x 0.75 0.44y 0.53 0.28

 Me 10x 1.94 1.04y 0.55 0.35

 Ge 10x 0.55 0.48y 1.24 0.86

 Go 10x 1.30 1.35y 1.00 0.65

 C 10x 0.72 0.46y 0.50 0.48

 Cp 10x 0.82 0.77y 0.68 0.62

 Cs 10x 0.68 0.57y 0.52 0.36

 Ca 10x 0.67 0.45y 0.63 0.45

 C1 10x 0.46 0.38y 0.96 0.56

 C2 10x 0.84 0.55y 0.61 0.53

 C3 10x 0.68 0.56y 0.55 0.37

 C4 10x 0.63 0.50y 0.55 0.39

 Fosa 10x 0.77 0.37y 0.40 0.14

 E 10x 0.79 0.28y 0.59 0.35

Table 4  Descriptive statistics and  paired samples 
correlations

*Correlation is significant at the 0.05 level (2-tailed)

**Correlation is significant at the 0.01 level (2-tailed)

Table showing the descriptive statistics and the paired samples correlations with 
the more relevant vertical and horizontal measurements for both the angle at 5 
mm. and the angle at 10 mm. The correlations and the significance are shown.

Cephalometric 
measurements

Descriptive 
statistics

Paired samples correlations

Mean SD Angle Correlation Significance

Vertical measurements

Angles

 Or-Po > IS-6Ms 10.01º 3.97 angle5 0.55 0.000**

angle10 0.54 0.000**

 S–N > IS-6Ms 0.53º 6.16 angle5 0.23 0.088

angle10 0.24 0.078

 S–N > Go-Me 15.74º 8.02 angle5 − 0.06 0.659

angle10 − 0.06 0.666

 Distances S-Go 85.56º 10.77 angle5 − 0.19 0.175

angle10 − 0.16 0.240

 ENP-S 52.11º 3.99 angle5 − 0.16 0.247

angle10 − 0.13 0.337

 ENP-Go 50.03º 7.18 angle5 0.00 0.999

angle10 0.02 0.866

 N-Me 133.14º 11.25 angle5 − 0.10 0.450

angle10 − 0.08 0.572

 N-ENA 59.43º 5.16 angle5 − 0.01 0.942

angle10 0.005 0.971

 ENA-Me 74.55º 8.59 angle5 − 0.11 0.415

angle10 − 0.09 0.525

Horizontal measurements

Angles

 S–N > N-A 79.08º 4.88 angle5 0.04 0.738

angle10 0.06 0.671

 S–N > N-B 77.28º 4.48 angle5 − 0.22 0.108

angle10 − 0.20 0.144

 N-A > N-B 1.80º 2.93 angle5 0.42 0.002*

angle10 0.41 0.002*

 Distances N-S 79.27º 6.04 angle5 − 0.07 0.623

angle10 − 0.04 0.747

 ENP-A 54.01º 5.23 angle5 − 0.02 0.837

angle10 0.002 0.988

 Go-Gn 86.38º 9.28 angle5 − 0.10 0.467

angle10 − 0.07 0.621
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Limitations of this study are the inclusion of young adult 
population and not OSA patients. The use of young adult 
population allows us to determine normal range of crani-
ofacial morphologies and their movements that can be 
applied in future studies with OSA patients. Extrapolation 
to an OSA population can only be valid if these results are 
confirmed in a, typically older, more obese, OSA popula-
tion compared to the young, healthy study population used 
in the current study. Another limitation is the use of lateral 
cephalometric radiograph for the analysis of mandibular 

movements. The radiograph was taken with the patient 
awake and in an upright position. The range of motion 
and the position of the mandible may be altered when the 
patient is asleep and should be consider when analyzing the 
changes in upper airway if measured with lateral cephalo-
metric radiograph.

Table 5  Descriptive statistics and multiple comparisons

*Correlation is significant at the 0.05 level (2-tailed)

**Correlation is significant at the 0.01 level (2-tailed)

Descriptive statistics and multiple comparisons for the three opening patterns horizontal (hypodivergent), normal (normodivergent) and vertical (hyperdivergent) 
for the more relevant cephalometric measurements. Descriptive statistics include mean and standard deviation and multiple comparisons shows Dependent Variable 
Bonferoni with significance.

Cephalometric measurements Mean SD

Descriptive statistics

 DMi > IS-6Ms Horizontal 22.05º 1.65

Normal 18.83º 0.82

Vertical 14.69º 1.56

 Or-Po > IS-6Ms Horizontal 6.92º 2.37

Normal 9.46º 3.12

Vertical 12.60º 4.21

 N-A > N-B Horizontal − 0.60º 3.19

Normal 2.06º 2.65

Vertical 2.93º 2.36

 Disocclusion angle 5 Horizontal 66.42º 1.57

Normal 69.68º 0.78

Vertical 73.82º 1.59

Dependent Variable:Bonferroni Value

Multiple post hoc tests

 Co-II > IS-6Ms Horizontal Normal 3.22º* 0.47 0.00**

Vertical 7.36º* 0.50 0.00**

Normal Horizontal − 3.22º* 0.47 0.00**

Vertical 4.14º* 0.41 0.00**

Vertical Horizontal − 7.36º* 0.50 0.00**

Normal − 4.14º* 0.41 0.00**

 Or-Po > IS-6Ms Horizontal Normal − 2.53º 1.25 0.14

Vertical − 5.68º* 1.30 0.00**

Normal Horizontal 2.53º 1.25 0.14

Vertical − 3.14º* 1.07 0.01*

Vertical Horizontal 5.68º* 1.30 0.00**

Normal 3.14º* 1.07 0.01*

 N-A > N-B Horizontal Normal − 2.67º* 0.98 0.02*

Vertical − 3.54º* 1.02 0.00**

Normal Horizontal 2.67º* 0.98 0.02*

Vertical − 0.87º 0.84 0.91

Vertical Horizontal 3.54º* 1.02 0.00**

Normal 0.87º 0.84 0.91
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Conclusions
The slope or angle of the mandibular movements are 
related to the craniofacial morphology with higher ver-
tical anterior and shorter anteroposterior faces having 
a more horizontal path of mandibular movement than 
shorter vertical anterior and longer anteroposterior sub-
jects who have a more vertical path.

The subjects with shorter anteroposterior and higher 
vertical anterior faces have low opening angles and could 
be described as beginning further downwards and back-
wards on the opening path.

Future research in an OSA population is needed.

Abbreviations
AHI: Apnea Hypopnea Index; CPAP: Continuous positive airway pressure; MAD: 
Mandibular advancement device; OSA: Obstructive sleep apnea; SP: Starting 
position.

Acknowledgements
Not applicable.

Authors’ contributions
PMS: study design, collecting data, results analysis, interpreting and write-up 
of the manuscript. MGR: study design, mathematical model and analysis, 

results interpretation. ATB: study design, mathematical model and analysis, 
results interpretation. JACC: study design, mathematical model and analysis, 
results interpretation. MLV: study design, results interpretation, statistical analy‑
sis and write-up of the manuscript. All authors read and approved the final 
version of this manuscript.

Funding
This research did not receive any specific grant from funding agencies in the 
public, commercial, or not-for-profit sectors.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Ethics approval and consent to participate
Ethics approval has been obtained from the Universidad Alfonso X Madrid 
research ethics board and written consent to participate has been obtained 
from every patient whose data was used for this study.

Consent for publication
Not applicable.

Competing interests
Not applicable.

Author details
1 Master Program Dental Sleep Medicine, Catholic University of Murcia UCAM, 
Conde de Peñalver 61, 28006 Madrid, Spain. 2 Faculty of Engineering, Univer‑
sity of Malaga, Flauta Mágica 22, 29006 Málaga, Spain. 3 Faculty of Medicine 
and Dentistry, School of Dentistry, University of Alberta ECHA, 5‑524, 11405‑87 
Avenue, Edmonton, AB T6G 1C9, Canada. 

Received: 16 May 2020   Accepted: 16 December 2020

References
	1.	 Sutherland K, Vanderveken OM, Tsuda H, Marklund M, Gagnadoux F, 

Kushida CA, et al. Oral appliance treatment for obstructive sleep apnea: 
an update. J Clin Sleep Med. 2014;10:215–27.

	2.	 Javaheri S, Barbe F, Campos-Rodriguez F, Dempsey JA, Khayat R, Javaheri 
S, et al. Sleep apnea: types, mechanisms, and clinical cardiovascular 
consequences. J Am Coll Cardiol. 2017;69:841–58.

	3.	 Aurora RN, Collop NA, Jacobowitz O, Thomas SM, Quan SF, Aronsky AJ. 
Quality measures for the care of adult patients with obstructive sleep 
apnea. J Clin Sleep Med. 2015;11:357–83.

	4.	 Shawon MSR, Perret JL, Senaratna CV, Lodge C, Hamilton GS, Dharmage 
SC. Current evidence on prevalence and clinical outcomes of co-morbid 
obstructive sleep apnea and chronic obstructive pulmonary disease: a 
systematic review. Sleep Med Rev. 2017;32:58–68.

	5.	 Marklund M, Verbraecken J, Randerath W. Non-CPAP therapies in obstruc‑
tive sleep apnoea: mandibular advancement device therapy. Eur Respir J. 
2012;39:1241–7.

	6.	 Mehta A, Qian J, Petocz P, Darendeliler MA, Cistulli PA. A randomized, con‑
trolled study of a mandibular advancement splint for obstructive sleep 
apnea. Am J Respir Crit Care Med. 2001;163:1457–61.

	7.	 Sutherland K, Takaya H, Qian J, Petocz P, Ng AT, Cistulli PA. Oral appliance 
treatment response and polysomnographic phenotypes of obstructive 
sleep apnea. J Clin Sleep Med. 2015;11:861–8.

	8.	 Pitsis AJ, Darendeliler MA, Gotsopoulos H, Petocz P, Cistulli PA. Effect of 
vertical dimension on efficacy of oral appliance therapy in obstructive 
sleep apnea. Am J Respir Crit Care Med. 2002;166:860–4.

	9.	 Farella M, Iodice G, Michelotti A, Leonardi R. The relationship between 
vertical craniofacial morphology and the sagittal path of mandibular 
movements. J Oral Rehabil. 2005;32:857–62.

	10.	 Posselt U. Studies in the mobility of the human mandible. Acta Odont 
Scandinav. 1952;10(Suppl10):19–160.

	11.	 Dijkstra PU, Hof AL, Stegenga B, de Bont LG. Influence of mandibular 
length on mouth opening. J Oral Rehabil. 1999;26:117–22.

Fig. 6  MAD Starting position and direction of jaw opening. This 
figure shows the mandible in the starting position when the 
appliance is in place (a, c) and the direction of the jaw opening 
direction allowed by the MAD design (b, d), for 2 different MAD 
designs. a, b examples of MAD with lateral wings, and c, d MAD with 
anterior rod



Page 10 of 10Sanz et al. BMC Oral Health           (2021) 21:19 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	12.	 Kim DS, Choi SC, Lee SS, Heo MS, Huh KH, Hwang SJ, et al. Correlation 
between 3-dimensional facial morphology and mandibular movement 
during maximum mouth opening and closing. Oral Surg, Oral Med Oral 
Pathol Oral Radiol Endod. 2010;110:648–56.

	13.	 George PT. Selecting sleep-disordered-breathing appliances Biomechani‑
cal considerations. J Am Dent Assoc. 2001;132:339–47.

	14.	 Isono S, Tanaka A, Tagaito Y, Ishikawa T, Nishino T. Influences of head posi‑
tions and bite opening on collapsibility of the passive pharynx. J Appl 
Physiol. 2004;97:339–46.

	15.	 Ahrens A, McGrath C, Hägg U. A systematic review of the efficacy of oral 
appliance design in the management of obstructive sleep apnoea. Eur J 
Orthod. 2011;33:318–24.

	16.	 Maury G, Senny F, Cambron L, Albert A, Seidel L, Poirrier R. Mandible 
behaviour interpretation during wakefulness, sleep and sleep-disordered 
breathing. J Sleep Res. 2014;23:709–16.

	17.	 Fransson AM, Tegelberg Å, Johansson A. Wenneberg B Influence on the 
masticatory system in treatment of obstructive sleep apnea and snoring 
with a mandibular protruding device: a 2-year follow-up. Am J Orthod 
Dentofacial Orthop. 2004;12:687–93.

	18.	 Bataller A, Cabrera JA, Garcia M, Castillo JJ, Mayoral P. Cam synthesis 
applied to the design of a customized mandibular advancement device 
for the treatment of obstructive sleep apnea. Mech Mach Therory. 
2018;123:153–65.

	19.	 Miyamoto K, Özbek MM, Lowe AA, Sjöholm TT, Love LL, Fleetham JA, 
et al. Mandibular posture during sleep in healthy adults. Arch Oral Biol. 
1998;43:269–75.

	20.	 Lebret M, Arnol N, Contal O, Martinot JB, Tamisier R, Pepin JL, et al. Nasal 
obstruction and male gender contribute to the persistence of mouth 
opening during sleep in CPAP-treated obstructive sleep apnoea. Respirol‑
ogy. 2015;20:1123–30.

	21.	 Meurice JC, Marc I, Carrier G, Sériès F. Effects of mouth opening on upper 
airway collapsibility in normal sleeping subjects. Am J Respir Crit Care 
Med. 1996;153:255–9.

	22.	 Milano F, Billi MC, Marra F, Sorrenti G, Gracco A, Bonetti GA. Factors associ‑
ated with the efficacy of mandibular advancing device treatment in adult 
OSA patients. Int Orthod. 2013;11:278–89.

	23.	 Johnson A, Wildgoose DG, Wood DJ. The determination of freeway space 
using two different methods. J Oral Rehabil. 2002;29:1010–3.

	24.	 Senny F, Maury G, Cambron L, Leroux A, Destiné J, Poirrier R. The sleep/
wake state scoring from mandible movement signal. Sleep Breath. 
2012;16:535–42.

	25.	 Hollowell DE, Suratt PM. Mandible position and activation of submental 
and masseter muscles during sleep. J Appl Physiol. 1991;71:2267–73.

	26.	 Miyamoto K, Özbek MM, Lowe AA, Sjöholm TT, Love LL, Fleetham JA, 
et al. Mandibular posture during sleep in patients with obstructive sleep 
apnoea. Arch Oral Biol. 1999;44:657–64.

	27.	 Mayoral P, Lagravère MO, Miguez-Contreras M, Garcia M. Antero-posterior 
mandibular position at different vertical levels for mandibular advanc‑
ing device design. BMC Oral Health. 2019;19:85. https​://doi.org/10.1186/
s1290​3-019-0783-8.

	28.	 Vroegop AV, Vanderveken OM, Van de Heyning PH, Braem MJ. Effects of 
vertical opening on pharyngeal dimensions in patients with obstructive 
sleep apnoea. Sleep Med. 2012;13:314–6.

	29.	 L’Estrange PR, Battagel JM, Harkness B, Spratley MH, Nolan PJ, Jorgensen 
GI. A method of studying adaptive changes of the oropharynx to varia‑
tion in mandibular position in patients with obstructive sleep apnoea. J 
Oral Rehabil. 1996;23:699–711.

	30.	 Milano F, Mutinelli S, Sutherland K, Milioli G, Scaramuzzino G, Cortesi AB, 
et al. Influence of vertical mouth opening on oral appliance treatment 
outcome in positional obstructive sleep apnea. J Dent Sleep Med. 
2018;5:17–23.

	31.	 Svechtarov V, Hristova M, Nencheva-Svechtarova S, Tonche T. Mandibular 
range of motion and its relation to temporomandibular disorders. Scripta 
Sci Med Dent. 2015;1:21–6.

	32.	 Kim DI, Lagravère Vich M, Mayoral, P, Miguez M. Three-dimensional 
changes in skeletal/ dental landmarks with use of mandibular advance‑
ment devices. J Dent Sleep Med. 2020;7.2. http://dx.doi.org/https​://doi.
org/10.15331​/jdsm.7120

	33.	 Takaesu Y, Tsuiki S, Kobayashi M, Komada Y, Naayama H, Inoue Y. Mandib‑
ular advancement device as a comparable treatment to nasal continuous 
positive airway pressure for positional obstructive sleep apnea. J Clin 
Sleep Med. 2016;12:1113–9.

	34.	 Sutherland K, Takaya H, Qian J, Petocz P, Ng AT, Cistulli PA. Oral appliance 
treatment response and phenotypes of obstructive sleep apnea. J Clin 
Sleep Med. 2015;11:861–8.

	35.	 Zhou J, Liu YH. A randomised titrated crossover study comparing two 
oral appliances in the treatment for mild to moderate obstructive sleep 
apnoea/hypopnoea syndrome. J Oral Rehabil. 2012;39:914–22.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1186/s12903-019-0783-8
https://doi.org/10.1186/s12903-019-0783-8
https://doi.org/10.15331/jdsm.7120
https://doi.org/10.15331/jdsm.7120

	Craniofacial morphologyphenotypes influence on mandibular range of movement in the design of a mandibular advancement device
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Results
	Discussion
	Conclusions
	Acknowledgements
	References


