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A B S T R A C T

Objectives: Obstructive Sleep Apnea (OSA) is the most common sleep breathing disorder. Treatment of mild to
moderate OSA includes mandibular advancement devices (MAD). The varying degrees of mandibular protrusion
induced by MADs affect the 3-dimensional arrangement of masticatory muscles. This pilot study aimed to observe
the effects of different mandibular protrusions on masticatory muscle features and upper airways in one healthy
participant.
Study Design: Anatomical and diffusion tensor imaging (DTI) magnetic resonance imaging (MRI) scans of the
cephalic region of one 24-years-old healthy male subject were obtained with the mandible held stable by a per-
sonalized MAD in three positions: habitual bite position (PR=0 mm), middle protrusion (PMID=3.5 mm), maxi-
mum protrusion (PMAX=7 mm). Streamline tractography (ST) based on Spherical Deconvolution (SD) was
performed. Anatomical masks for the masseter (superficial/deep), medial and lateral pterygoid, and temporalis
muscles were manually drawn. The angles formed by each detected muscle fiber projected on coronal, sagittal,
and axial planes were computed, and their distribution was calculated. Furthermore, airway volume and mini-
mum cross-sectional area (CSAMIN) for each position were determined.
Results: ST method captured the fiber orientation of all masticatory muscles. Variations in muscle fiber angles and
airway space were observed across mandibular positions. Both airway volume and CSAMIN increased with increas-
ing protrusion.
Conclusions: Mandibular protrusion affected the orientation and distribution of the masticatory muscle fibers and
the upper airway space in the observed subject. These preliminary findings support further investigations into
OSA patients.
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1. Introduction

Obstructive sleep apnea (OSA) is a complex multifactorial disorder
that causes a transient and repetitive partial or complete closure of the
upper airways during sleep, resulting in sleep fragmentation and oxygen
desaturation [1]. Apnea is defined as a reduction in airflow ≥ 90 % of
baseline for more than 10 s [2]. Untreated OSA is associated with multi-
ple adverse health outcomes, including systemic hypertension, coronary
artery disease, stroke, atrial fibrillation, congestive heart failure, day-
time sleepiness, reduced quality of life, and increased mortality [3−5].

The first-choice treatment for moderate to severe OSA is continuous
positive airway pressure (CPAP) which helps maintain airway patency
by supplying a forced airflow into the patients’ mouth and nose [6,7].
The effectiveness of CPAP has been documented in several clinical trials,
showing good results in the reduction of apnea episodes and improve-
ment of quality of life [8,9]. Despite its efficacy, difficulties in tolerating
this treatment may limit patients’ compliance, which has been reported
to be between 30 and 60 %, and therefore limit the benefits of the treat-
ment [10,11].

An increase in the distance of the tongue base to the posterior pha-
ryngeal wall has been observed with mandibular protrusion, and thera-
pies based on this principle have been introduced in recent years as an
alternative to CPAP. A mandibular advancement device (MAD) is an
oral appliance consisting of an upper and lower dental splint. It is
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Fig. 1. Sagittal anatomical images of the subject in (A) PR, (B) PMID and (C) PMAX.
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designed to provide a fixed, protruded position of the mandible while
keeping the base of the tongue away from the posterior pharyngeal wall,
thus preventing the collapse of the upper airway during sleep and reduc-
ing airflow resistance. MADs are generally better tolerated than CPAP
systems on a long-term basis, and thus MADs may be used as an alterna-
tive to CPAP or even as a first-line treatment, especially in patients with
mild or moderate OSA [12].

Although various long-term follow-up studies and literature reviews
have reported skeletal side effects associated with the use of MAD, such
as occlusal alterations, changes in overjet, overbite, tooth movements,
and skeletal changes in the vertical dimension, the potential immediate
and long-term effects of MAD use on the masticatory muscles (MM)
remain undocumented in the literature [13,14].

Furthermore, the anatomical changes occurring in the airway space
play a significant role in the efficacy of MAD therapy. Therefore, a clear
understanding of the changes occurring with the increasing protrusion
is crucial. The upper airway space has been studied in several clinical tri-
als and at different positions of the head, but not observed intra-individ-
ually or at different degrees of protrusion in healthy individuals. The
lack of knowledge about the effects of the protrusion on the geometrical
and functional features of the MM, as well as in the upper airway space
were the motivation for the present work.

The specific aim of this pilot study was to measure the fiber orienta-
tion of the masticatory muscles (superficial and deep head of masseter,
anterior temporalis, medial and lateral pterygoid) and to assess the rele-
vant morphometric features of the upper airway (volume, minimum
cross-sectional area CSAMIN) in three mandibular positions: habitual bite
position (PR =0 mm), middle protrusion (PMID = 3.5 mm), maximum
protrusion (PMAX = 7 mm) in one healthy volunteer.

2. Materials and methods

2.1. Subject

One male subject, aged 24 years, with BMI 22.2, was recruited for
this pilot study. The subject had no signs nor symptoms of temporoman-
dibular disorders (TMD), assessed according to the standard diagnostic
criteria for TMD (DC/TMD), no large metals in the mouth, jaw, or facial
area (braces, piercings, or dental reconstructions), did not experience
anxiety disorder, pathological condition of the dental apparatus or MRI
contraindications. Written informed consent was obtained by the partici-
pant before the beginning of the study. This study followed the Declara-
tion of Helsinki regarding medical protocols and ethics and was
approved by the Ethics Committee of the Canton of Zurich (KEK-ZH��Nr.
2021−01277).

2.2. Study procedure

During the first appointment, a clinical examination was performed
using a standardized procedure following the DC/TMD criteria to
exclude the presence of signs or symptoms of TMD in the MM and/or
the TMJ. Digital impressions of the maxillary and mandibular dental
arches of the participant were then taken using a dental intraoral scan-
ner (TRIOS, 3Shape, Denmark) and a bite registration was recorded at
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maximum intercuspal position. Afterwards, the digital scans were sent
to an external company (ResMed Schweiz GmbH, Basel, Switzerland)
for the fabrication of a personalized MAD (Narval CC™). Digital casts
were then created and processed with CAD/CAM technology to design
two full-arch splints, one for the maxillary and one for the mandibular
dental arch. The splints were then produced via a laser-sintering 3D-
printing procedure. The fabricated MAD was composed of highly resil-
ient, durable, biocompatible polymer material free of allergenic substan-
ces such as parabens, Bisphenol A, metal, or latex. Mandibular
protrusion was obtained through interchangeable rigid plastic rods of
different lengths that were anchored on the buccal aspect of the MAD at
the level of the premolar region allowing varying degrees of mandibular
protrusion. For the study, three mandibular protrusions were selected:
Reference position (PR: 0 mm protrusion), mid-protrusion (PMID:
3.5 mm) and maximum protrusion (PMAX: 7 mm) (Fig. 1).

2.3. MRI

At a second appointment, a 3.0T scanner (MAGNETOM Prisma, Sie-
mens Healthineers, Forchheim, Germany) was used to acquire the fol-
lowing sequences: 3D (isotropic) T1-weighted MPRAGE, and isotropic
diffusion weighted single-shot echo planar imaging sequence. The
parameters for the T1-weighted MPRAGE sequence were: Echo Time
(TE) of 2.32 ms; Repetition Time (TR) of 2300 ms; Inversion Time (TI)
of 900 ms; Field of View (FoV) read of 240 mm; FoV phase 100 %; Flip
Angle of 8 degrees; and isotropic voxel size 0.9 × 0.9 × 0.9 mm. The
parameters for the diffusion weighted imaging were: TE of 43.00 ms, TR
of 6000 ms; FoV read 224 mm, FoV phase 120 %; Phase Encoding Direc-
tion Anterior >> Posterior; isotropic voxel size 2.8 × 2.8 × 2.8 mm;
Monopolar diffusion scheme with 43 diffusion directions and b-value of
600 s/mm2, including three non-diffusion weighted (b = 0 s/mm2)
images. These scans were repeated for every mandibular position.
Between imaging different mandibular positions, the participant left the
scanner for the MAD to be adjusted to the new protruded position. The
anatomical MRI scan was used to assess the status of the TMJ and
exclude the presence of TMD. Additionally, cephalometric measure-
ments were performed to characterize the subject’s craniofacial mor-
phology. The ANB angle was measured on the sagittal anatomical MRI
scans. Angle classification (Class I/II/III) was recorded from the model
obtained via digital impression. Mandibular plane−Sella−Nasion (SN-
MP) angle was measured to classify the subject as hypodivergent, nor-
modivergent, or hyperdivergent.

2.3.1. DTI Fiber Tractography
For image post-processing and fiber tractography, FMRIB FSL v6.0.6

and MRtrix3 v3.0.3 were used [15,16]. Anatomical images were co-reg-
istered to the Montreal Neurological Institute (MNI) reference brain,
MNI152 with a global transformation (rigid body transform with scal-
ing) using FSL FLIRT, and the transforms and inverse transforms were
recorded for subsequent shifting of tractography streamlines [17−20].
Eddy correction and denoising were applied to each DWI acquisition
using FSL eddy_correct and dwidenoise functions. A response kernel was
generated on a DWI scan with imaging area over the lower half of the
head (i.e. excluding the brain) using the Tournier algorithm [21]. The



Fig. 2. MR Orthogonal View of anatomical images superimposed to muscles of mastication fiber tractography. Red: Superficial Head of Masseter muscle; Orange: Deep
Head of Masseter muscle; Light green: Temporalis muscle; Magenta: Lateral Pterygoid muscle; Light Grey: Medial Pterygoid muscle.
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kernel was then used to estimate the fiber orientation distribution (FOD)
in each voxel by the constrained spherical deconvolution (CSD). The
same kernel was used to generate the FOD images from DWI images for
each jaw position (i.e. from the unregistered DWI images at PR, PMID,
and PMAX). Streamline tractography based on Spherical Deconvolution
was performed on the FOD images using the MRTRIX3 tckgen command
Table 1
Mean fiber orientation angles in three different position
ter (deep, superficial head), medial pterygoid, lateral pt

Muscle Plane Hand-side PR

MASSETER DEEP Sagittal Left 47.
Right 50.

Coronal Left 111
Right 69.

Axial Left 114
Right 64.

MASSETER SUPERFICIAL Sagittal Left 33.
Right 37.

Coronal Left 107
Right 79.

Axial Left 99.
Right 82.

MEDIAL PTERYGOID Sagittal Left 41.
Right 40.

Coronal Left 52.
Right 132

Axial Left 59.
Right 126

LATERAL PTERYGOID Sagittal Left 138
Right 138

Coronal Left 132
Right 41.

Axial Left 228
Right 316

TEMPORALIS Sagittal Left 98.
Right 93.

Coronal Left 102
Right 81.

Axial Left 196
Right 204

Data are mean (SD); PR = Reference position; PMID =
SD= Standard Deviation.
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with the SD_STREAM algorithm. For each image, five million stream-
lines were generated throughout the entire image using a global seed
mask (i.e. a cube shaped volumetric mask covering the entire head
region, including all muscles). Streamlines were shifted to the reference
brain position using the inverse transform of the associated anatomical
registration. Inclusion and exclusion masks were manually drawn on co-
s and three planes on right and left side for masse-
erygoid, temporalis muscle.

(°) PMID (°) PMAX (°)

45 (11.74) 70.24 (14.16) 67.98 (11.41)
55 (10.34) 70.56 (12.07) 86.60 (12.93)
.23 (5.52) 112.09 (6.32) 112.88 (2.44)
55 (2.30) 70.38 (4.55) 71.49 (4.55)
.37 (12.64) 138.91 (24.25) 135.61 (18.72)
12 (9.18) 68.34 (80.69) 140.31 (135.06)
70 (8.60) 42.49 (7.20) 47.52 (9.25)
42 (5.16) 47.09 (5.93) 54.66 (6.20)
.39 (17.35) 105.35 (9.87) 97.72 (10.89)
02 (17.92) 77.58 (11.72) 78.85 (7.83)
94 (9.13) 104.22 (10.61) 93.59 (14.41)
37 (13.52) 77.15 (13.72) 77.36 (10.40)
99 (24.91) 59.24 (10.61) 56.93 (10.73)
56 (7.47) 51.81 (7.27) 63.27 (5.19)
44 (24.30) 57.50 (8.54) 51.24 (7.93)
.35 (8.28) 133.95 (7.61) 125.93 (5.04)
08 (26.52) 49.52 (43.41) 26.52 (7.60)
.57 (7.29) 141.05 (9.73) 143.61 (6.24)
.31 (14.75) 130.20 (26.72) 138.18 (14.31)
.14 (12.56) 133.65 (20.54) 140.35 (42.59)
.69 (11.089 122.54 (26.88) 142.50 (16.62)
04 (8.85) 32.80 (12.59) 62.13 (46.70)
.98 (12.83) 210.66 (57.96) 213.03 (15.35)
.49 (16.97) 336.15 (6.61) 292.72 (59.13)
85 (21.30) 95.00 (20.90) 97.81 (9.95)
70 (20.57) 99.24 (20.95) 96.72 (10.94)
.39 (8.28) 98.28 (9.35) 95.76 (4.55)
64 (6.47) 83.61 (10.92) 81.77 (3.89)
.08 (50.57) 183.01 (68.68) 227.73 (51.98)
.70 (123.78) 229.82 (107.62) 253.85 (106.18)

Mid-Protrusion; PMAX = Maximum protrusion;
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registered anatomical images in MRview. Separate masks were manually
drawn based on the visible muscle anatomy as well as the insertion and
origin points for the following muscles: deep and superficial heads of
the masseter, temporalis, as well as medial and lateral pterygoid. Fibers
were then selected for each MM from the shifted subset of 5 million
fibers using the tckedit command (requesting up to 20,000 fibers per
muscle) and using masks drawn as inclusion masks. In addition, airway
volume in all three jaw positions was segmented, with the superior
Fig. 3. MR Orthogonal View with fiber tractography of the superficial head of masset

4

boundary defined as the start of the soft palate, and the inferior bound-
ary defined as the superior margin of the epiglottis.

2.4. Quantitative analysis

Fiber tracts were imported into Matlab R2021a (The Mathworks Inc.
Natick, MA, USA). Each tract consists of a vector of 3D position coordi-
nates and used in the analysis were limited to having between 40 and
er (A), and deep head of masseter (B) for the position PR (blue) and PMAX (green).
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500 sub-segments. For each muscle, fiber angles were calculated relative
to a local coordinate system anchored to the inferior starting point of
the fibers. (Supplementary: S1). A weighted distribution of the angles of
all fibers, when projected onto the sagittal, coronal, and axial planes,
was calculated to determine the main direction of each fiber in each
plane. The distributions of all individual fiber angles were then exam-
ined to assess differences in angle for the superficial and deep heads of
the masseter muscle, as well as the medial and lateral pterygoid muscles.
For airway volume assessment, the pixels in the airway masks were
summed and multiplied by the volume of each pixel. The minimum
cross-sectional area (CSAMIN) was calculated from the 3D airway volume
as the smallest of the areas formed by the voxels in the axial plane. Air-
way volume and CSAMIN calculations were performed using custom
scripts in Matlab R2021a.

3. Results

The anatomical scan showed no alteration of TMJ indicative of TMD.
The subject exhibited an Angle Class I occlusion (overjet = 1 mm,
overbite = 1 mm). Cephalometric analysis showed an angle
ANB = 3.2°, consistent with a skeletal Class I pattern, and an angle SN-
MP= 29.8°, indicating a normodivergent vertical skeletal phenotype.

Fiber tractography was obtained for all muscles of mastication in all
positions. Following fiber tracking for each muscle specifically, and fil-
tering based on length (number of sub-segments per fiber), a minimum
of 350 fibers (maximum 1200, average 700 fibers) were used to calcu-
late fiber angles in every position in each muscle (Fig. 2,Table 1).
Fig. 4. Distribution of the fibers’ angle in the sagittal plane for left side (LHS) (left co
D) head of masseter muscle in the three analyzed positions: PR (blue), PMID (gray) and

5

The largest variations were observed for the superficial and deep
heads of the masseter in the sagittal projection (Fig. 3, 4). The mean
angle of the fibers of both muscle heads increased almost linearly with
protrusion on both sides (about 20° for the deep head and 9° for the
superficial head), becoming more craniocaudal, except for the right
deep masseter head, whose values increased around 22° from PR to PMID

but then dropped 2° from PMID to PMAX. In the coronal and axial projec-
tions, less pronounced mean variations were observed. However, a
higher standard deviation was noticed, particularly in the axial view for
the deep muscle head, ranging from 9.18° to 135.06°.

The medial pterygoid showed a similar tendency as the masseter. In
the sagittal projection, the fibers became more craniocaudally oriented
(Fig. 5A). As with the deep masseter head, the angles on the left side
increased from PR to PMID and then dropped at PMAX. In the coronal pro-
jection, the fibers showed an asymmetrical behavior, becoming on aver-
age more craniocaudally oriented on the right side and more mediolateral
on the left side, whereas for the axial projection, the angle distribution
showed an increased anteroposterior direction from PMID to PMAX.

The angles of the lateral pterygoid muscle revealed most pro-
nounced changes in the coronal and axial planes (maximum varia-
tions of 29° in the coronal plane and 43° in the axial plane), with
an initial drop from PR to PMID and an increase from PMID to PMAX

with high asymmetrical increase/decrease in the craniocaudal direc-
tion depending on the side, and large standard deviation. In general,
the angles showed an initial change toward a medio-lateral position
of the fibers and then a more anteroposterior for the right side and
vice versa for the left side (Fig. 5B).
lumn) and right side (RHS) (right column) for the deep (A, B) and superficial (C,
PMAX (green).



Fig. 5. MR Ortho View with fiber tractography of the medial pterygoid (A), and lateral pterygoid (B) for the position PR (blue) and PMAX (green).
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The average angle of the fibers of the temporalis increased mainly in
the axial projection on both sides. The primary change in the fiber orien-
tation was at the insertion points (Fig. 6).

The total airway volume was 11.74 cm3, 15.70 cm3, and 19.09 cm3

at PR, PMID, and PMAX, respectively and increased almost linearly with
protrusion (around 0.4 cm3 per protrusion step). The change can be seen
in all planes in the anatomical for PR and PMAX (Fig. 7). The CSAMIN was
0.79 cm2, 2.37 cm2, and 2.48 cm2 at PR, PMID, and PMAX, respectively,
6

increasing 1.6 cm2 from PR to PMID, but then only 0.1 cm2 from PMID to
PMAX.

4. Discussion

To the best of our knowledge, this is the first quantitative description
of the effects of different MAD-induced mandibular protrusions on the
orientation of the MM and the airway volume in one healthy subject,



Fig. 6. MR Ortho View of the attachment points of the temporalis muscle for the mandible in the rest position PR, (blue) and in the most advanced position PMAX,
(green).
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using DTI as a non-invasive method for measuring the orientation of the
MM fibers as described by Sugano et al. [22]. This pilot study was con-
ducted with the main aim of defining the appropriate methods and the
parameters to evaluate and analyze the influence of the mandibular
positions on the orientation and angle of the fibers of the MM and the
change in the volume of the airway space.

The main findings of our analysis showed that the MAD controlled pro-
trusion caused variations of the angles of the fibers of all MM (Figs. 2,3,5
and 6), with a value depending on the observed muscle and the mandibular
position. Generally, the changes were more marked between PR and PMAX.
In the sagittal projection, the orientation of the muscle fibers of the superfi-
cial and deep masseter, and the medial pterygoid became more vertical
with increasing protrusion, with a linear increase for the muscle of the left
side (Fig. 2,5). Unexpectedly, on the right side, the angles were maximal at
PMID and then dropped to a lower value at PMAX. This drop might be attrib-
uted to an asymmetrical anterior translation of the condylar heads in the
TMJs, with a more restricted condylar movement on the right side. The
same pattern was followed by the medial pterygoid. Other muscles showed
less pronounced changes of the fiber angles in the sagittal direction. In the
sagittal projection, the lateral pterygoid muscle fiber orientations were
slightly influenced by the level of protrusion, whereas maximum changes
were observed in the coronal and axial planes. During protrusion, the orien-
tation of the fibers of the lateral pterygoid tend to becomemoremediolater-
ally oriented, because the anterior movement causes the insertion of the
muscle fibers to shift more laterally relative to their origin [23]. In this
case, an asymmetrical change was observed for the direction of the medial
and lateral pterygoid fibers. Also in this case, changes can be due to an
asymmetrical forward translation of the condyles.

The maximum protrusion of the subject was 7 mm, that represents as
slightly limited protrusion, if compared to the physiological ranges of
mandibular protrusion generally observed in the clinical setting, might
have impacted the results of both angles and upper airway volume [24].

A previous DTI study analyzing fiber angle changes in the masseter
muscle at rest and after mandibular opening reported an increase in
fiber orientation in the frontal plane and a slight, though not statistically
significant, increase in the sagittal plane [25]. The authors suggested
that these regional differences in angle changes may indicate functional
compartmentalization within the muscle. In our subject, we also
observed regional variation in masseter fiber changes during protrusion,
7

particularly in the sagittal plane, which aligns with the anteroposterior
nature of mandibular protrusion. These findings support the notion that
masseter muscle architecture may adapt differentially, based on func-
tional demands and jaw movement direction.

The association between increased oropharyngeal volume after MAD
application and reduction of OSA symptoms has already been described
in different studies [26−29]. Therefore, MAD have been considered a
valid alternative treatment to CPAP for patient with mild or moderate
OSA [12]. Also in our case, the use of MAD was associated with an
increase of the upper airway dimension. The upper airway cross-sec-
tional area is known to be narrowed in patients suffering from OSA [30
−32]. Furthermore, its increase is considered a key predictor for a posi-
tive treatment outcome in patients experiencing OSA [12,33,34]. For
this reason, besides the total airway volume, the minimum cross-sec-
tional area of the upper airway was chosen as a key metric in our study.

In our subject, both airway volume and CSAMIN increased after
the application of the MAD. However, while VTOT increased almost
linearly with increasing protrusion, the CSAMIN was affected by a
greater variation in the first 50 % of the maximum protrusion PMID

and changed only slightly from PMID to PMAX. A possible explanation
of the non-linear increase of the CSAMIN might be attributed to
motion or respiratory artifacts during the MRI scan. Although a
study by Yucel et al. using dynamic CT scans has shown that the
value of CSAMIN in OSA patients can be influenced by the respiration
phases, the changes in the CSAMIN found by Yucel et al. at the level
of the uvula between tidal breathing and forced expiration/inspira-
tion did not exceed 0.3 cm2, which is less than variation induced by
protrusion in our case between PR and PMID, (1.58 cm2) and there-
fore not sufficient to explain the increase between baseline and the
first level of protrusion. However, it may have negatively influenced
the changes between PMID and PMAX (0.11 cm2) [29].

Different head positions have also been shown to affect the airway
space during measurements. However, the changes observed in the three
different mandibular protrusions are unlikely to be attributed to changes
in the head posture, as the position assumed by the subject was neutral
and maintained for all three scans [35,36].

A study on protrusion optimization was conducted by Dort et al. in
2006, to identify the effective protrusion for MAD therapy during a rou-
tine Polysomnographic examination. Their findings showed that



Fig. 7. MR Orthogonal view of the airway volume for the rest position (A) PR (blue) and for (B) PMAX (green).
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therapeutic success was achieved with an average protrusion of 6.3 mm
on a maximum clinically measured average protrusion of 8.6 mm, repre-
senting 73 % of the average maximum protrusion in their sample [37].
However, we couldn’t observe an increase of CSAMIN for more than
50 % of the maximum protrusion. Therefore, the causes of a non-linear
increase might be due to the specific anatomy of the subject and raises
8

the question of optimising the level of protrusion selected for the use of
MAD in clinical applications.

In our study, the airway dimensions were assessed using MRI, which
is a safe, non-ionising, reliable tool for visualising soft tissues. In contrast
with cone-beam CT, which is usually employed for craniofacial measure-
ments, MRI has the advantage of being performed with the subject in a
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supine position, mimicking the sleeping condition. Furthermore, previ-
ous studies which evaluated craniofacial parameters with CBCT in com-
parison to MRI obtained comparable results, indicating that this method
can be considered representative for the evaluation of the upper airway
structures [38,39].

Our results at baseline are also comparable with those of a previous
study who measured the upper airway volume in healthy controls, finding
an average pharyngeal volume of 17,415.42 mm3 [40]. In Ciscar et al.,
the CSAMIN measured with an MRI technique was on average 103.2 ± 10
mm2 for healthy controls, which is also in line with our results [41].

Our finding of an increased total upper-airway volume and CSAMIN

with mandibular advancement is also consistent with previous three-
dimensional imaging studies evaluating MAD therapy in OSA patients.
These studies have reported clinically relevant increases in both airway
volume and CSAMIN after protrusion [27,28], supporting the potential
functional relevance of our results in the context of OSA treatment. In this
context, our pilot study provides support for the hypothesis that the thera-
peutic effect of MADs at least partially relies on the increase of the upper
airway dimension. Still, a recent study by Shi et al. comparing the upper
airway dimensions between MAD responders and non-responders with
mild or moderate OSA reported no significant differences between the
two groups, indicating that a change of the upper airway dimensions does
not necessarily result in a change of the apnea-hypopnea index [42].

The main limitation of this study is that the protruded position of the
mandible was passively provided by the MAD, and the reference for the
protrusion may have been based on a position different from the effec-
tive anatomical position of the condyle during sleep.

The subject in this study presented with a normodivergent facial type
and a sagittal relationship matching Class I. This relatively balanced
skeletal and occlusal morphology suggests that the observed muscle and
airway changes were unlikely to be confounded by extreme skeletal dis-
crepancies. Since the present findings are based on a subject with aver-
age morphology, caution should be taken in generalizing the results to
populations with more pronounced skeletal or occlusal variations. Addi-
tionally, as the analysis was performed in a single imaging session, the
potential long-term effects of MAD use on muscle morphology were not
addressed. Therefore, it remains unclear whether the effect of MAD on
the MM will persist over longer periods of MAD use.

Future research with larger and more phenotypically diverse samples is
needed to evaluate how differences in sagittal and vertical skeletal relation-
ships, and the skeletal versus dental origins of overjet and overbite, might
affect outcomes. Such work, in conjunction with longitudinal observations,
would provide a clearer understanding of the variability in responses across
different craniofacial types over time. In addition, studies integrating struc-
tural diffusion tensor imaging (DTI) data with functional assessments, such
as electromyography (EMG) recordings or bite-force measurements could
enable direct correlation between observed changes in masticatory muscle
fiber orientation and actual muscle activity or force generation.

In conclusion, this pilot study using DTI provided initial mechanistic
insight into the effect of MAD on the MM architecture and the upper air-
way dimensions, both of which are considered key factors in the OSA
treatment. These preliminary findings suggest the potential utility of
personalized MAD therapy in OSA management. Current results, based
on a single subject, should be confirmed in a larger phenotype-stratified
cohort and account for functional and long-term outcomes.
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