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ABSTRACT

Objective: This retrospective study evaluated three-dimensional effects of hybrid hyrax-mentoplate (HH-M) orthopaedic treat-
ment in high-angle Class III individuals using Cone Beam Computed Tomography (CBCT) images.

Materials and Methods: Pre-treatment (T0) and post-treatment (T1) CBCTs of 17 fully compliant high-angle Class III patients
(7 males, 10 females, age: 11.7 +1.32years, treatment duration: 12.62 + 1.7 months) treated with HH-M were analysed. TO and
T1 CBCTs were superimposed from the cranial base using artificial intelligence-based AMASSS module of the 3D Slicer version
5.8.1 software (www.slicer.org). Linear and angular changes were analysed in the sagittal, vertical and transverse planes, along-
side three-dimensional landmark displacements and volumetric airway measurements. Significance level was set at p <0.05.
Results: Significant increases occurred in SNA, ANB and Occlusal Plane (OP) to Mandibular Plane (MP) angle (p <0.001,
p<0.001, p=0.001, respectively), while Sella-Nasion to OP and Palatal Plane (PP) to OP decreased (p=0.008, p=0.008, re-
spectively). Vertical linear measurements remained stable (p>0.05). All transverse linear measurements increased (p <0.05).
Upper Molar (UM) to PP, Upper Incisor to PP, Lower Incisor to MP and overjet have significantly increased (p <0.001, p=0.018,
p=0.048, p<0.001, respectively). Overbite remained unchanged (p>0.05). Nasopharynx (p=0.008) and Middle Pharynx
(p=0.003) volumes significantly increased.

Conclusion: Despite the significant alterations observed in OP and UM-PP, this technique effectively managed to maintain over-
all vertical skeletal dimensions without inducing a significant change in other facial height parameters and enhanced the airway
volume. Significant expansion occurred across maxillary, nasal and zygomatic levels. HH-M represents an effective orthopaedic
treatment approach for high-angle Class III patients.

1 | Introduction

Skeletal Class III treatment in growing subjects is challenging
due to unpredictable growth patterns, remaining growth poten-
tial and varying eligibility for different treatment protocols [1, 2].

Those patients frequently present with sagittal maxillary retru-
sion and transverse deficiency [3]. To address this and mobilize

circummaxillary sutures for greater orthopaedic advancement,
Rapid Palatal Expansion (RPE) is performed prior to or concur-
rent with Facemask (FM) protraction in traditional protocol
[2, 4]. However, the abovementioned appliances are tooth-borne
in nature and cause undesirable dentoalveolar side effects
alongside skeletal changes [5, 6]. To overcome this limitation
clinicians increasingly rely on skeletal anchorage and current
protocols include applying forces between FM and miniplates
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or hybrid hyrax (HH), or between mentoplate (M) and HH or
zygomatic miniplates [3, 7-9].

Although the early mixed dentition phase is considered the
optimal period for maxillary protraction, skeletal anchorage-
supported hybrid methods have been reported as a feasible al-
ternative capable of producing significant skeletal changes in
patients treated beyond early stage [10, 11].

Patients with a high-angle growth pattern represent a more
challenging subgroup, as they are inherently more susceptible
to undesirable vertical increases often associated with conven-
tional techniques. A key advantage of skeletal anchorage in
Class III treatment is the maintenance of vertical facial height,
thereby expanding the pool of patients eligible for orthopaedic
intervention [1, 3, 9-11]. Given that vertical facial height re-
mains almost unchanged following HH-M, this approach offers
a viable option for high-angle patients [1, 3, 9]. The favourable
vertical control observed with the HH-M technique arises pri-
marily from the combined biomechanical effect of its skeletal
anchorage components.

Studies examining the impact of Class III orthopaedic treat-
ments on airway report controversial outcomes [12-15]. While
a study performing linear two-dimensional (2D) measurements
with HH-M technique found non-significant alterations in na-
sopharyngeal airway at the adenoidal level [16], another study
using Miniscrew-Anchored Maxillary Protraction (MAMP)
reported significant increase in oropharyngeal airway volume
three-dimensionally (3D) [12].

This study aimed to evaluate the skeletal, dental, soft tissue
and airway effects of HH-M appliance in high-angle Class III
patients using Cone Beam Computed Tomography (CBCT) im-
ages. Although the primary investigation centres on vertical fa-
cial height and airway dimensions, additional parameters were
analysed for a comprehensive evaluation of treatment effects.
The first hypothesis was that HH-M appliance would not affect
facial height in high-angle Class III patients, while the second
hypothesis was that it would increase airway volume.

2 | Materials and Methods
2.1 | Study Design and Setting

This retrospective study was approved by the Ethical Committee
of Marmara University, Faculty of Medicine (Protocol no:
09.2023.1237, 06.10.2023). Records of patients treated between
2018 and 2023, including initial intraoral-extraoral photographs
and lateral cephalometric radiographs, were retrieved from the
archive of Marmara University, Department of Orthodontics.

2.2 | Sample Size Calculation

Sample size calculation was performed using G*Power soft-
ware (version 3.1.9.7; Heinrich-Heine-Universitdt Diisseldorf,
Germany). Based on SNA angle alterations reported in a pre-
vious study (T0: 79.23° £ 3.08°, T1: 81.47° £ 3.15°), power anal-
ysis was conducted using a paired-sample t-test. To achieve a

statistical power of 80% with an a of 0.05 and an effect size of
0.71, it was determined that a minimum of 14 patients was re-
quired. To further enhance the reliability and accommodate po-
tential data loss, 17 patients were included [9].

2.3 | Participants

Inclusion criteria were: skeletal Class III malocclusion
(SNA <80° ANB <0) and high-angle vertical growth pattern
(Sella-Nasion (SN) to Mandibular Plane (MP) angle >39°) ac-
cording to TO CBCT measurement, concave profile, treated with
HH-M, individuals who underwent 1-week expansion, complete
patient files, photographs, and CBCT records. Exclusion crite-
ria were: missing patient files, photographs and CBCT records,
non-cooperative patients, craniofacial deformity, growth or hor-
monal disorder, history of previous orthodontic treatment. From
32 individuals, 15 patients were excluded from study group due
to non-compliance with treatment (4), incomplete archive re-
cords (2), and not meeting inclusion criteria (9). Records of 17
patients (7 males, 10 females, age: 11.7+1.32years, Table 1)
who met the inclusion criteria were retrieved from the archive.
Parents or legal guardians of all patients signed a written in-
formed consent before treatment.

While a subset of this cohort appeared in preliminary studies
evaluating basic dentoskeletal measurements (n=6) [17], and
maxillary molar changes (n=10) [18], the current investigation
is entirely distinct. It expands the sample to 17 patients and uti-
lizes artificial intelligence (AI)-based, voxel-based superimpo-
sition to evaluate total 3D displacements, transverse expansion,
soft tissue and airway alterations—none of which were previ-
ously addressed.

2.4 | Treatment Protocol

In all patients, two 1.7x8mm (OrthoEasy Pal Forestadent,
Bernhard Foerster GmbH, Pforzheim, Germany) palatal minis-
crews were inserted into the anterior maxilla to anchor HH
appliance (Figure 1) [19]. Under local anaesthesia, mucoperios-
teal flap was elevated and Mentoplates (ANCOR Orthodontics,
Ankara, Tiirkiye) were fixed to the anterior symphysis with
three screws. HH appliance was activated twice daily (0.5mm/
day) for 7days, achieving 3.5mm expansion prior to protrac-
tion. After RPE, full-time Class III elastics (200-250g per side)
were applied between HH molar band and Mentoplate hooks.
Patients were reviewed every 6 weeks to adjust force levels and
monitor skeletal units. Active treatment ended after at least a
half-cusp canine relationship improvement, and final records
were obtained immediately (Figure 1). No fixed orthodontic ap-
pliances were used during maxillary protraction phase. Mean
interval between initial and final CBCTs corresponded to treat-
ment duration (12.62 +1.7months, minimum: 10.4; maximum:
15.6, Table 1).

2.5 | Variables

Primary outcomes were defined as sagittal skeletal changes
(SNA, ANB), vertical skeletal changes (SN-MP, N-Me), and
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TABLE1 |

Descriptive statistics of study group and definition of the

landmarks, lines and measurements.

Statistics of study group

Initial age (years) 11.7+1.32
Female 12.08+1.43
Male 10.86 £ 1.05

Treatment duration (months) 12.62+1.7

Stage of maturational growth
Cs2 6
CS3 6
CS4 5

TO
Mean SD

SNA 79.91 3.13

SNB 80.3 3.00

ANB —0.22 2.06

AFH 111.61 3.19

PFH 68.74 2.61

Jarabak ratio (PFH/AFH x 100) 61.6 1.85

SN-GoMe 40.55 1.75

Abbreviations Definition

S Geometric center of Sella turcica

N The most anterior point of the

frontonasal suture in midsagittal plane

A The most posterior point of the concavity

of the anterior segment of the maxilla

B The most posterior point of the concavity

of the anterior segment of the mandible

ANS The tip of the anterior nasal spine of

the maxilla in the midsagittal plane

PNS The most posterior point of the hard

palate in the midsagittal plane

Pog The most anterior point of the symphysis

Gn Midpoint of the curvature of

the pogonion and menton

Me The most inferior point of the symphysis

RPo, LPo The most superior point of the roof of the

right and left external auditory meatus

Po The 3D centre point calculated

as the average of the X, Y and Z
coordinates of the RPo and LPo

ROr, LOr The lowest point on the lower part

of the right and left orbital contour

(Continues)

TABLE1 | (Continued)

Abbreviations Definition
Or, The 3D centre point calculated
as the average of the X, Y and Z
coordinates of the ROr and LOr
RNC, LNC The most inferior and exterior
point of the concavity of the
right and left nasal cavity
NC,, The 3D centre point calculated
as the average of the X, Y and Z
coordinates of the RNC and LNC
RZyg, LZyg The most inferior portion of the
right and left zygomatic bones
Zyg. The 3D centre point calculated
as the average of the X, Y and Z
coordinates of the RZyg and LZyg
RI,LJ The junction of the zygomatic buttress
and maxilla tuberosity at both sides
I, The 3D centre point calculated
as the average of the X, Y and Z
coordinates of the RJ and LJ
RGo, LGo The projection of a virtual
bisector of a line adjacent to the
posterior side of mandibular ramus
and corpus on both sides
Go,, The 3D centre point calculated
as the average of the X, Y and Z
coordinates of the RGo and LGo
RCo, LCo The most superior and central
point of both condyles
Co, The 3D centre point calculated
as the average of the X, Y and Z
coordinates of the RCo and LCo
Mx1 Incisal midpoint of
maxillary right central
Mnd1 Incisal midpoint of
mandibular right central
11a Apex of maxillary right central
41a Apex of mandibular right central
16mb, 26mb, Mesio-buccal cusp tips of
36mb, 46mb first permanent molars
UM The 3D centre point calculated
as the average of the X, Y and Z
coordinates of 16mb and 26mb
LM The 3D centre point calculated
as the average of the X, Y and Z
coordinates of 36mb and 46mb
FH The line passing through

the Po_ and Or

(Continues)
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TABLE1 | (Continued)

TABLE1 | (Continued)

Abbreviations Definition Abbreviations Definition
opP The line passing through the E Plane Horizontal plane parallel to the
midpoint of UM and LM, and the FH, passing through the superior
midpoint of Mx1 and Mnd1 portion of the epiglottis
PP The line passing through ANS and PNS C2P (Second Frontal plane perpendicular to FH,
. . cervical passing through the posterior part
MP The line passing through Go,, and Me vertebra) Plane of thi secong cervical vertebra
SN The line passing through S and N MS Plane Passing through the external walls of
Ul The line passing through Mx1 and 11a (Maxillary each maxillary sinus, this completely
LI The line passing through Mnd1 and 41a Sinus Plane) vertical relative to the FH.
3 . Abbreviation: SD, standard deviation.
UM-PP Superoinferior component of
the perpendicular distance of
the UM point to the PP airway volumes (Nasopharynx (NPh), Middle Pharynx (MPh)).
All other variables were considered secondary outcomes.
LM-MP Superoinferior component of
the perpendicular distance of
the LM point to the MP 2.6 | Data Sources and Measurement
0J Apterop osterior component of the Entire digital workflow was performed by a single investigator
distance between Mx1 and Mnd1 . . . .
(GY.). During CBCT acquisition (Iluma Imtec Imaging Machine
OB Superoinferior component of the device; 3M, Ardmore, OK, USA; X-ray tube voltage: 120kV; X-ray
distance between Mx1 and Mnd1 tube current: 1-4mA; scanning time: 40s with 360° rotation; field
N/ Deepest point of the nasal bridge angle of Yiew:' 14.2x21.1 cm;. voxel size: 0.0936 mm; grey scale: 14 bit),
patients’ Frankfort horizontal plane (FH) was parallel to the floor,
Sn’ Median point at the junction between and they were sitting upright. Additionally, to assure a correct and
the lower border of the nasal reproducible bite, all patients were instructed to occlude in max-
septum and the philtrum area imum intercuspation using a silicone bite registration material.
AIR’, AlL/ Outermost point of the alar Images were taken in ‘Digital Imaging and Communications in
contours on both sides Medicine’ (DICOM) format. In our clinic routine pre- and post-
treatment CBCT imaging, strictly adhering to ALARA (As Low
Ls’ Midpoint of the vermilion As Reasonably Achievable) principles, is utilized to ensure pre-
line of the upper lip cise insertion and minimally invasive removal of miniscrews and
Li’ Midpoint of the vermilion line Mentoplates to preserve bone and soft tissue.
of the lower lip vermilion
3D Slicer 5.8.1 program was used to segment the DICOM data
PFH Posterior facial height: The and perform the analysis [20]. All DICOM images were reori-
superoinferior component of ented by aligning midsagittal, FH and transporionic planes with
the distance between S and sagittal, axial and coronal planes, respectively [21]. Artificial
midpoint of RGo and LGo intelligence-based automatic cranial base segmentation was
AFH Anterior facial height: The carried out using Slicer Automated Dental Tools extension,
superoinferior component of the AMASSS module [22, 23]. Subsequently, manual refinement was
distance between N and Me performed using ‘Segment Editor’ tool. Any over-segmentation
or under-segmentation artefacts were corrected manually slice-
SS (Sphenoid Horizontal plane parallel to the FH

Sinus) Plane

PNS-H Plane

PNS-F Plane

U Plane

plane, intersecting the inferior part
of the floor of the sphenoid sinus

Horizontal plane parallel to the
FH, passing through PNS

Frontal plane perpendicular to
FH, passing through PNS

Horizontal plane parallel to
the FH, passing through the
inferior portion of the uvula

(Continues)

by-slice without applying a standardized automated threshold-
ing value. Voxel-based registration method was carried out to
superimpose T1 image over oriented T0 image using cranial base
as a reference (Figure 2). Maxilla, mandible, airway and skin
were segmented using AMASSS module, and 3D models were
created [23]. Predetermined landmarks were placed on models
and checked via TO and T1 DICOM images (Table 1, Figure 3).
Standardized airway dimensions were calculated using specific
anatomical reference planes, while Sphenoid Sinus (SS) Plane
served as the most superior border, Epiglottis (E) Plane was the
most inferior limit. Posterior Nasal Spine-Frontal (PNS-F) Plane
provided the anterior boundary, Second Cervical Vertebra (C2P)
Plane defined the posterior limit, and Maxillary Sinus (MS)
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FIGURE1 | Representative case of the study group. The patient's starting age was 12years and 1 month, with a CVM stage of 3 at the outset of
treatment. The total treatment duration (T0-T1) was 11 months and 21 days. This patient reflects the typical skeletal and dental characteristics of the
overall study population. (a) Initial extraoral and intraoral records. (b) Schematic illustration of the hybrid hyrax-mentoplate appliance configura-

tion. (c) Final extraoral and intraoral records.

FIGURE2 | Superimposed TO and T1 maxilla and mandible models of all individuals included in the study, with reference to the cranial base.

Plane established the lateral boundaries (Table 1, Figure 3).
Total airway was also divided into sub-segments: NPh was de-
fined between SS and PNS-Horizontal (PNS-H) Planes, MPh
was between PNS-H and Uvula (U) Planes, and inferior phar-
ynx (IPh) extended between U and E Planes (Table 1, Figure 3)
[14]. 3D volume measurements were made in cubic millimetres
(mm?) using ‘Segment Statistics’ in the software.

Q3DC module was used to generate midpoints (e.g., Go,: 3D
centre point calculated as average of X, Y and Z coordinates of
both Gonions) and calculated angular, linear, and 3D displace-
ments. To facilitate clinical interpretation, the 3D coordinates
of the anatomical landmarks were projected onto the sagittal,
vertical and transverse planes. This allowed for the calculation

of standard angular and linear measurements, ensuring that the
results remain comparable with existing literature. Landmark
changes (AT1-TO0) were measured anteroposteriorly, supero-
inferiorly and as total 3D displacements (Table 2). Positive val-
ues denote anterior and superior movements, whereas negative
values indicate posterior and inferior displacements (Table 2).
All angles represent pitch rotations between the specified land-
marks or reference lines (Table 3).

2.7 | Bias

It is acknowledged that restricting the study group exclusively
to fully compliant patients inherently introduces a selection
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FIGURE 3 | Some reference points and planes used in the study.

bias, as it excludes those who failed to complete the protocol.
However, to mitigate other potential confounding factors, uni-
form eligibility criteria were strictly applied. Measurement bias
was minimized by acquiring all data on a single CBCT device
and a standardized segmentation/registration workflow.

2.8 | Statistical Analysis

Statistical analysis was done using IBM SPSS Statistics (version
23, IBM Corp, Armonk, NY) software. All variables of 30% of
randomly selected patients were measured again after 1 month
to assess intra-examiner reproducibility and calculate intraclass
correlation coefficient (ICC).

Shapiro-Wilk test was implemented to assess the normality of
variables. Normally distributed variables were analysed with
paired-sample t-test and treatment changes over time (AT1 —TO)
were reported as mean difference along with its 95% CI.
Conversely, non-normally distributed variables were evaluated
using Wilcoxon signed-rank test and treatment changes were
reported as Hodges-Lehmann point estimate of median differ-
ence, accompanied by the corresponding Hodges-Lehmann 95%
CIL. p<0.05 was considered statistically significant. However,
to address the potential inflation of Type I error from multiple
testing, we predefined a focused set of primary outcomes (SNA,
ANB, SN-MP, N-Me, NPh and MPh) directly related to our pri-
mary hypotheses. All other measurements were considered ex-
ploratory secondary outcomes and their p-values are reported
without multiple comparison adjustments.

3 | Results

ICC varied between 0.857 and 0.998, indicating good to excel-
lent intra-examiner reliability. No missing data were observed
for any variable at TO or T1; therefore, all analyses were con-
ducted on complete dataset. All following outcomes reflect a
study group that completed the treatment with full compliance.
Cephalometric values and Cervical Vertebral Maturation stages

dued J-SNd

C2P Plane

U Plane

E Plane

of the study group at TO are given in Table 1. The first hypoth-
esis was accepted as the facial height is not affected. However,
the second hypothesis was accepted for NPh and MPh regions,
as significant volumetric increases were detected in these seg-
ments, but rejected for IPh.

Antero-posterior, supero-inferior and 3D distance changes of
certain landmarks are given in Table 2.

3.1 | Main Results

Regarding primary outcomes, statistically significant in-
creases were found in SNA (p<0.001, Cohen's d=2.04)
and ANB angles (p<0.001, Cohen's d=1.73) (Table 3). No
significant changes were found in SN-MP angle and N-Me
(Table 3). For airway, significant increases were detected in
NPh (p=0.008, Cohen's d =0.74) and MPh volumes (p =0.003,
Cohen's d =0.83) (Table 3).

In sagittal evaluation, significant increases were detected in
Co,,-Gn, Co_-A, Go_-Gn measurements (p=0.002, p<0.001,
p=0.001, Table 3, respectively).

In vertical examination, a significant increase was observed in oc-
clusal plane (OP) to MP angle (p =0.001, Table 3), and statistically
significant decreases were found in SN-OP and palatal plane (PP)
to OP angles (p=0.008, p=0.008, respectively, Table 3). In vertical
soft tissue measurements, a significant increase was noted in soft
tissue nasion to lower lip (N’-Li") (p=0.003, Table 3).

In transverse measurements, significant increases were ob-
served in mesio-buccal cusps of upper first molars (16mb-
26mb), right and left jugale (RJ-LJ), right and left zygomatic
bones (RZygo-LZygo), right and left nasal cavity (RNC-LNC),
right and left alare (AIR-AIL") (p=0.002, p=0.011, p<0.001,
p<0.001, p=0.001, respectively, Table 3).

Dental evaluation showed statistically significant increases in
upper molar (UM) to PP, upper incisor (UTI) to PP, lower incisor
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TABLE 2 | Descriptive statistics of 3D displacements. TABLE 2 | (Continued)
Anteroposterior displacement (mm) 3D displacement (mm)
Mean +SD Median Min Max Mean +SD Median Min Max

A 2.65+1.21 2.59 0.59 5.30 B 3.81+1.48 3.65 1.53 6.49

B 0.55+2.03 0.18 -1.74 391 ANS 2.52+1.12 2.62 0.80 5.34

ANS 2.02+1.07 2.27 0.07 3.80 Me 3.10+1.34 2.96 0.57 4.76

Me 0.23+2.10 0.11 -3.37 3.97 Gn 3.13+1.22 3.06 0.70 5.00

Gn 0.23+2.35 0.09 —-3.64 3.86 Pog 2.89+1.02 3.22 0.73 4.66

Pog 0.52+2.08 0.12 —2.18 3.22 I, 3.14+1.36 3.12 0.81 4.96

I, 2.37+£1.48 2.24 —0.09 4.55 Zyg., 1.94+091 2.00 0.57 3.71

zyg 1.52+0.93 1.37 -0.19 3.24 Mx1 4.68+1.96 4.53 1.60 9.24

Mx1 4.39+1.93 4.15 1.03 6.98 Or 1.38+0.51 1.48 0.48 2.33

Or 0.80+0.72 0.88 -0.43 1.82 NC,, 2.04+£1.08 1.95 0.44 4.44

NC_ 1.61+1.23 1.51 -0.15 4.40 Co,, 1.24+£0.63 1.05 0.65 2.88

Co,, —-0.27+£0.90 -0.24 —2.35 1.09 Go, 2.52+1.27 2.50 0.76 5.82

Go_, —-0.98+1.74 -1.25 -3.49 2.84 Sn’ 2.75+£1.55 2.42 1.03 6.25

Sn’ 2.27+1.44 1.89 0.28 4.94 Ls’ 3.30+1.63 3.03 1.47 6.63

Ls’ 2.80+1.80 2.14 0.66 6.56 Li’ 3.08+1.53 2.67 1.42 6.22

Li’ 0.99+1.89 1.08 -2.03 4.09 Note: positive (+) values for anterior and superior displacements; negative (—)
values for posterior and inferior displacements.

Superoinferior displacement (mm) Abbreviations: m; midpoint; max; maximum; min; minimum; SD; standard
deviation.
Mean +SD Median Min Max

A —-1.22+1.92 —-1.81 —4.43 2.15 (LI) to MP, and overjet (p <0.001, p=0.018, p=0.048, p<0.001,

B 0.76 3.4 0.88 -538 565 respectively, Table 3).

ANS -0.73+£1.27 —0.42 —4.89 0.40

Me -1.04+2.35 ~1.34 -423  3.09 4 | Discussion

Gn —1.14£2.00 —Lo1 —3.84 3.23 It is known that conventional FM applies clockwise rotation to the

Pog —0.36+2.09 —0.37 ~3.59 3.50 mandible and increases facial height [24]. However, Pavoni et al.
[25] demonstrated that a 30° downward and forward FM protrac-

J -1.20+1.22 -1.19 —3.45 0.69 . .. .

m tion force produced minimal vertical skeletal changes, regardless
Zyg,, —0.38+£0.95 —-0.52 -3.07 0.84 of the patient's vertical pattern. Likewise, incorporating a bite-
Mx1 1.10+1.51 101 6.00 0.88 block improves vertical control [26]. While specific biomechani-

R ’ ’ ’ cal adjustments can mitigate vertical side effects, traditional FMs
Or,, —0.06+0.58 —-0.01 -1.44 1.00 remain limited by a restricted optimal age range and poor patient
NC —0.22+1.08 ~0.29 Z1.93 1.82 f:omphance due to their extraoral de51gn' [3', 10]. By utilizing fu'lly
m intraoral components, HH-M protocol eliminates tooth-borne side
Co,, 0.25+0.79 0.11 -1.11 2.61 effects and improves patient acceptance. This approach enables ef-
Go,_ —0.48+1.81 022 513 308 fective orthopaedic correction even in older age groups or patients

unable to tolerate FM [6, 27, 28].

Sn’ —-0.28£1.56 0.05 —4.81 1.78

Ls’ _043+1.43 0.04 _3.46 0.95 The literature describes various skeletal anchorage techniques
that successfully maintain vertical height [1, 3, 9-11, 16, 27-30].
Li —L77+2.11 —-1.51 —5.52 1.66 Protocols utilizing miniplates with FM support on lateral nasal
3D displacement (mm) or anterior maxillary walls report no vertical increases [11, 29].
- - Bone-Anchored Maxillary Protraction (BAMP) approach also
Mean +SD Median Min Max induces minimal vertical alterations, providing a viable option
A 3.57+1.00 3.63 1.47 5.32 for high-angle individuals [10, 30]. When HH is used as max-
illary anchorage, overbite remains stable during FM therapy
(Continues) [27, 28]. Specific to HH-M approach, the absence of vertical
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TABLE 3 | Treatment changes of study group over time.
TO T1 AT1-TO 95% CI D
Primary outcomes
SNA (°)? 79.91+£3.13 82.42+3.05 2.51+1.23 1.88 to 3.14 <0.001%**
ANB (°)? —-0.22+£2.06 1.91+1.48 2.13+1.23 1.50 to 2.76 <0.001%**
SN-MP (°)® 39.65(39.21, 41.10) 40.51 (38.46, 41.15) —0.50 -1.23t00.25 0.227
N-Me (mm, ST)? 111.61+3.19 112.45+4.12 0.85+2.21 —0.29t0 1.98 0.134
Nasopharynx 3676.77 £1358.27 4263.22+1315.60 586.45+792.39 179.02 to 993.88 0.008**
(mm?)*
Middle pharynx 5024.57£1877.67 6041.43 +1753.33 1016.86 +1224.71 387.15 to 1646.58 0.003**
(mm?)?
Secondary outcomes
Sagittal
SNB (°)? 80.30£3.00 80.52+3.11 0.22+1.24 —0.42t00.86 0.475
Co,-Gn (mm, 3D)* 107.29+£5.48 109.04 +5.59 1.75+£1.94 0.75 to 2.75 0.002**
Co,-A (mm, 3D)* 75.98 £3.99 79.34+3.64 3.36+£1.33 2.68t04.05 <0.001%***
Go, -Gn (mm, 3D)* 67.06+3.65 68.83+3.88 1.77+£1.78 0.85 to 2.69 0.001**
Vertical
SN-PP (°)? 9.67+2.77 8.76 £3.02 —-0.90£2.05 -1.96 to 0.15 0.088
PP-MP (°)? 29.93+3.15 30.36+3.40 0.42+2.30 —0.76 to 1.60 0.461
SN-OP (°)? 18.88+3.15 16.68 £3.97 —2.20x+3.01 —3.75to —0.66 0.008**
PP-OP (°)? 9.21+3.13 7.08+£3.95 —2.13£2.89 —3.62 to —0.65 0.008**
OP-MP (°)? 20.72+2.50 23.39+3.77 2.67+£2.63 1.32 t0 4.02 0.001**
Co_,Go,Me (°)* 132.13+5.04 131.36+£5.12 —0.78 £3.06 —2.35t00.80 0.311
N-ANS (mm, SI)® 50.40 (49.18, 50.98) 50.81 (49.52, 51.52) 0.45 —0.03t00.94 0.093
ANS-Me (mm, SI)® 60.58 (59.73, 63.95) 61.01 (57.82, 62.66) 0.12 -1.12t0 1.22 0.793
Co,-Go,, 51.28+2.42 52.17+2.83 0.89+1.56 0.09 to 1.70 0.032*
(mm, 3D)?
N’-Sn’ (mm, SI)P 47.00 (45.59, 47.98) 47.07 (45.82, 47.33) —0.03 —0.69 t0 0.71 0.408
N’-Ls’ (mm, SI)® 58.01 (57.15, 61.50) 59.85(57.46, 61.40) 0.23 —-0.35t01.25 0.201
N’-Li’ (mm, SI)? 73.86+3.62 75.63£2.51 1.77+£2.11 0.68 to 2.85 0.003**
Transverse
16mb-26mb 51.75 (48.88, 53.37) 52.76 (51.56, 54.07) 2.28 1.04 to 3.44 0.002%*
(mm, 3D)®
RJ-LJ (mm, 3D)* 61.01 £3.54 62.53+3.66 1.52+2.19 0.40 to 2.64 0.011*
RZygo-LZygo 82.64£4.30 84.70+3.74 2.06x1.75 1.16 t0 2.96 <0.001%**
(mm, 3D)?
RNC-LNC (mm, 19.73£1.85 21.98+£1.88 2.25+1.01 1.73 t0 2.77 <0.001%**
3D)*
AIR-AILY 31.19x+2.15 32.53+£2.27 1.34+£1.28 0.68 to 2.00 0.001**
(mm, 3D)?
(Continues)
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TABLE 3 | (Continued)

TO T1 AT1-TO 95% CI P

Dental

UI-PP (°)? 113.08 +7.67 116.03£6.32 2.95+4.59 0.58 to 5.31 0.018*

LI-MP (°)? 82.02+4.83 84.22+4.19 2.20+4.24 0.02 to 4.38 0.048*

UM-PP 20.39+2.23 22.04£2.96 1.64+1.40 0.92to0 2.36 <0.007***

(mm, ST)?

LM-MP 22.40x2.71 22.24+£3.30 —-0.17x1.16 —0.76 t0 0.43 0.562

(mm, ST)?

0J (mm)® —1.43 (—2.33, —0.06) 2.22(1.94, 2.46) 3.60 2.76 to 4.33 <0.001%**

OB (mm)? —0.61£1.82 0.49+1.61 1.10+2.31 —0.09 to 2.29 0.067
Airway

Inferior pharynx 2319.31+873.58 2373.01 £876.81 53.71+897.97 —408.01 to 515.42 0.808

(mm?)?

Note: Values for TO and T1 are reported as Mean + SD for the paired-sample t-test and as Median (Interquartile Range) for the Wilcoxon signed-rank test. For the
Wilcoxon signed-rank test, the AT1-TO column displays the Hodges-Lehmann (HL) point estimate of the median difference. The 95% CI column represents the 95%
confidence interval of either the mean difference (paired-sample t-test) or the HL estimate (Wilcoxon signed-rank test).

Abbreviations: 3D, three-dimensional distance; CI, confidence interval; m, midpoint; mm, millimetres; mm?3, cubic millimetres; SD, standard deviation; SI,

superoinferior component.
2Paired-sample t-test.
bWilcoxon signed-rank test.
*p<0.05.

*p <0.01.

#5%p < 0.001.

changes confirms its suitability for high-angle patients [3, 9, 16].
Meyns et al. [1] applied Alternate Rapid Maxillary Expansion
and Constriction protocol with HH-M and did not observe any
change in MP angle.

All the aforementioned investigations evaluated patients with nor-
mal or decreased vertical patterns [1, 3,9, 16, 19, 31]. To our knowl-
edge, no existing literature examines the outcomes of high-angle
patients receiving HH-M therapy. Only one study applied Class
IIT orthopaedic treatment to a high-angle cohort; however, their
expansion protocol differed from ours [31]. Therefore, this study
is the first to investigate the HH-M approach not only with tra-
ditional linear and angular measurements but also with total 3D
displacements and volume changes in high-angle patients.

In this study, voxel-based superimposition was performed using
cranial base as reference in CBCT images, a method previously
validated for its accuracy and reproducibility in growing sub-
jects [32, 33]. Validated Al-based instruments were also used to
segment the mandible, maxilla, and cranial base using 3D Slicer
software, AMASSS module [22, 23].

Similar to prior studies, significant alterations were noted in
SNA and ANB angles, although no variation was detected in
SNB angle [3, 9, 16]. Minor variations from previous studies are
likely due to their 2D imaging, alongside variations in sample age
and vertical patterns. Increased movement in antero-posterior
direction at point A relative to point B corroborates this find-
ing (A: 2.65+1.21, B: 0.55+2.03). Moreover, Co,_-A is increased
significantly, which indicates anterior movement of maxilla. In
the literature, a 1.4° increase in the SNA angle and a 2mm in-
crease in Co-A have been reported to be clinically significant
[34, 35]. In light of this information, it can be speculated that the

findings of this study are clinically significant (AT1—-TO0 SNA:
2.51+1.23; AT1-TO CoA: 3.36%1.33). Go_-Gn and Co_-Go,,
also significantly increased, indicating that both sagittal and ver-
tical growth occurred, which explains the increase in Co -Gn.
However, the clinically significant threshold value for Co_-Gn
has been reported as 2mm in the literature, so the significant
increase in Co_-Gn might be clinically negligible (AT1-TO
Co,-Gn: 1.75+1.94) in this study [36]. The lack of a control group
prevents distinguishing between natural growth and treatment-
suppressed growth. In the study by Miranda et al. [37] comparing
the MAMP and BAMP protocols, antero-posterior displacement
of point A in our study was less than BAMP protocol, but greater
than MAMP group. Miranda et al. [37] indicated in their study
that the BAMP treatment may exhibit slightly higher efficacy
in maxillary advancement. In supero-inferior direction, more
inferior movement at A was observed in this study compared to
both techniques [37]. Facio-Umafa et al. [31] applied skeletally
anchored Class III orthopaedic treatment to a high-angle cohort,
utilizing an aggressive expansion protocol (two turns per day for
2weeks, then one turn per day) by four miniscrews and bilateral
mandibular miniplates applying 100-200g per side for an aver-
age of 4.46months. Despite our heavier elastic forces and longer
treatment duration, they observed greater increases in SNA and
ANB angles. This difference can be attributed to a more extensive
sutural disarticulation due to aggressive expansion protocol. In
another study, Ngan et al. [6] evaluated the effects of maxillary
protraction using HH-FM. Although the maxillary anchorage
unit was identical, a greater increase in SNA angle was demon-
strated in this study, which might be due to extended treatment
duration, despite their younger cohort and heavier orthopaedic
forces. Moreover, Liang et al. [29] used patient-specific custom-
ized miniplates with FM and found significant increase in the
SNA angle consistent with our findings.
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No significant change was found in SN-PP, SN-MP, PP-MP an-
gles, N-Me, N-ANS, ANS-Me indicating that vertical skeletal
dimensions were preserved during treatment. The downward
movement of Go,, and Me points in supero-inferior direction by
0.48 and 1.04mm, respectively, suggests that mandibular plane
remains almost parallel to its initial location, corroborating the
observation of no alteration in SN-MP angle. Most of the studies
also observed no alterations in angular measurements, espe-
cially in SN-MP angle, consistent with our findings [3, 9, 31]. In
light of current literature, the preservation of vertical dimension
can be strongly attributed to the synergistic biomechanical ad-
vantages of both HH and Mentoplate [1, 9, 38]. First, by utiliz-
ing miniscrews in maxilla, HH ensures that the expansion and
protraction forces are delivered closer to the centre of resistance
of maxilla. Second, Mentoplate provides a stable, bony intraoral
point, and anchoring elastics directly to Mentoplate, the force
vector is reduced to an angle of approximately 10°-15° relative
to OP [9]. Consequently, it is hypothesized that this more hori-
zontal vector might neutralize the counterclockwise rotational
moment, which could theoretically facilitate a more transla-
tional advancement of maxilla and prevent unwanted vertical
opening. Consistent with the present investigation, Ngan et al.
[6] reported no significant changes in mandibular plane angle.
However, it is important to note that their study evaluated a nor-
modivergent cohort. Liang et al. [29] also observed no signifi-
cant changes in SN-MP using customized maxillary miniplates,
which is in accordance with our results. Conversely, Katyal et al.
[16] noted a substantial reduction in SN-PP angle, though they
considered it clinically insignificant. Tarraf et al. [3] and Katyal
et al. [16] also reported no significant change in overbite as our
study. Moreover, Co_Go_Me (gonial) angle is preserved during
treatment, similar to previous 2D studies [3, 16]. The decrease
in gonial angle in our study was very similar to MAMP group of
Miranda et al. [37], but less than their BAMP group. Conversely,
Willman et al. [9] reported a significant decrease in gonial angle
different than this study, which is likely due to their sample of
vertically normal-low angle individuals.

Compared to Miranda et al. [37], the Go_, point in this study
moved more posteriorly than in their MAMP group but less than
in their BAMP group [37]. Therefore, while all three modalities
displace gonial region posteriorly, the HH-M approach appears
to be more effective in maintaining vertical position of Go point.
Similarly, the Pog point exhibited less anterior and inferior dis-
placement [37], suggesting that the HH-M technique may better
preserve the overall spatial position of the chin.

Anterior chin landmarks (B’ and Pog’) were excluded from the
soft tissue evaluation due to physical distortion by Mentoplate.
Vertical soft tissue measurements remained unchanged except
for N’-Li" distance, which is likely due to the 1.77mm inferior
displacement of lower lip caused by the appliance.

Changes in SN-OP, PP-OP and OP-MP angles indicated a coun-
terclockwise rotation of OP. This rotation is further supported
by significant UM extrusion observed, while lower molars re-
mained vertically stable. Although HH-M technique aims to
keep the elastic vector as horizontal as possible, the inherently
steeper vector in high-angle individuals compared to normal-low
angle subjects may have contributed to this outcome. Although
UM extrusion has been reported with this technique similar to

ours [18], other studies likely missed this side effect because they
lacked vertical molar assessments, relied on 2D imaging, and fo-
cused on normal-to-low angle individuals [3, 9, 16].

Some of the studies found no changes in lower incisor angle
[9, 16]; however, this study noted significant proclination,
which is consistent with the findings of Tarraf et al. [3]. This
can be explained by the lip bumper effect of Mentoplate hooks,
as proposed previously [11]. Furthermore, contrary to previ-
ous HH-M reports [3, 9, 16], notable upper incisor proclination
was also detected. This is likely a dental side effect of anchor-
ing HH appliance to dentition via molar bands [18, 35, 37].
Moreover, despite bimaxillary incisor proclination, overjet im-
provement may be primarily attributed to true skeletal maxil-
lary protraction, which is confirmed by 3D displacement data,
where maxillary reference points (A, ANS, J_, Zygo_ and
NC, ) moved more forward relative to mandibular landmarks
(Me, Gn and Pog).

Significant increase was observed in all transverse measure-
ments and can be attributed to the effect of applied RPE.
Parallel with the literature, an increase in distance of alar
wings was noted alongside the skeletal increase of nasal
level [39].

This study revealed an increase in volume of NPh and MPh,
whereas no change was found in IPh. Although the utilization
of different anatomical airway boundaries in between studies,
increases in airway volume similar to our study have been re-
ported in skeletal anchorage-supported Class III treatments
[12, 13]. In the study of Steegman et al. [14] although the same
anatomical boundaries were used, significant increases were
found only for NPh and total airway volume. Difference for MPh
might be due to their cleft lip and palate patients. However, clin-
ical significance of these volumetric changes still remains un-
clear. Although an increase in airway volume may theoretically
improve airflow, it may not necessarily create functional im-
provements such as reduced respiratory symptoms or improved
sleep-related breathing problems. A systematic review has high-
lighted that the current evidence regarding airway enlargement
following BAMP is limited and heterogeneous, and the magni-
tude of volumetric change may not reach a clinically meaningful
threshold [15]. Moreover, although Steegman et al. [14] reported
significant airway volume increase following BAMP protocol,
results were comparable to untreated Class III control group
which may also raise questions regarding clinical relevance of
the findings.

On the other hand, Katyal et al. [16] did not see a linear alter-
ation in adenoid level in their HH-M approach. Yet the variation
in approaches utilized and 2D examinations may be the reason
for these differences.

Another important consideration is the relationship between
skeletal correction and airway changes. In a randomized clin-
ical trial evaluating MAMP, although significant increases in
oropharyngeal volume were observed, no significant correlation
was detected between skeletal changes and airway modifica-
tions [12]. This suggests that airway adaptations may not depend
truly on skeletal changes but also on complex interactions be-
tween surrounding soft tissues and neuromuscular adaptation.
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CBCT measurements are naturally sensitive to instantaneous
factors like head posture, tongue position, or breathing phase
during the scan. Thus, volumetric increases we observed in
NPh and MPh regions should be interpreted with caution.
Furthermore, even though we noted a clear transverse expan-
sion at skeletal nasal region, we did not specifically segment the
internal nasal cavity to quantify its volume changes [39]. Adding
functional respiratory tests and internal nasal evaluations in fu-
ture trials would provide a clearer picture of breathing effects
with treatment.

While HH-M technique offers clear orthopaedic benefits, its
clinical challenges and higher costs compared to conventional
methods must be considered. Unlike traditional FM, this pro-
tocol requires two separate surgical interventions to place and
remove the Mentoplates. Our initial screenings revealed compli-
cations including soft tissue irritation, one instance of inflamma-
tory fibrous hyperplasia, and one necessary plate repositioning
surgery. These clinical hurdles, coupled with rigorous demand
for full-time Class III elastic wear, led to the exclusion of four
patients due to non-compliance. Therefore, clinicians should be
aware that this approach demands highly motivated patients
to overcome the surgical burden and potential side effects.
Reported outcomes reflect the efficacy of the protocol under
conditions of full compliance.

4.1 | Limitations and Generalisability

Our study has certain limitations that should be kept in mind.
Most importantly, without an untreated high-angle control
group, it is difficult to precisely differentiate the true ortho-
paedic effect from natural growth and skeletal maturation.
The single-arm design and slight variations in individual ac-
tive treatment durations (SD: 1.7 months) might also introduce
minor confounding effects. Additionally, we currently lack long-
term follow-up records to evaluate the stability of these ortho-
paedic corrections over time.

Finally, since all 3D digital workflows were completed by a sin-
gle examiner in a single centre, inter-examiner reproducibility
was not assessed, and the results might not be fully general-
izable. Findings should be extrapolated only to growing Class
IIT patients presenting similar age and dentoskeletal profiles
who demonstrate full compliance with the treatment protocol.
Future multicentre studies with larger sample sizes comparing
HH-M protocol to other high-angle Class III interventions are
recommended.

5 | Conclusion

This study provides the first 3D evidence that, in fully compli-
ant patients who successfully complete the protocol, the HH-M
technique effectively achieves maxillary protraction while
successfully maintaining vertical skeletal stability even in
high-angle subjects, highlighting the incremental value of this
approach. Additionally, the protocol induces transverse expan-
sion in the maxillary, nasal, and zygomatic regions and creates
volumetric increases in NPh and MPh airways without altering
IPh volume.
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