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1 Introduction

1.1 Maxillofacial Orthopedics

The concept of maxillofacial orthopedics is directed to the diagnostics, prophylaxis, and correction
of the clinical manifestation, face and jaws deformations to achieve some purposes; from those
arise the rehabilitation of patients with defects of dentition and craniofacial deformities, treatment
of the congenital and acquired defects of the face and jaws, treatment of the jaws fractures and
their consequences, elimination of dento-skeletal deformations defects utilizing orthopedic
methods and orthopedic treatment of masticatory muscles and temporomandibular joints(1).
Therefore, proper diagnosis is essential for ensuring a successful outcome of any applied therapy,

including orthodontics and orthognathic surgery
1.2 Craniofacial anomalies

Craniofacial anomalies (CFAS) are congenital abnormalities in the bone or soft tissue of the face

or head and comprise a wide range of heterogeneous conditions with many associated syndromes.

Patients born with a (CFA) often will present with multiple auxiliary syndromes associated with
the initial (CFA). Babies and children with (CFAs) will have difficulty of eating (including
regurgitation and aspiration), ear infections, hearing loss, permanent speech impediments, gross
jaw deformities of various types, and a broad range of dental-related challenges — all of which are

justifications for unavoidable surgical management.

A team of multispecialty providers, orthodontists, and oral and maxillofacial surgeons (OMSs)
play an important role in the carefully orchestrated, multistage correctional approach for (CFA)
patients, to help restore the jaw and facial structures, leading to normal function and appearance.
The standard of care for treatment must consider function, appearance, nutrition, speech, hearing,

and emotional and psychological development(2).
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Fig. 1. Facial appearance in Crouzon’s syndrome of moderate severity, at age 8 years 8 months(3).
1.2.1 Prevalence of the craniofacial anomalies

The frequency of congenital malformations is 310 per 10 000 births worldwide. Among them,
craniofacial malformations represent between 10-15% of cases, including ear malformations with
a prevalence of 74.1 per 10 000 births, followed by cleft lip and palate (CL/P) with 15.9 per 10
000 births (4), and the estimated incidence of the cleft lip without cleft palate according to the
American Association of Oral and Maxillofacial Surgeons (AAOMS) was 1 in 940 newborn babies
worldwide(2). Orofacial clefts are the most common and serious, and their frequency is highly
variable depending on the population(5).

Czeizel AE. calculated in his nice study the occurrence of two or more different congenital
abnormalities in the same person which was defined as the Multiple congenital abnormalities
(MCA), these cases, including CL/P and posterior CP were evaluated in the population-based,
almost-complete data set of the Hungarian Congenital Abnormality Registry, the clinically
recognized and notified syndromes and associations were included. He found that the birth
prevalence of the recorded cases affected by (MCA) was 4.0 per 1000 total births (range: 3.7-4.5)
in Hungary for the period between (1973- 1982). He also found that they represent about 10% of
the recorded (CA) in the Hungarian Congenital Abnormality Registry (6).

1.3 Skeletal and dental consideration in the transverse dimension

Maxillary transverse deficiency may be one of the most pervasive skeletal problems in the
craniofacial region (7). The transverse dimension is often interrelated with the sagittal and vertical
dimensions. However, the transverse dimension relates primarily to the posterior occlusion, and

any discrepancy is usually manifest as a unilateral or bilateral crossbite of the buccal occlusion.
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Patients with transverse discrepancies should be carefully assessed to determine the best feasible

treatment plan especially the primary and mixed dentition(8).

1.3.1 Maxillary transverse deficiency in the mixed dentition period

In the preadolescent patient, problems in the transverse dimension are generally identified as
skeletal or dental, which may range in severity. A common transverse problem is caused by
skeletal maxillary constriction, which is manifest as a dental posterior crossbite. This may be
unilateral or bilateral and usually includes multiple teeth. The posterior crossbite is diagnosed in
central occlusion (CO), but it should also be assessed in central relation (CR) to identify if a
mandibular shift exists. If there is no CR/CO mandibular shift then a true unilateral posterior
crossbite exists. The cause may be from maxillary constriction or mandibular expansion and may
involve one tooth or multiple teeth in a posterior crossbite relationship. A systematic diagnostic
approach should identify the contribution of the dental and skeletal components so that the
appropriate treatment may be selected based on the severity and the ability of the dentoalveolar
component to compensate or camouflage the skeletal pattern(8).

An important caveat in recognizing a transverse problem is to ensure that the diagnosis has defined
the skeletal and dental components of the malocclusion. A progressive skeletal asymmetry caused
by early condylar fracture or a craniofacial developmental anomaly such as hemifacial microsomia
will result in asymmetric mandibular growth with adaptive maxillary dental arch compensation.
These cases should be diagnosed and treated early to avoid creating severe skeletal discrepancies.
If the skeletal component of the malocclusion is treated solely by dental compensations, the
correction of the crossbite may not be stable and could relapse to the initial unilateral crossbite
relationship. True skeletal unilateral crossbites may require surgical as well as orthodontic
corrections(8).

1.3.2 Conservative correction of the maxillary transverse deficiency

1.3.2.1 Unilateral posterior crossbite in cleft lip and palate

Maxillary skeletal asymmetry in unilateral complete clefts of the lip and palate may also be
reflected in a unilateral posterior crossbite, which may be expanded with a quad helix type of
appliance or rapid maxillary expansion (RME) in the mixed dentition. The cleft maxilla does not
have a midpalatal suture, instead, there is a midpalatal cleft covered with repaired and scarred
palatal tissues limiting the rate and amount of expansion. The force provided by these appliances

allows the soft tissue of the palate to stretch and adapt to the increasing maxillary width. This type
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of orthodontic expansion treatment is often timed to precede the surgical placement of an alveolar

bone graft in the mixed dentition stage(9).

Fig. 2. Maxillary expansion of a unilateral cleft lip and palate in 11 years old patient (3) .

1.3.2.2 Bilateral posterior crossbite

Correction of a posterior crossbite in children and preadolescents may involve the whole buccal
segment or may be localized to one or more teeth. If the crossbite or transverse discrepancy has a
dental cause, cross elastics or coordinated upper and lower archwires may change the dental
relationship by tipping the teeth into their correct axial positions. Similarly, if there is a mild
skeletal transverse discrepancy, camouflage by dental compensation may be the treatment of
choice. A bilateral posterior crossbhite may result from either maxillary constriction or mandibular
expansion or be the result of a combination of both. In the older child, more dental and less skeletal

change occurs with the quad helix or W arch appliances therapy(8).

1.3.2.3 Skeletal discrepancies

Typically, skeletal correction involves orthopedic maxillary arch expansion. If a CR/CO shift has
resulted in an associated mandibular shift, the bilateral skeletal expansion of the maxilla will also
eliminate the shift and correct the unilateral crossbite in the centric occlusal position. The rapid
palatal expansion provides an orthopedic force capable of expanding the midpalatal suture and
requires a fixed appliance with bands cemented on the first permanent molars and the first

premolars. This may be accomplished with a hyrax type appliance screw (Figure 3, A). The patient
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turns the screw twice a day (each turn of the screw expands 1/4 mm) to produce 0.5 mm of opening
per day and delivering 2000 to 3000 g of force. In the initial phase of treatment there is more
skeletal than dental movement and the force is directed to the maxillary midline over a 7- to 10-
day period. Some over-expansion is indicated to compensate for the relapse tendency and to help
stabilize the increased transverse skeletal width of the maxilla. During this period there may be
some dental compensation as the skeletal transverse expansion settles. Following this active palatal
expansion, the appliance remains in place for 3-6 months to allow bone to fill in the separated
midpalatal suture and for the residual pressure to dissipate from the displaced structures. During
this time the median diastema, which normally opens during the active phase of expansion, closes
as the central incisors move spontaneously toward the midline. As the teeth are held rigidly by the
appliance, the transverse relationship that has been over-expanded at least 2 to 3 mm maintains the
correction. Radiographically, the midline suture opens more anteriorly than posteriorly, resulting
in the V-shaped midline translucency (Fig.3, B) (8). Adding of palatal flanges of acrylic to the

appliance may add to the skeletal expansion effect and has been advocated by Haas(10).

% . B
%/ =

Se
L

o T W
 —
o -
— - —
5
> e ——

b
o eﬂl -

Fig. 3. (A) Hyrax expander with the transverse force across the maxilla that can open the midpalatal suture.
(B) Radiographic occlusal view shows suture opening after rapid maxillary expansion(3)

1.4 Surgical correction of the craniofacial deformities:

According to the American Association of Oral and Maxillofacial Surgeons (AAOMS),
orthognathic surgery is the surgical correction of abnormalities of the mandible, maxilla, or both.
The underlying abnormality may be present at birth or may become evident as the patient grows
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and develops or may be the result of traumatic injuries. The primary goal of treatment is to improve

function through correction of the underlying skeletal deformity

1.4.1 Classification
The classification and analysis of dentofacial skeletal deformities are complex and involves
discrepancies in all planes of space. However, they can generally be classified as follows (11):
Congenital anomalies
1. Cleft lip and palate
2. Congenital dentofacial skeletal deformities
Acquired anomalies
1. Traumatic facial skeletal injuries
2. Cysts and tumors of the jaws
3. Obstructive sleep apnea
4. Temporomandibular joint disorders resulting in skeletal malocclusion
a. Rheumatoid arthritis
b. Degenerative arthritis
c. Condylar atrophy
5. Growth disturbances
a. Condylar hyperplasia

1.4.2 Indications
Given the relationship between facial skeletal deformities and masticatory dysfunction as well as
the limitations of non-surgical therapies to correct these discrepancies. The measurement of these
discrepancies must consider dental compensations relating to the malocclusion and the underlying
skeletal deformity. Orthognathic surgery should be considered medically appropriate in the
following circumstances (11):
A. Anteroposterior discrepancies: established norm=2mm
1. Maxillary/mandibular incisor relationship
e Horizontal overjet of +5mm or more
e Horizontal overjet of zero to a negative value
2. Maxillary/mandibular anteroposterior molar relationship discrepancy of 4mm or more
(norm 0 to 1mm)

3. These values represent two or more standard deviation from published norms
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B. Vertical discrepancies
1. Presence of a vertical facial skeletal deformity, which is two or more standard
deviations from published norms for accepted skeletal landmarks
2. Open bite
¢ No vertical overlap of anterior teeth
e Unilateral or bilateral posterior open bite greater than 2mm
3. Deep overbite with impingement or irritation of buccal or lingual soft tissues of the
opposing arch
4. Supra-eruption of a dentoalveolar segment due to lack of occlusion
C. Transverse discrepancies
1. Presence of a transverse skeletal discrepancy, which is two or more standard deviations
from published norms
2. Total bilateral maxillary palatal cusp to mandibular fossa discrepancy of 4mm or
greater, or a unilateral discrepancy of 3mm or greater, given the normal axial
inclination of the posterior teeth
D. Asymmetries
1. Anteroposterior, transverse, or lateral asymmetries greater than 3mm with concomitant
occlusal asymmetry.
These indications relate verifiable clinical measurements to significant facial skeletal deformities,
maxillary and/ or mandibular facial skeletal deformities associated with masticatory malocclusion.
In addition to the above conditions, orthognathic surgery may be indicated in cases where there
are specific documented signs of dysfunction. These may include conditions involving airway
dysfunction, such as sleep apnea, temporomandibular joint disorders, psychosocial disorders, and
speech impairments (11).
1.4.3 Consequential Outcomes of Treatment
As a direct effect of the resultant skeletal movements after orthognathic surgery, changes in the
soft-tissue drape overlying the facial skeleton may be realized. The soft-tissue changes are inherent
to the procedure and must be considered in the surgical workup, which was confirmed in the
clinical paper of the American Association of Oral and Maxillofacial Surgeons (AAOMS), and
confirm the importance of the soft tissue changes assessment (11).
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1.5 Facial Soft Tissue Importance

The concept of facial beauty changed over the centuries. Facial beauty can be defined as harmony
and balance among facial proportions, established by skeletal structures, teeth, and soft tissue(12).
Improvement of the soft tissue profile depends on many variables related to the anatomy of the
face including lip thickness, facial muscle activity, and ethnicity (13, 14).

Macgregor et al (1970) considered facial deformity as a social disability affecting individuals and
lead to different levels of psychological effects (15).

(Rustemeyer and Gregersen, 2012) found that soft tissue plays an important role in facial esthetics
and can even influence psychological aspects of patients and improve their quality of life (16)
Thus, clinicians should consider the soft tissue adaptation and soft tissue contours, as well as the
normal skeletal relationships and functional occlusion in diagnosis and treatment planning(17)
1.5.1 Importance of the facial soft tissue in orthodontic treatment

Facial soft tissue esthetics has been considered at the top of our priorities during our orthodontic
treatment.

In 1907, Angle emphasized the importance of soft tissues and facial esthetics in orthodontics. He
believed that, to a great extent, that facial harmony and balance depend on the shape and beauty
of the mouth(18). (Burstone CJ, 1959) stated that ,, The desire to improve one’s dentofacial
esthetics is one of the main reasons patients seek orthodontic treatment”(19), he also demonstrated
that, “soft tissue may vary in different persons in thickness, length, and postural tone” and it is
necessary to directly evaluate the soft tissue” (20).

Therefore, the orthodontist must understand clearly the necessary correction of the nose-lip-chin
relationship of a given patient before making critical decisions relating to extraction versus non-
extraction procedures for the correction of malocclusions (21). Thus the treatment goals of
orthodontics have changed. This paradigm shift in practice has placed more emphasis on normal
soft tissue as a primary treatment goal, whereas functional occlusion and normal skeletal

relationships have become secondary (17, 22).

1.5.2 Importance of the facial soft tissue in surgical treatment

The focus on soft tissue has also emphasized the growing importance of the aesthetic outcomes of
surgery, particularly during orthognathic surgery planning (23), because it has the objective of
correcting skeletal discrepancies, as well as altering facial balance (24), In these respects, It is

important to understand the relationship between the movement of the facial soft tissue envelope
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and the underlying skeletal bases during orthognathic surgery, as it is largely the final soft tissue
form and position that determines the aesthetic outcome of treatment(25, 26).

(Ryckman MS et al, 2010) emphasized that the ideal positioning of the jaws through orthognathic
surgery does not always result in an ideal soft-tissue appearance because the response of a patient’s
facial soft tissue does not reflect the exact movements of the underlying jaws in a 1:1 ratio (27).
Therefore treatment objectives should focus on the final soft tissue changes, and the ideal soft
tissue proportions should be considered during the orthognathic surgery planning (28).

(Gill et al, 2017) stated that one should even consider the proposed final position of the soft tissues
first and then plan skeletal movements accordingly (26).

Concerning the static soft tissue effects, one must take into consideration the immediate and long-
term soft tissue changes to gain a full understanding of the changes that may be seen following
treatment. However, they considered that the longer-term effects are complex and are influenced
by factors, such as relapse, remodeling, and the aging process (26).

Along with positive changes, certain orthognathic surgical procedures can also have detrimental
effects on the soft tissues of the face, particularly in the nasal and submental regions. It is important
that these are anticipated and minimized, but also that they are discussed during the planning and

consenting stages of treatment as the patients need to understand the implications of treatment.

1.5.2.1 The Immediate Response to Orthognathic Surgery

The immediate soft tissue response to orthognathic surgery is largely determined by the magnitude
of the inflammatory response to surgical injury. This has been prospectively investigated in several
studies using three-dimensional facial scanning before and after surgery, including both
bimaxillary and single jaw procedures (29-31).

Fig. 4 shows data collected in the study of (van der Vlis M et al, 2014) and outlines the reduction
of facial swelling. It can be seen that it takes on average 3 weeks for the swelling to reduce by
50%, 3 months for it to reduce by 80%, and even after 6 months, 10 to 15% resolution needs to
occur (31) during the following 6 months. Studies have also found some other interesting trends
(29, 30):
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Fig. 4. Facial swelling reduction following orthognathic surgery (31).

1. There is large individual variation in the immediate (<6 months) soft tissue edema (swelling).
2. Peak swelling typically occurs approximately 48 hours after surgery.

3. The swelling may be asymmetrical. Patients and their caregivers should be reassured that this is
normal; otherwise, it can become a matter of concern in the postoperative period.

4. There is a vertical gradient in the reduction of swelling with the resolution being quicker in the
maxillary region compared with the mandibular region, possibly owing to the effects of gravity on
the tissue fluids.

5. Resolution of swelling is also not symmetrical with one side often settling quicker than the other.

From the results of these studies, it is clear that the final soft tissue response, ignoring longer terms
of soft tissue changes due to skeletal relapse, cannot be evaluated until at least 6 months, and
ideally 12 months, following surgery. It is important that patients are informed of this during the
consenting stages of treatment and that any fine-tuning, secondary, adjunctive surgical procedures,
for example, rhinoplasty, are ideally planned following this period.

1.6 Soft tissue Diagnostic Records

Orthodontic records are one of the main milestones in orthodontic therapy. Records are essential
not only for diagnosis and treatment planning but also for follow-up of the case, communicating

with colleagues, and evaluating the treatment outcomes(32).

]
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1.6.1 Two-dimensional techniques

Orthodontists normally evaluate soft tissue form via a clinical exam with cephalometric
radiographs and 2D extraoral photographs, focusing on the 2D profile photographs as the primary
soft tissue evaluation tool and facial form analysis.

However, (Da Silveira 2003) found that treatment planning a 3D patient in a 2D way is insufficient
as, “facial depth and shape are not accounted for”(33). (Sarver 2001) concluded that 2D facial
photographs are prone to distortions in magnification, the patient’s head posture/position, as well
as the camera position, and the 2D frontal photographs, often fail to reveal skeletal
asymmetries(34).

Clinicians also use the cephalometric soft and hard tissue measurements as a confirmation for the
clinically based facial form diagnoses. (Park and Burstone, 1986) stated that we cannot rely on
hard tissue dento-skeletal cephalometric measurements to predict facial soft tissue aesthetics,
“Orthodontic treatment, by altering the dento-skeletal framework, may produce desirable or
undesirable alterations in the external or integumental contours of the face”(35).

(Honrado 2004) also concluded that cephalometric soft tissue is an inadequate tool as they show
just the midsagittal soft tissue while ignoring most of the other facial soft tissue(36).

(Jacobson A. & Jacobson R. 2006) Summarized in their book the limitation of the 2D imaging
techniques, as significant amount of radiographic projection error, enlargement, distortion,
exposure to radiation, weaknesses of landmark identification, inaccurate duplication of
measurements, significant variation in the position of reference points, such as sella turcica, and
extreme limitations in assessing soft tissue balance (37). (Erten et al,2018) considered that when
the clinician uses 2D imaging to view three-dimensional (3D) anatomical craniofacial structures,
some cephalometric structures, and landmarks that do not exist in the patient appear such as
mandibular symphysis, articular, pterygoid fossa (32), they also considered that 2D imaging
systems are not able to overcome the loss of data when presenting a 3D object through a 2D view
(38).

In 2001, Sarver explained, “Because orthodontics does not yet have morphometric tools for soft
tissue evaluation that are comparable in quality and accuracy to those measuring dental and skeletal
components, besides 2D and cephalometric soft tissue analysis were shown to be an imperfect
means for facial form diagnosing, orthodontists must place greater emphasis on the physical

examination of the patient and find better diagnostic methods for better soft tissue analysis (34)
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1.6.2 Three-dimensional imaging in orthodontics and maxillofacial orthopedics

After the introduction of 3D imaging systems, it was possible to evaluate structures in real three
anatomical dimensions. Besides, not only the hard but also the soft tissues of the craniofacial
region can be observed in three dimensions. These new systems have several advantages, they are
non-invasive and therefore, repeating of images is not of ethical matter, and also, all images may
be stored in digital forms, consequently archiving is much more practical, and extra space need for
storage is handled in this way(32).

(Erten O, 2018) considered that 3D imaging systems are especially favorable for patients with
craniofacial syndromes and anomalies such as cleft lip and palate (CLP)(32), these 3D imaging

methods can be summarized as follows:

1.6.2.1 Computed Tomography (CT)

This scan contains 3D information about not especially hard but also soft tissues. Tomography is
divided into fan beam and cone-beam computed tomography (CBCT). Traditional fan-beam
tomography has a high radiation dose and it is expensive and not available in every health care
hospital. Hence, it is not suitable for routine orthodontic applications. However, owing to the
informative data about orofacial pathologies, maxillary sinus, temporomandibular joint (TMJ),
orofacial trauma and fractures and craniofacial syndromes, it is still used widely in dentistry(32).
Cone-beam computed tomography (CBCT) was designed to overcome some of the limitations of
conventional CT scanning (39). Its cost is very low compared with the traditional CT, and more
importantly, the 3D visualization with much less radiation dose is possible. However, it is still
much higher than conventional 2D imaging systems

CBCT can be used for several approaches in orthodontics, enhancing the diagnosis such as
identification of impacted and supernumerary teeth and to quantify the magnitude of the defect
such as in patients with CLP (40-42), also for improving differential diagnosis of malocclusions,

facial asymmetry, and the craniofacial anomalies.

1.6.2.2 Intraoral Scanning

With the introduction of the intraoral scanning technique, disadvantages of conventional
impression techniques such as dimensional changes of impression materials, storage problems,
and dental cast errors are overcome. Also, it is easier to take impressions from patients with gag

reflexes (32). The development of digital models allows to obtain 3D diagnostic information,
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communicate between laboratory and orthodontists, create virtual set-ups and treatment planning,
and fabricate custom-made fixed or removable appliances. Orthodontists can plan the treatment
on the digital model, control the bracket positioning, and superimpose the before and after models,
also they can be helpful to fabricate the lingual brackets and for indirect bracket bonding. However,
according to the systematic review of (Goracci C et al,2016), inter-arch measurements such as
overjet, overbite, molar relationship, and canine relationship need to be verified on virtually
occluded digital models (43). Moreover, the time required for full-arch scanning in routine practice
can be counted as a disadvantage of this technique (32).

Fig. 5. The intraoral 3D scanner (The Straumann® CARES®, Craniofacial unit, Department of Oral and

Maxillofacial Surgery, University of Szeged)

1.6.2.3 Three dimensional Laser Scanning

This approach is a less invasive method of capturing the face in comparison to many imaging
modalities by avoiding the potentially harmful ionizing radiation encountered with traditional X-
ray techniques (44). Laser scanning can supply 3D images for treatment planning or evaluating the
effects of many orthodontic and surgical procedures (29, 45). They have been successfully applied
to analyze soft tissue changes following orthognathic surgery (24, 46). Drawbacks of this method
can include difficulty in capturing fine soft-tissue detail and texture, having to close and protect

eyes during scanning, and a relatively lengthy 10-plus second duration of image acquisition(47)
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1.6.2.4 Stereophotogrammetry

This scanning system is based on photographing objects by a pair of configured cameras and
combining photos taken from two different directions to create 3D models(32). Studies showed
that stereophotogrammetry has many advantages:

— It is a non-invasive and non-contact technique with no radiation exposure (48).

— It is good at capturing facial morphology and soft tissue changes (49-51)

— It has a short acquisition time and user-friendly and can be combined with CBCT images.

—3D images can be used as a communication tool between clinicians, thus it is very useful for
orthognathic surgery and patients with craniofacial anomalies (52-55). However, tissue reflections,

hair, eyebrow, and curved surfaces such as the eyes and ears can influence the image process (56)

Fig. 6. Stereophotogrammetry with two different coplanar planes for 3D images (57)

1.6.2.5 Structured-light scanning

This technique enables capturing the three-dimensional shape of the face without the use of
ionizing radiation. Following light illumination of the face, positioning of illuminated points is
integrated with points on 3D cephalometric tracings. The result is a 3D shape of the patient’s face,
viewable on a computer screen. It can be used to combine the facial shape and underlying
radiographic data from other sources to study 3D structures for diagnosis, treatment planning, and
evaluation of treatment results. This technique has been applied to intraoral imaging in
orthodontics, cleft lip analysis, and both cosmetic and orthognathic surgery. The emergence of
handheld structured light devices has improved the accuracy, particularly for intraoral and facial

scanning purposes (44, 52, 58, 59).
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Fig.7. handheld structured- light 3D scanner in action (60)

1.6.2.6 Video Camera, 4D Imaging and Video Stereophotogrammetry

Since the human face has considered a dynamic structure especially the nose, lip, and mouth areas.
The newest method is a 4D video capturing, which can record dynamic movements of the human
face and enable the analysis of the dynamics of facial expressions (61). Several studies used 4D
imaging in patients with CLP and orthognathic surgery to demonstrate asymmetry while making
facial expressions, and differences in facial motion between individuals with and without CLP
were evaluated (61). With these new technologies, new attempts have been performed to create a

real-time 4D virtual patient in dynamic motion (62).

Maximum smile Lip purse Cheek puff Maximum raising of eyebrows Forceful eye closure

Fig. 8. The 3dMD-Face Dynamic System (3Q) Technologies and the facial expressions recorded (63, 64).
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2 Aim

- Introducing the 3D handheld structured-light scanner as a new method for prediction of the
facial soft tissue changes in maxillofacial orthopedics.

- A comprehensive evaluation of soft tissue changes in various morphological regions of the
face during our orthodontic treatment of the craniofacial deformities

- Extensive evaluation of facial soft tissue changes during our surgical correction of the

craniofacial anomalies.
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3 Materials and Methods

Our research consisted of two prospective clinical studies aimed to assess the facial soft tissue

changes, in these two parts, we used some inspection tools which assisted our work

3.1 3D handheld structured-light scanner (Artec Eva)

Artec Eva (Artec Eva™; Artec Group, Luxembourg) (Fig. 9) is a professional, high-quality 3D
scanner that is being used in a variety of medical, industrial, and animation settings. This scanner
uses structured light scanning technology to accurately capture objects in a point-and-shoot
manner with a point spacing of 0.1 mm. These scanners work by enabling users to walk around
the object intended to be scanned and maneuver the scanner to capture the entire object as
completely as possible, capturing and simultaneously processing up to (2000000) points per
second. The scanner captures up to 16 frames per second and each frame is a 3D image. These
frames are aligned automatically in real-time, which makes scanning easy and fast. Eva scans a
dozen times faster than a laser scanner while providing high resolution (up to 0.5 mm.) and high
accuracy (up to 0.1 mm). It also captures color information at 24 bits per pixel (bpp) with a
resolution of 1.3 megapixels (mp). Because of that high quality, the textured models can be used

in such industries as CG/Animation, forensics, and medicine (60)

Fig. 9. Artec Eva (Craniofacial unit, Department of Oral and Maxillofacial Surgery, University of Szeged)
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3.2 Software

3.2.1 Artec Studio 12
Artec Studio is an industry-acclaimed software package for advanced 3D scanning and data
processing. This software includes an autopilot mode that automatically chooses the best

algorithms for captured data to develop the most accurate 3D model (65).

The most complete

and user-friendly version
of Artec’s award-winning
3D software

Cutting-edge 3D scanning and post-processing
D intelligence, unparalleled speed

Fig. 10. Artec Studio software V.12 (Craniofacial unit, Department of Oral and Maxillofacial Surgery,
University of Szeged)

3.2.2 GOM Inspect evaluation software

3D inspection processing of polygon meshes communication of measuring results. It is software
for analyzing 3D measuring data from a fringe projection or laser scanners, coordinate
measurement machines (CMM), and other measuring systems. The GOM software is used in
product development, quality control, and production, it also distinguishes between different
materials of the scanned object to generate a surface for each material. Besides, the polygonization
area can be restricted, which reduces the import to relevant partial areas of the overall volume. All
surfaces, even internal structures, can be used for shape and dimension analyses or nominal/actual

comparisons(66).

: GOM Inspect
frware
oo

A
e O

Fig. 11. GOM Inspect Evaluation Software (Craniofacial unit, Department of Oral and Maxillofacial
Surgery, University of Szeged)
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3.3 Computer workgroup
Desktop-computer with high specifications: (Intel Core i7, CPU@ 3.20 GHz, RAM 16 G.B),

besides two high-quality laptops to facilitate our work with the required software.

Fig.12. Computer workgroup (Craniofacial unit, Department of Oral and Maxillofacial Surgery, University
of Szeged)
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4 First prospective clinical study

Evaluation of the Soft Tissue Changes after Rapid Maxillary
Expansion Using a handheld Three Dimensional Scanner

4.1 Introduction

Rapid maxillary expansion (RME) is routinely used by orthodontists to eliminate skeletal
maxillary transversal deficiency; it is used particularly in patients with a posterior crossbite,
moderate crowding, and sleep apnea disorders (10, 67-69), to achieve the apical opening of the
maxillary base along the midpalatal suture.

The approach relies on the forces generated employing the RME appliances, which can
mechanically separate the maxillary segments at the mid-palatal suture (10, 69, 70). By this
treatment, the following can be achieved: correction of the skeletal transversal deficiency and gain
of space in the dental arch (71), improved smile through reducing the buccal corridors (72), and
expansion of the airway (73).

It is very important to understand the impacts of expansion with RME on the facial soft tissue
morphology to be able to determine the impediments of the treatment. It is in the patients’ best
interest that such changes are understood (74). Still, the area is surprisingly under-researched and
several questions are unclarified.

Until recently, changes in the soft tissue envelope and the underlying skeletal structures following
RME had been examined through two-dimensional (2D) imaging techniques, mostly lateral
cephalometric images, anteroposterior graphs, and photogrammetric analyses (75-77). However,
these methods suffer from superimposition and magnification problems, which can be avoided
using three-dimensional (3D) imaging.

Out of the three-dimensional imaging methods, cone-beam computed tomography (CBCT) is
becoming increasingly popular. However, soft tissues are poorly represented using this
technique(78).

Therefore, non-contact optical scanning devices were introduced as 3D imaging techniques for
soft tissue visualization like laser surface scanning and stereophotogrammetry [14]. These non-

invasive approaches allow images to be captured at short intervals without exposing the patient to
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the radiation, which makes them an appealing option (79). However, these devices are often bulky
and also rather expensive, which are deterring factors (80).

By using handheld 3D structured-light scanners, texture and color information of the face can be
promptly obtained in high resolution without radiation. Further advantages include short scan
time, portability, ease of operation, and reasonable cost (81).

Jung et al. found that the accuracy of structured light systems compares to that of direct
anthropometric measurements and concluded that it is a reliable approach for facial soft tissue
assessment (82).

Most of the previous studies which utilized 3D facial scanners to evaluate soft tissue changes
following RME have examined deviations at specific points and calculated linear and angular
measurements (83, 84). However, it is more accurate to predict changes within the whole complex
structures on a 3D basis rather than only between specified points. Having recognized that, our
study aimed to adopt a comprehensive examination of soft tissue in various morphological regions

of the face after 6 months of retention following RME, based on structured-light scanning.
4.2 Materials and Methods

4.2.1 Study sample

This study was approved by the Human Investigation Review Board, the University of Szeged,
Albert Szent-Gyorgyi Clinical Centre (No. 151/2019-SZTE). Informed consent was obtained from
the parents of all patients who agreed to participate in this study.

Patients in need of upper arch expansion were recruited from among the patients of the
Craniofacial Unit, Department of Oral and Maxillofacial Surgery, Albert Szent-Gydrgyi Clinical
Center, University of Szeged, Hungary. The inclusion criteria included maxillary transverse
deficiency, assessed both clinically and radiographically, associated with either unilateral or
bilateral posterior crossbite and/or dental crowding. Exclusion criteria included the history of
trauma or previous orthodontic treatment and patients with physical and psychological limitations
and/or craniofacial anomalies.

The sample size was calculated based on the findings of Kim et al. [20], and the analysis was
performed with G*Power software (Franz Faul, Universitéat Kiel, Germany) Version 3.1.9.4, based
on the assumption of the Wilcoxon rank test. A sample size of 23 patients was predicted to provide
80% of the power with a 5% error of probability. 28 patients were eligible, but one of them had

had orthodontic treatment before and two of them had poor oral hygiene, so a total of 25 patients
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(13 females and 12 males) with a mean age of 11.6 years (range: 8.1-14.4 years) were enrolled in
our study. The 3D facial images were acquired immediately before the appliance was cemented
(To) and at the end of the 6-month retention phase (T1), using a structured-light 3D handheld
scanner (Artec Eva™: Artec Group, Luxembourg). A 6-month retention period was chosen to
control for growth, which could have interfered with the results in the case of a longer period.
The proposed scanner uses structured light scanning technology to accurately capture in a point-
and-shoot manner up to 16 frames per second and each frame is a 3D image. These frames are
aligned automatically in real-time while providing high resolution (up to 0.1mm). All images were
taken with the head in a natural head position, teeth in centric occlusion, and lips in repose (85).
To reach the natural head balance, subjects were seated in a back-supported and vertically
adjustable chair. They were asked to turn their heads forward and backward with decreasing
amplitude until they reached a relaxed position (86). Then they were told to look straight ahead to
a point on the wall in front of them at eye level.

4.2.2 Clinical Protocol

Following upper and lower alginate impressions, a Hyrax-type expander was constructed with 4
bands, palatal stainless steel bars of 1.0-mm diameter, and a jackscrew (Forestadent, Pforzheim,

Germany) with stainless steel extensions soldered to the palatal surfaces of each pair of bands. The

activation of the jackscrew was for each quarter turn equivalent to 0.25mm (Fig.13, 14).
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Fig. 14. Intraoral photographs of the patient at the time of the RME appliance cementation

The parents were instructed to activate the screw 2 turns per day (0.5mm) and the patients were
recalled on a weekly basis of the expansion period (2 to 3 weeks). The expansion was stopped
when the palatal cusp of the upper molars was touching the buccal cusp of the lower molars (87).
Then the appliance was kept in for the retention period (6 months), and the jackscrews were
blocked with composite, to prevent relapse (Fig.15).
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Fig. 16. Extra-oral and intraoral photographs of the patient after removal of the RME appliance (T1 post-treatment)

The expansion amount of the Hyrax jackscrew was measured for each patient. Dental cast models
were also made before expander cementation and after the retention period. The distance between
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the mesial buccal cusp of the right and left upper first molar was measured before and after the
expansion and the difference was calculated.

After removal of the Hyrax appliance (Fig.16), we continued the treatment for all our patients

using a fixed appliance (self-ligating multibracket appliance, Roth prescription) (Fig.17).

Fig. 17. Intraoral photographs for the orthodontic treatment with a fixed appliance

4.2.3 Data processing and measurements

18 landmarks (5 bilateral and 8 unilateral: Table 1, Fig.18.) were defined according to the literature
(88, 89). 4 linear and 3 angular measurements were performed directly on the 3D facial images
using Artec Studio V.12 (Fig.19, 20.)

Fig. 18. Landmarks used in our study located on the 3D-facial images (frontal and lateral views)
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Fig. 19. Linear measurements used in our study

Fig. 20. Angular measurements used in our study

For the 3D deviation analysis, the 3D facial images were transferred into reverse engineering
software (GOM Inspect Evaluation Software, Capture 3D, Inc, Santa Ana, CA) and polygon
meshes were created in stereolithography (STL) format. The hair, ears, and the below-neck region
were removed. The images obtained at the To time point were aligned with the images taken at T
using the best-fit method, as described by Dindaroglu et al.(90) (Fig. 21).
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Fig. 21. The best-fit method used in our study to align the Toand T1 meshes.
Negative values indicate that T1 images were located behind the To images (blue shades), whereas
positive values indicate that T, images were located in front of the To images (red shades). To create
morphological regions, eight lines passing through different points specified on the face were

determined and a 3D deviation analysis was made in six morphological regions (90) (Table 2, Fig. 22).

Fig.22 The morphological regions and their reference lines used in our study: a Total face region with the reference
lines used; b Upper face region; c Lower face region; d Upper lip region; e Nose region; f Lower lip region
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We also calculated the deviation magnitude for specific facial landmarks directly on the 3D

inspected meshes (Fig. 23).

[mm]
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Fig.23 Deviation labels for the facial soft tissue landmarks used in our study: a Frontal view; b and ¢
Lateral views

Table 1. Definition of facial landmarks used in our study.

Landmark Definition

Exocanthion Ex* The point at the outer commissure of the eye fissure

Endocanthion End* The point at the inner commissure of the eye fissure

Sellion Se The most posterior point of the frontonasal soft tissue contour in the midline of the base of the
nasal root.

Alare Al* The most lateral point on each alar contour (on the base view).

Pronasale Prn The most anterior midpoint of the nasal tip (on the right and left profile view). If a bifid nose is
present, the more protruding tip is chosen to determine Pronasale

Alar curvature Ac* The point is located at the facial insertion of each alar base. (on the submental view)

point

Subnasale Sn Midpoint on the nasolabial soft tissue contour between the Columella crest and the upper lip

Labiale superius Ls The midpoint of the vermilion line of the upper lip (on the submental view).

Stomion Stm The midpoint of the horizontal labial fissure.

Chelion Ch*  The point is located at each labial commissure (on the frontal view).

Labiale inferius Li The midpoint of the vermilion line of the lower lip (on the right profile view).

Sublabiale Sl The most posterior midpoint on the Labiomental soft tissue contour defines the border between

the lower lip and the chin.

Soft tissue Menton ~ Me”  The most inferior midpoint on the soft tissue contour of the chin located at the level of the 3-D
cephalometric hard tissue Menton landmark

* Indicates bilateral landmarks (right and left).
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Table 2. Definition of morphological regions used for the 3D deviation analyses

Region Definition

Total face The facial region designated while creating masks prior to alignment

Upper face The region between the line passing through the right and left Exocanthion points and the line passing through
the Subnasal point parallel to that line.

Lower face The region between the line passing through the Subnasal point and the line passing through the Menton point
parallel to that line.

Upper lip The region between the lines passing through the right and left Endocanthion points and the right and left
Cheilion points, and the line passing through the Subnasal point

Lower lip The region between the lines passing through the right and left Endocanthion points and the right and left
Cheilion points, and the line passing through Sublabiale point parallel to other lines.

Nose The region between the lines passing through the right and left Endocanthion points that are tangent to the

nasal wings and the line passing through the Subnasal point

4.3 Statistical Analysis

Normal distribution of the data was established with the Shapiro—Wilk and Kolmogorov-Smirnov
tests. To determine the method’s reliability, To and T1 images of 10 randomly selected patients
were re-aligned and the measurements were recalculated one month later by the same investigator.
Intra-examiner reliability was assessed to evaluate the reliability of the measurements in the same
image and by the same investigator using the Intraclass Correlation Coefficient (ICC). The random
errors were calculated according to Dahlberg’s formula (D =V Y d2/2N) (91), where D is the error
variance and d is the difference between the first and second measures. N is the sample size, which
was re-measured. The systematic errors were also evaluated by comparing the first and second
measurements using the dependent t-test. The (TO) and (T1) linear and angular measurements were
compared. Significant differences at the level of 5% of significance were tested using a Wilcoxon
signed-rank test. Besides, for each patient, 3D deviation analysis was performed to calculate not
only the maximum positive and negative deviation, but also the mean deviation for the facial
meshes. Then, the Pearson correlation coefficient was calculated to determine the correlation
between the expansion amount (expressed as the amount of jackscrew activation and resulting
width difference of the upper arch) and the facial soft tissue changes. All statistical analyses were
performed in SPSS 24.0 (IBM, Armonk, NY, USA).

4.4 Results
All parameters were normally distributed, according to the Shapiro-Wilk and Kolmogorov-

Smirnov tests. No significant errors were found when repeating the measurements. The ICC values
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between the two sets of measurements were in a high range of (0.821-0.979). The amount of
random error was small enough (less than 0.5 mm/°), and no systematic errors were found between
the measurements obtained on the two different occasions (p > 0.05).

The mean value of the jackscrew activation after RME was (7.75mm) and the mean of the upper
arch width difference calculated on the dental casts was (5.46mm). Statistically significant changes
of the soft tissue variables were found after RME using the Wilcoxon rank test (Table 3).

The mean linear changes of the nasal width and the nasal base width after RME were 1.02 mm and
1.21 mm, respectively, and 2.62 mm for the mouth width. While we also found significant angular
changes after RME, the nasal tip angle increased by 3.2°, while the upper and lower lip angle has

increased by 3.47° and 3.78°, respectively as seen in (Table 3).

Table 3. Descriptive statistics of the pretreatment (To) and posttreatment (T1) measurements

To T1

Mean SD Mean SD A=Ti- To P
Linear measurements (mm)
Intercanthal width (Enr-ENy) 30.93 2.42 31.58 2.4 0.65 NS
Nasal width (Alar r.-Alar..) 31.98 2.83 33.09 3.27 1.02* 0.023*
Nasal base width (Acr-Acy) 30.26 2.67 31.48 2.85 1.21* 0.018*
Mouth width (chr-chy) 43.28 3.8 45.9 3.7 2.62* 0.01*
Angular measurements (°)
Nasal tip angle (Alarg-Prn-Alar ) 85.82 6.13 89.03 6.2 3.2* 0.05*
Upper lip angle (Chg-Is-Chy) 110.66 43 114.13 5.7 3.47* 0.023*
Lower lip angle (Chg-li-Chy) 122.16 6.1 125.94 6.34 3.78* 0.047*

*Significant changes at the level of 5% level of significance (¢<0.05) based on the Wilcoxon signed-rank test. NS, Not

significant.

We also calculated the descriptive statistics of the maximum positive and negative deviation limits
of the meshes, as shown in (Table 4). The mean of the maximum positive and negative deviation
found in the total face was (3.09, -2.93mm) respectively, (2.16, 2.81mm) both for the upper and
lower face as positive deviation, and (-1.9, -2.87mm) for the negative ones, we also found (2.16,
1.37mm) as a positive deviation of both the upper and lower lip regions, and (-1.5, -2.02mm) as
the negative ones. While the mean of the maximum positive and negative deviation found in the

nasal region were (2.04, -1.25mm) respectively.
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Table 4. Descriptive statistics of the maximum positive and negative deviation in the morphological regions

Morphological region

Minimum Maximum Mean
5.43

3.9
5.22

39
5.06
5.22

Total face 1.72
Upper face 0.97
Lower face 1.47
Nose 0.68
Upper lip 0.64
Lower lip -0.63

3.09
2.16
2.81
2.04
2.16
1.37

Maximum positive deviation limits (mm)

SD
0.92

0.77
0.87
0.71
0.97
1.16

Maximum negative deviation limits (mm)

Minimum

-5.88
-3.5

-5.88
-3.49
-5.69
-4.68

Maximum

-1.93
-0.89
-1.34
-0.47
0.11
0.53

Mean

-2.93
-1.9
-2.78
-1.25
-1.5
-2.02

SD

0.85
0.79
0.89
0.67
1.03
1.67

Similarly, the mean, minimum and maximum limits of the mean values were calculated in (Table

5). While soft tissue changes were observed in the nasal and upper lip regions (0.55, 0.53mm)

respectively, the changes observed in the total face region, as well as the upper and lower lip

regions were very small and almost neglected.

Table 5. Descriptive statistics of the mean deviation in the morphological region

Morphological region
Total face

Upper face

Lower face

Nose

Upper lip

Lower lip

Minimum

-0.25
-0.99
-0.54
-0.1

-0.87
-2.54

Maximum

0.12
0.65
0.32
0.96
1.79
2.19

Mean

-0.02
0.06
-0.02
0.55
0.53
-0.04

SD

0.08
0.3

0.16
0.26
0.67
1.24

Changes were also observed at the level of the facial landmarks as seen in Table 6. The deviation

found at the level of the right and left Alar points were (0.72+0.45, 0.46+0.59 mm) respectively,

we also found changes at the level of Pronasal and Subnasal points (0.44 +0.66, 0.66+0.64 mm),
and for the right and left Cheilion landmarks (0.46+1.621, 0.66+1.98mm) respectively.

Table 6. Deviation analysis of the facial soft tissue landmarks

landmark

Endocanthion (right) End;

Endocanthion (left)

Sellion
Alar point (right)
Alar point (left)

Deviation mean(mm)

SD

0.39
0.55
0.41
0.45
0.59

0.28

End, 0.25
Se -0.03
Alar; 0.72
Alar 0.46
[ =)
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Pronasal prn 0.44 0.66
Subnasal Sn 0.66 0.64
Cheilion (right) Ch, 0.46 1.62
Cheilion (left) Ch 0.66 1.98
Labiale Superius Ls 0.23 1.36
Labiale Inferius Li 0.2 1.37
Stomion Sto -0.11 1.71
Sublabiale Sl -0.43 131
Soft tissue menton ~ me’ 0.02 0.89

Moderate positive and negative correlations were found between the expansion amount and our

variables using the Pearson correlation coefficient, but they did not reach the level of significance,

except for the mouth width difference, which showed a significant moderate positive correlation

with the jackscrew activation at the level of 5% of significance as seen in the (Fig.24).
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Fig. 24. Scatter plot for the correlation between the mouth width difference and the jackscrew activation amount

4.5 Discussion

Assessment of the soft tissue changes after RME is a critical step during our orthodontic treatment.
Various strategies, including laser scanners, stereophotogrammetry, and structured light scanners
have recently been introduced for 3D soft tissue evaluation. It was found that the accuracy of the
structured light scanner (0.57+0.07 mm), and seemed to be the best in the midface region (92).
Jung et al. concluded that the accuracy of the structured light system is comparable to the direct

anthropometric measurements. Furthermore, if the face of the subject was scanned from a couple
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of angles at the same time in less than 1 second, more reliable 3D datasets are expected (82). Lee
et al. investigated the reliability of 34 facial landmarks using a 3D handheld structured-light
scanner (Artec Eva) and they observed constellations of landmarks that showed excessive
reliability in each condition in terms of head posture and image resolution.

The effects of the sex and age of patients were not evaluated in our study because of the relatively
small sample size. Previous studies found that the stage of maturation (based on the maturation of
the cervical vertebrae) and sex had no significant effect on the soft tissue changes brought about
by RME (93, 94).

Our findings were based on subjects who were in the active growth phase with an average age of
(11 years and 8 months). It has been presumed that growth might not cause large interference with
the parameters evaluated during the observational period of up to 6—7 months (95). In our study,
records were taken before treatment and after the appliance was removed following 6 months of
retention, to dispose of the immediate positional changes of the lips, cheeks, chin, and mandible
resulting from adapting to the bulk of the expander (75). We could not perform a longer evaluation
because RME was usually followed by multibracket therapy.

To evaluate soft tissue changes, we calculated linear and angular measurements between two or
three points in a specific region of the face, but since such results reflect the variations that have
occurred at only those points, we also performed regional deviation analyses for various

morphological regions of the face and the facial landmarks.

4.5.1 Facial Soft tissue changes

Intercantal width increased by a mean of 0.65 mm after RME expansion. However, this increase
did not reach a statistically significant level. Generally, forces generated with the aid of RME can
also affect circummaxillary sutures, along with the fronto-maxillary, naso-maxillary, and
frontonasal ones (96-98). The aforementioned findings could explain the 3D deviations observed
around the eye. Soft tissue changes were also observed around the eye area after RME (99). Baysal
et al. suggested that the significant increases that they found in the intercanthal distance were the
result of normal growth and development (49). Dindaroglu et al. added that, even if 3D facial
images are captured rapidly, apparent 3D changes might occur in soft tissues around the eye
because of the movement of the eyelids (90).

One of the most frequently examined anatomical regions in connection with RME is the nose,
given the close anatomical relationship between the maxilla and the nasal area (90).
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We found a statistically significant increase in the nasal width (1.02 mm, p<0.05), as well as in the
nasal base width (1.21mm, p< 0.05). We also found a significant increase in nasal angle (3.2°,
p<0.05).

Berger et al. observed a 1.6 mm increase in nasal width, along with an increase in skeletal nasal
width and about 1 mm increase in nasal length (75). Altorkat and colleagues also found that RME
produces pyramidal expansion, with the greatest transverse expansion at the anterior nasal spine
landmark (ANS) (84). However, the authors suggested that these changes may be neither
symmetrical nor homogeneous when the anatomical relationship between the nose and maxilla is
considered.

Other studies also identified a (1.34 mm) increase in the mean alar width after RME, which is
following our findings (100). Johnson et al. used direct measurements with an average of 7 mm
of appliance expansion and found less than (1.5 mm) change in nasal base and alar cartilage width,
neither of which was clinically significant (93).

Increases were also observed in all transverse linear measurements in the nasal area including the
nasal base width, alar cartridge width, nasal tip retraction, and flattening of the nasal tip following
RME. However, it was reported that these changes were very small and variable (84). On the other
hand, Silva Filho OG et al. used 2D photographs and concluded that RME did not cause changes
in nasal morphology (101). These observations markedly differ from our findings, and the reason
for this difference most likely lies in the different scanning methods.

In our study, we found a statically significant increase (2.62 mm, p<0.05) of mouth width after
RME, probably as a result of the transverse expansion of the maxillary halves. We also found
statically significant increases in the upper and lower lip angle (3.45 and 3.78°, respectively).

Our results correspond to the results of Altindi S et al. who also found a statistically significant
increase in mouth width(83). A recent CBCT study by Kim et al. demonstrated similar changes in
the mouth width after RME (99). On the contrary, the study of Baysal et al. found no statistically
significant change in this respect (49), but this lack of significance might well be put down to the
small sample size (17 subjects).

Dindaroglu F et al. considered that although significant changes were found in their linear and
angular measurements, changes measured only in these dimensions may not reflect the actual soft

tissue changes properly (90). Therefore, volumetric analyses can provide the possibility to gain
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more information on the effects of treatment in facial regions. A region was characterized by the
mean value of all points of measurement within the given region.

We found significant facial soft tissue changes in both the nose and the upper lip regions
(0.55+0.26, 0.53+£0.67 mm respectively), and we also noticed high positive and negative deviation
limits in the other facial morphological regions of the face, but the mean deviation for these regions
changed only to a negligible extent.

Similarly, the positive and negative deviations were less than 2 mm in all morphological regions
in the face in the study of Dindaroglu F et al. (90), they also found that the mean maximum positive
and negative deviation limits for the nasal area were (0.77 = 0.34 and -0.94 £ 0.41 mm)
respectively, and when all the points forming the nose region are considered, the mean deviation
was (0.41 + 0.21 mm), which is similar to our results.

Regarding the upper lip region, the mean positive and negative change in their study was (0.87
0.38, -0.57 £ 0.14 mm) respectively, while the greatest mean deviation noted was 1.44 mm (90).
The mean of the maximum positive deviation for the total face was (3.09£0.92 mm) in our study.
It was (2.16+0.77, 2.81+ 0.87 mm) for the upper and lower face regions, respectively, while the
mean of the maximum negative deviation was (-2.93 £ 0.85 mm) for the total face, and (-1.9+0.79,
-2.78+0.89 mm) for the upper and lower face regions, respectively.

Ong et al. conducted a 3D deviation analysis and reported a mean maximum deviation of (1.2+0.4
and 1.0£0.3mm) in the right and left maxilla respectively, which were very close to our results
(87).

Although the greatest mean deviation limits noted in our study patients in the lower lip region was
(2.19 and 2.54 mm; positive and negative, respectively) the mean deviation for the whole sample
in the lower lip region changed only to a negligible extent (-0.04+1.24 mm).

For a deeper understanding of the soft tissue deviations, we also calculated these deviations on
specific facial landmarks directly after the surface comparisons and found the greatest deviation
at the right Alar point (0.72+0.45 mm). The left Alar point changed by (0.46+0.59 mm), and we
also found change at the subnasal point (0.66+0.64 mm).

Kim et al. evaluated the deviations at different points in various nasal regions and detected a mean
deviation of less than 1 mm for all of the points, except for the ones in the subnasal region (2.21 +
1.23 mm) (99). They also found that the position of the left lip commissure changed by (0.65mm),

whereas the position of the right lip commissure changed by a mean of (1.20 mm) (99). We found
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that the position of the left and the right lip commissure has changed (0.66 and 0.46 mm) in our
study, respectively. We also found positive deviation at the Pronasal point (0.44 mm) and negative
deviation at the sublabial point (-0.43 mm). Kim et al. (99) found a positive change of (0.43 £ 1.24
mm) at the nasion point, which did not change in our study.

Although we found positive and negative correlations between the amount of expansion and most
of the facial soft tissue variables, these correlations did not reach a significant level. Only the
mouth width showed a moderately significant positive correlation with the jackscrew activation
amount (p<0.05).

45.2 Limitations

A major limitation of this study is the small sample size, which prevented us from considering the
effect of sex, among other factors, and it is also a limitation that prevents strong conclusions.
Another relative limitation is the absence of a control group. However, based on the literature, we
had reason to assume that, with a short observation period, it was not likely that normal growth

would interfere with the results.

4.6 Conclusion

Significant changes in the nasal region and the upper lip region were found after RME and six
months of retention, and a significant positive correlation between mouth width and the amount of
expansion was also observed.

The outcomes show that rapid expansion causes significant soft tissue changes on the surface of
the face. While our results are a good starting point, further investigations with larger sample sizes
and suitable controls are necessary to allow generalizable statements about soft tissue responses

after RME, especially in the long run
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5 Second prospective clinical study:

Post-operative facial soft tissue changes after bimaxillary surgery using 3D-
handheld structured-light scanner

5.1 Introduction

Needless to say, deficiencies associated with malocclusion and craniofacial deformities are usually
compound with cognitive difficulties and psychiatric disorders. It is therefore important to consider
soft tissue adaptation and soft tissue contours, as well as the normal skeletal relationships and
functional occlusion during treatment planning (102-104), especially in patients with skeletal
discrepancies and soft tissue imbalances, where the orthognathic surgery can be the key (46).
Since it provides more favorable results for the esthetic facial proportion, bimaxillary surgery has
been increasingly used, especially in patients with mandibular prognathism (105).

Research into soft tissue changes after orthognathic surgery has largely been hampered by a lack
of suitable tools for evaluating changes in all three dimensions. These drawbacks can be tackled
with the use of three-dimensional imaging techniques, such as cone-beam computed tomography
(CBCT), stereophotogrammetry, and structured-light scanning (26). However, cone-beam
computed tomography (CBCT) provides 3D information about deep skeletal structures and
superficial skin, but it also has disadvantages due to the low resolution of the soft tissue with large
slice gaps and the long scanning time (106, 107). Using a structured light scanning system, texture
and color information of the face can be readily obtained in high resolution without additional
radiation hazards, together with some advantages such as the short scanning time along with the
flexible portability and operability (81). To our knowledge, there are only a few studies that
evaluated soft tissue changes after orthognathic surgery of skeletal class 111 patients using the 3D-
facial scanner, some of them have examined deviations at specific points or calculated linear and
angular measurements (24, 108). However, it’s more inclusive to anticipate the facial regions on
a 3D-basis assessment. Therefore, the purpose of our prospective study was to perform an
extensive evaluation of the short-term soft tissue changes in various morphological regions of the
face after bimaxillary surgery of skeletal class Il patients using a 3D handheld structured-light

scanner.
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5.2 Materials and Methods
5.2.1 Subjects

This study was approved by the Human Investigation Review Board, the University of Szeged,
Albert Szent-Gyorgyi Clinical Centre (No. 151/2019-SZTE). Informed consent was obtained from
all patients who agreed to participate in this study.

Patients were recruited from the Craniofacial Unit, Department of Oral and Maxillofacial Surgery,
Albert Szent-Gyorgyi Clinical Center, University of Szeged, Hungary.

Those patients came to our department under a functional or aesthetic compliment, with skeletal
class 111 malocclusion as the main disorder of their craniofacial deformities, which included one
of the following: anteroposterior skeletal discrepancy, cleft lip and palate, facial asymmetry, and
craniofacial syndromes. All of them had Caucasian ethnic background, with no further anticipated
growth, and went to receive full comprehensive orthodontic-orthognathic treatment including the
pre-surgical orthodontic treatment, planning for the surgical stage, the orthognathic surgery, and
the post-surgical orthodontic treatment.

Our sample consisted of 12 patients (6 males and 6 females), with a mean age of (22 £2.17 years,
range 19.6-24.5) requiring bimaxillary osteotomy as the second step in our comprehensive
treatment.

The sample size was determined based on the findings of a previous study by Koerich and
colleagues (109). The extent of skeletal movement achieved using the treatment plan was
(3.87+1.6mm) for the maxillary advancement, and (3.46+1.34mm) for the mandibular setback. No
additional surgical procedures such as genioplasty, rhinoplasty, or infraorbital augmentations were
performed in conjunction with the osteotomies or postoperatively.

The 3D facial images were acquired one week before surgery (To) and 6 months after surgery (T1)
using a 3D handheld structured-light scanner (Artec EvaTM; Artec Group, Luxembourg). All

images were taken with the head in a natural head position, teeth in centric occlusion, lips in repose,
and slightly closed eyes(85). To reach the natural head balance, subjects were seated in a back-
supported and vertically adjustable chair, they were asked to turn their heads forward and
backward with decreasing amplitude until they reached a relaxed position (86), then they were told

to look straight ahead to a point on the wall in front of them at eye level.
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5.2.2 Clinical Protocol
5.2.2.1 Pre-surgical orthodontic treatment
For each patient, a medical and dental history, intraoral, extra-oral photographs, and dental casts

were taken (Fig. 25). We performed a comprehensive diagnostic analysis including posterior

transverse dimension, vertical and sagittal skeletal and dental relationship, mandibular functional

shift, lip/incisor relationships, temporomandibular joint function, and facial midline (110).

Fig. 25. Extra-oral and intraoral photographs of one patient included in our study (TO pre-treatment)

Then we started the pre-surgical orthodontic treatment (Fig. 26), the overriding goal was to
decompensate the lower and upper incisors, which can be accomplished in many different ways
depending on the initial deformity, relieve the crowding to align the arches individually, and
achieve compatibility of the arches or arch segments and finally to establish the proper
anteroposterior and vertical position of the incisors (110).
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Fig. 26. Extra-oral and intraoral photographs of the pre-surgical orthodontic treatment
5.2.2.2 Surgical Planning

The limits of skeletal movement for every patient were defined based on their unique
characteristics, a balanced harmonious skeletal and facial appearance was always our goal. We
used the traditional surgical planning using semi-adjustable dental articulator (SAM 2P, Schul-
Acrtikulator-Minchen, SAM Prézisionstechnik, Gauting, Germany) and the corresponding face-
bow transfer, panoramic x-rays, lateral cephalograms, and facial photogrammetry. We also used
the 3D technique for surgical planning using (Blender software V.2.80) after merging CBCT
images with the intraoral scans and obtaining a 3D virtual patient to fabricate the 3D- printed splint
using 3D printers (Fig. 27).

Fig. 27. Traditional and virtual techniques used for orthognathic surgery planning (Craniofacial unit,

Department of Oral and Maxillofacial Surgery, University of Szeged)

( 1
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5.2.2.3 Surgical procedures

Maxillary advancement through Le Fort I. Osteotomy

An incision through the mucosa, subcutaneous tissue, and periosteum was made, with a specific
design of this incision which can provide adequate access and enable the mucosa to be carefully
closed at the end.

Then the submucosal tissue and the periosteum were elevated off the underlying bone, with special
care in retraction to prevent temporary neuropraxia of surrounding nerves. The osteotomy cut was
made according to Obwegeser(111), above the apices of the maxillary teeth and underneath the
infraorbital nerve, with an angle around 15-20° to the maxillary occlusal plane and extends from
the pterygomaxillary fissure to the pyriform fossa to achieve full mobilization of the maxilla. Then
the mobile maxilla was fixed in a previously planned position, with the aid of the surgical splint.
Mini plates and screws were placed and used to fix the maxilla in the new position (112).
Mandibular setback through Bilateral sagittal split set-back osteotomy (BSSO)

Following the incision, a subperiosteal dissection took place buccally which proceeded inferiorly
in front of the antegonial notch, exposing the inferior border of the mandible, it proceeded upward
against the external oblique ridge as high up as the coronoid process, the lingual (medial)
subperiosteal dissection proceeded superior to inferior along the lingual aspect of the ramus, until
the lingual is reached. The vertical section of the osteotomy was done according to Obwegeser/Dal
Ponte (113). Then, splitting of the mandible was carried out, a segment of bone was removed from
the proximal segment of the buccal osteotomy to set-back the body of the mandible.

The proper movement of the mandible was achieved with the help of the fabricated surgical splint. In
the end, all patients underwent semi-rigid internal fixation of the maxilla and the mandible with
functional mini-plates and mini-screws, and a surgical wafer was placed for approximately 5-6 weeks
after surgery, intermaxillary elastics were performed to stabilize the occlusion after the removal of the

surgical wafers (112).

5.2.2.4 Post-operative Orthodontics
The two primary goals of the postoperative orthodontic treatment were to stabilize the skeletal
movements and to detail and finish the dental occlusion (110). Inter-arch elastics were used in this

period to refine any minor skeletal movements that need to occur and counterbalance the soft tissue pull

that may lead to relapse, then we finished out treatment with the proper type of retention (Fig. 28,29).

]
411

—



Ali Alkhayer, 2021 Second prospective clinical study

Fig. 28: Extra-oral and intraoral photographs of the post-surgical orthodontic treatment (T1)

Fig. 29 Extra-oral and intraoral photographs after finishing the treatment with the proper type of retention
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5.2.3 Data processing and measurements

In total 20 landmarks, (5 bilateral and 10 unilateral) (Table 7, Fig. 30) were located according to
the literature (88, 89), 13 linear and 6 angular measurements were measured directly on the 3D
facial images using Artec Studio V.12 software (Fig. 31, 32).

B3

Fig. 30. Landmarks used in our study located directly on the 3D-facial images (a) Frontal view. (b) and
(c) Lateral views

Fig. 31. Linear measurements used in our study (a) Frontal view. (b) and (c) Lateral views
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Fig. 32. Angular measurements used in our study, (a) Frontal view. (b) and (c) Lateral views.

For the 3D deviation analysis, the 3D facial images were transferred into reverse engineering
software (GOM Inspect Evaluation Software, Capture 3D, Inc, Santa Ana, CA) and polygon
meshes were created in stereolithography (STL) format. The hair, ears, and the below-neck region
were removed. The images obtained at the To time point were aligned with the images taken at T1
using the best-fit method (Fig. 33).

Fig. 33. The best fit method used to align the To and T1 meshes

Negative values indicate that T1 images are located behind the To images (blue shades), whereas
positive values indicate that T1 images are located in front of the To images (red shades). To create
morphological regions, reference lines passing through different points specified on the face were
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determined and a 3D deviation analysis was made in seven morphological regions (90) (Tab.8,
Fig. 34).

Fig. 34. The morphological regions and their reference lines used for the deviation analysis

We also calculated the deviation labels for the facial soft tissue landmarks directly on the 3D

inspected meshes (Fig.35).
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Fig. 35. Deviation analysis used for specific landmarks in our study
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Table 7 Definition of facial landmarks used in our study.

Landmark
Exocanthion (Ex)*
Endocanthion (End)*

Soft tissue nasion ~ (N)
Alare (AD*
Pronasale (Prn)

Alar curvature point (Ac)*

Subnasale (Sn)
Columella (Cm)
Labiale Superius (Ls)
Stomion (Stm)
Chelion (Chy*
Labiale Inferius (Li)
Sublabiale (sl

Soft tissue pogonion (Pog”)
Menton (Me")

Definition

The Point at the outer commissure of the eye fissure

The point at the inner commissure of the eye fissure

Midpoint on the soft tissue contour of the nasal root’s base

The most lateral point on each alar contour (on the base view).

The most anterior midpoint of the nasal tip (on the right and left profile view). If a bifid nose is
present, the more protruding tip is chosen to determine Pronasale (L.G. Farkas).

The point which located at the facial insertion of each alar base. (on the submental view)
Midpoint on the nasolabial soft tissue contour between the Columella crest and the upper lip
The midpoint of the Columella crest at the level of the nostril top points

The midpoint of the vermilion line of the upper lip (on the submental view).

The midpoint of the horizontal labial fissure.

The point which located at each labial commissure (on the frontal view).

The midpoint of the vermilion line of the lower lip (on the right profile view).

The most posterior midpoint on the Labiomental soft tissue contour defines the border between
the lower lip and the chin.

The most anterior midpoint of the chin
The most inferior midpoint on the soft tissue contour of the chin located at the level of the 3-D

cephalometric hard tissue Menton landmark

* Indicates bilateral landmarks (right and left).

Table 8 Definition of the morphological regions used for the 3D deviation analyses

Region
Total face
Upper face
Lower face
Upper lip
Lower lip

Nose

Chin

Definition

The facial region designated while creating masks before alignment

The region between the line passing through the right and left Exocanthion points and the line passing through
the Subnasal point parallel to that line.

The region between the line passing through the Subnasal point and the line passing through the Menton point
parallel to that line.

The region between the lines passing through the right and left Endocanthion points and the right and left
Cheilion points, and the line passing through the Subnasal point

The region between the lines passing through the right and left Endocanthion points and the right and left
Cheilion points, and the line passing through the supramental point parallel to other lines.

The region between the lines passing through the right and left Endocanthion points that are tangent to the nasal
wings and the line passing through the Subnasal point

The region formed between four reference lines: the two lines passing through the right and left Endocanthion
points, the right and left cheilion points respectively, and the horizontal lines passing through Sublabiale and
Menton points respectively.
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5.3 Statistical Analysis
Normal distribution of the data was set up through the Shapiro-Wilk and Kolmogorov-Smirnov
tests. To determine the method’s reliability, TO and T1 images of the patients were re-aligned then
the measurements were recalculated a month later by the same investigator. Intra-examiner
reliability was evaluated utilizing the intraclass correlation coefficient (ICC). The random errors
were calculated according to Dahlberg’s formula (D =V Y d2/2N) (91), where D is the error
variance and d is the difference between the first and second measure, N is the sample size which
was re-measured. The systematic errors were also assessed by the dependent t-test. The (T0) and
(T1) linear and angular measurements were compared. Significant differences at the level of 5 %
significance were tested utilizing the Wilcoxon signed-rank test. Also, for every patient, a 3D
deviation analysis was performed to calculate not only the maximum positive and negative
deviation but also, the mean deviation amounts for the facial meshes. The deviation magnitude for
specific facial landmarks was as well calculated straight on the 3D assessed meshes. All statistical
analyses were performed using the Statistical Package for Social Sciences software (SPSS Inc. v
24; Armonk, NY, USA).
5.4 Results

All parameters were normally distributed, according to Shapiro-Wilk test and the
Kolmogorov-Smirnov test. The ICC values between the two sets of measurements were high
(range 0.816-0.924). The amount of random error was small enough (less than 0.5mm/°), and no
systematic errors were found between the measurements obtained on the two different occasions
(p>0.05).

We found statistically significant increases in the nasal and nasal base width, the upper lip
height, and a decrease in the lower lip height after bimaxillary surgery (Table.9) which also shows

descriptive statistics of the pretreatment (To) and post-treatment (T1)variables.

Table 9 Descriptive statistics of the pretreatment (To) and posttreatment (T1) linear measurements

Measurement To T1 A=Ti- To
Mean(mm)  SD Mean(mm) SD (mm)
Intercanthal width Eng-En 33.87 1.05 33.92 2.02 0.05
Nasal width Alar.g-Alar..  36.44 3.38 38.75 332 231*
Nasal base width Acr-AcL 32.92 3.2 34.94 149  2.02*
Mouth width chr-ch 48.88 4.14 50.47 3.46 1.59
Nose high N -sn 50.13 4.46 50.2 4.9 0.07
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Upper lip height Sn-Ls 12.3 2.97 13.77 2.8 1.47*
Upper lip vermilion height Ls-Stm 6.71 1.2 9.02 4.4 2.31*
Total upper lip height Sn-Stm 18.89 2.88 22.7 3.18 3.8*
Lower lip vermilion height Stm-Li 9.66 0.46 8.36 1.26 -1.3
Lower lip height Li-Sl 15.56 3.7 13.66 318  -1.9*
lips vermilion height Ls-Li 16.37 1.47 17.38 1.62 1.01
Chin height Stm-Me’ 53.24 5.61 48.49 4.28 -4.75
Lower anterior facial height Sn-Me’ 72.14 4.7 73.54 4.18 14

*Significant changes at the level of 5% of significance (0=0.05)

Statistically significant increases in the nasal tip angle, the lower lip angle, and a decrease in the

Inter-labial angle were noticed after bimaxillary surgery, as seen in (Table 10).

Table 10 Descriptive statistics of the pretreatment (To) and posttreatment (T1) angular measurements

Measurement To T1 A=Ti- To

Mean(®) SD Mean(°) SD Mean(®)
Nasal tip angle Alarg-Prn-Alar. 81.26 7.5 88.62 8.5 7.36*
Upper lip angle Chg-Is-Ch, 119.7 6.2 115.38 6.9 -4.32
Lower lip angle Chr-li-Chy, 116 4.8 126.46 4.56 10.46%*
Inter-labial angle Ls-Stm-Li 134.33 8.5 125.52 8.67 -8.81*
Nasolabial angle Cm-Sn-Ls 82.68 9.14 94.25 6.22 11.57
Labio-mental angle Li-Sm- Pog’ 145.91 10.8 140.59 8.19 -5.32

*Significant changes at the level of 5% of significance (¢=0.05) based on the Wilcoxon signed-rank test

We found facial soft tissue changes in both the upper face and lower face regions with a mean
of (0.77, 0.67mm) respectively, while the mean deviation at the nasal region was (1.03mm), the
highest magnitude of the soft tissue changes was found in the upper lip region with a mean
deviation (3.25mm). In regards to the Lower lip and Chin regions, noticed soft tissue decreases

with a mean of deviation (-1.21mm,-1.66mm) were reported respectively.

Descriptive statistics of the maximum positive and negative deviation limits, and also of the

mean limits of the meshes are seen in (Table 11, 12).
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Table 11 Descriptive statistics of the maximum positive and negative deviation limits of the meshes

Morphological region Maximum positive deviation limits (mm) Maximum negative deviation limits (mm)

Minimum  Maximum Mean SD Minimum  Maximum Mean SD
Total face 5.84 5.96 59 0.08 -5.04 -4.74 -4.89 0.21
Upper face 5.68 5.98 5.87 0.16 -4.74 -3.04 -3.98 0.86
Lower face 5.62 5.84 5.7 0.15 -5.04 -2.53 -3.83 1.25
Nose 5.6 5.98 5.84 0.21 -4.74 -3.94 -4.49 0.7
Upper lip 5.62 5.84 5.71 0.11 -2.94 -2.4 -2.67 0.27
Lower lip 2.31 244 2.37 0.09 -5.04 -3.47 -4.25 111
Chin 0.46 1.48 0.97 0.72 -3.94 -3.38 -3.66  0.39

Table 12 Descriptive statistics of the mean limits of the meshes

Morphological regions  Minimum Maximum Mean SD

Total face 0.34 0.7 0.52 0.25
Upper face 0.29 1.31 0.77 0.51
Lower face 0.4 0.95 0.67 0.38
Nose 0.89 1.17 1.03 0.14
Upper lip 3.03 3.38 3.25 0.19
Lower lip -1.48 -0.95 -1.21 0.37
Chin -1.73 -1.59 -1.66 0.09

Soft tissue changes were also observed in several facial landmarks after calculating the deviation

in the soft tissue at the level of these landmarks as seen in (Table 13).

Table 13 Deviation labels of the facial soft tissue landmarks

landmark Deviation mean(mm) SD

Endocanthion (right) End, -0.4 1.09
Endocanthion (left) End, -0.1 1.03
Soft tissue nasion N -0.23 0.78
Alar point (right) Alar,  1.26 0.92
Alar point (left) Alar,  0.85 0.99
Alar curvature (right) Ac;  1.36 0.69
Alar curvature (left) Ac 1.14 0.83
Pronasal prn 1.93 0.12
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subnasal sn 3.03 2.32
Chelion (right) Ch, 0.63 0.78
Chelion (left) Ch 057 0.44
Labiale superius Is 3.12 1.23
Labiale inferius li -3 1.77
Stomion sto 2.58 1.28
Sublabiale Sl -2 1.22
Soft tissue pogonion Pog” -25 1.94
Soft tissue menton me’”  -1.3 1.76

5.5 Discussion

Facial soft tissue is dynamic, elastic, and easily affected by other factors. These may be general
causes such as weight change, swelling, and aging, or related to the patient's head position and
movement (114), or to the treatment itself and the underlying hard tissue changes, as well as soft
tissue response to the tonicity of the surrounding muscles and tissue thickness (46, 114, 115). That
is why 2D facial images and cephalometric examination were found to be inadequate tools for soft
tissue assessment after surgical procedures.

With the advances in 3D technology, it has recently become possible to standardize the registration
of images and reduce errors in head orientation (114, 116). Some studies suggested that the flaws
associated with setting reference landmarks on facial scanning images were sub-millimeter and
found that facial soft tissue landmarks were of moderate to high reliability and reproducibility (49,
117).

To keep the malocclusion type and surgeon-related factors out of inclinations, the subjects were
limited to those with skeletal class 111, and all operations were performed by one surgeon (J.P.).
We couldn’t perform further analyses considering gender because of the small sample size in our
study. However, C.-M. Chen and colleagues found no sex-related differences in soft tissue changes
in patients with mandibular prognathism after orthognathic surgery (118). Whereas Mubarak and
colleagues reported that females demonstrated higher percentages of soft tissue movement than
did males (119). Further studies with larger sample size and the sex-related effects of bimaxillary
surgery on the soft tissue are essential.

The timing of the soft tissue analysis is very critical. A period lasting 6 months after bimaxillary

surgery was chosen as the T stage since sufficient facial soft tissue stabilization is required to
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occur during this time, any subsequent modifications, such as post-operative swelling, soft tissue
remodeling, and relocation should be minor enough to be insignificant (29, 30). Kau et al.
suggested that the largest decline in swelling occurred within 1 month and the facial morphology
recovered to about 90 percent within 3 months of surgery (120). Proffit and colleagues explained
that postoperative changes do not show a normal distribution and that few patients exhibit
considerable changes. The quantification and visualization of specific patient changes will then be
relevant (121). Similarly, Oh and co-workers reported important changes in soft tissue 2 to 6
months after surgery and found that 6 months after surgery will be ideal for improved assessment
(115).

55.1 Soft tissue changes

We found a statistically significant increase in the nasal width and widening of the alar bases after
bimaxillary osteotomies (2.31mm and 2.02 mm p<0.05) respectively. We can explain these
increases by the remodeling and relocation of the surrounding muscles which may contribute to
the post-operative soft tissue changes around the alar region (115). Our results commit to the
results of Baik and colleagues who found 2.0 mm of nasal width increase after maxillary
advancement and mandibular setback (24). Similarly, an increase was also reported in the alar
width after bimaxillary surgery in class Ill patients using a 3D laser scanner and 3D facial
morphometry (122, 123). Liebregts and colleagues found an increase of (0.24 mm) in the alar
width for every 1 mm of maxillary advancement (124). While Altman and Oeltjen noted that all
Le Fort | osteotomies cause widening of the alar bases because of the retraction of perioral muscles
around the maxilla which results in detachment from their insertions during maxillary
surgery(125). No significant changes neither in the intercanthal width nor in the mouth width were
found in our study, and that was also noted in the study of Baik and colleagues, who found no
significant changes neither in the mouth and philtrum width, and concluded that the increase in the
lip length in some parts of the upper lip was produced by stretching the soft tissues (24).

Tiwari and colleagues found no significant changes in the lip width in patients who underwent
maxillary advancement and mandibular setback which commit with our results (126). Similar
results were reported by Lim and colleagues, who didn’t find significant transverse changes of the
landmarks of the lips, this might be due to their selection criteria, where they included patients

with less than 3mm of chin deviation (108). While Kim and colleagues reported a significant
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decrease in lip width after mandibular setback surgery (MSS), and it was explained by a decrease
in soft tissue tension in the lower lip area after MSS (127).

On the other hand, predicting the impact of bimaxillary surgery on the vertical relationship of the
jaws was extremely relevant. In this regard, we found significant increases in both the upper lip
height and the upper lip vermilion height (1.47and 2.31mm) respectively, thus the total upper lip
height was significantly increased (3.8mm). We can explain these increases by the relocation of
the orbicularis oris muscle and soft tissue tension in the upper lip region.

Marsan and co-workers found elongation in the upper lip (1.2£1.6 mm) after bimaxillary surgery
in Turkish female Class I1l patients and were correlated with the decrease in ANS-Gn distance,
which contribute to our results (128).

In our study, we found a statistically significant decrease in the lower lip height (Li-SI; 1.9mm,
p<0.05), decreases in the lower lip vermilion height, and also in the chin height (-1.3mm, -4.75mm)
respectively, without recording a significant level. The upward and backward movement of the
mandible may play a role in these changes. Similarly, Marsan and colleagues reported a decrease
in the lower lip height (4mm) after bimaxillary surgery in Turkish female Class 111 patients, which
contributes to our results. While the findings of Kim and colleagues suggest that the lower lip
could be under the influence of the muscle rather than the bone(129), and this might be related to
the inherent differences in the soft tissue between lip and chin(130).

As a result of the previous vertical measurements in our study, the lower anterior facial height was
increased by (1.4mm), without recording a significant level. On the other hand, Enacar and
colleagues didn’t report an increase in the vertical proportions of the face following single- or
double-jaw surgery (131). However, some previous findings suggested that the measurement error
appeared to be greater in the vertical changes, and it was difficult to predict the correlation in the
vertical plane (132, 133).

In regards to our angular measurements, we found a statistically significant increase in the Nasal
tip angle (7.36°, p<0.05), which could be affected by the lateral movements of the alar landmarks
and the increase in the nasal and nasal base width, due to the relocation of the nasalis muscle after
surgery.

Nasolabial angle is utilized to know the protrusion and retrusion of the maxilla concerning the

upper lip. It likewise helps in diagnosing the nasal tip projection. We found an increase in the
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Nasolabial angle (11.57°) without reaching a significant level. However, this change can be
produced by stretching the soft tissues in this area.

We also noticed a decrease in the Inter-labial angle (-8.81°, p<0.05), which also can be explained
by the relocation of the orbicularis oris muscle, the upper and lower lips after bimaxillary
osteotomies, which cause movements of the Ls, Li landmarks. While the significant increase found
in the Lower lip angle after bimaxillary surgery (10.46°) could refer to the movement of the /Li/
point.

In regards to the Labio-mental angle, which is usually influenced by the location of lower lip, chin,
and tendency of mandibular incisor teeth. An acute angle might be an impression of the
dentoalveolar protrusion or an over-grown chin and in contrast, while the obtuse one could be a
result of dentoalveolar reclination or an undergrown chin(50). We can interpret the decrease found
in our study in the Labio-mental angle after surgery by the backward and upward movement of the
lower lip.

Al-Gunaid and colleagues found in their study which evaluated the hard and soft tissue changes
after bimaxillary surgery in skeletal class I11 patients, an increase in the nasolabial angle, a decrease
in the labio-mental angle, and improvement of the dentofacial aesthetics, they also reported that
the soft tissue facial profiles and the posture of the lips were improved(134)

In the study of Marsan and colleagues, a gradual advancement at the nasal tip, a significant increase
in the nasolabial angle, and a decrease in the labio-mental angle were reported (128).

For better analysis of the facial changes by involving the whole facial regions in our post-operative
study instead of being admired to just some linear and angular measurements, we calculated the
deviation analysis on the facial meshes in seven morphological regions of the face.

Baik et al. also suggested dividing the entire face into several regions, then measuring the amounts
of soft-tissue changes with the percentage ratios relative to the movement of hard tissues for the
different facial parts(24).

Although the high positive and negative deviation limits observed in the total face region in our
study, the mean deviation of all landmarks forming this region didn’t exceed (0.52+0.25mm), this
small magnitude can be explained by the multidirectional soft tissue changes in the facial parts
forming the overall facial envelope.

previous studies reported more soft-tissue movement in the central parts than in the lateral parts

with maxillary advancement and mandibular setback(135).
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We found facial soft tissue changes in both the upper face and lower face regions with a mean of
(0.77, 0.67mm) respectively, while the mean deviation at the nasal region was (1.03mm).

Gjorup and co-workers found that no changes appeared in the cheeks, and they took into
consideration that the influence of the muscles and soft tissue tension decreased as the distance
from the area where the hard tissue changes increased (136)

The highest magnitude of the soft tissue changes was found in the upper lip region with a mean
deviation (3.25mm) and high positive and negative deviation peaks (5.71, -2.67mm) respectively.
In regards to the Lower lip and Chin regions, we noticed soft tissue decreases with a mean of
deviation (-1.21mm,-1.66mm) respectively.

Baik et al. suggested that the semicircular shapes of the maxilla and the mandible correspond to
the fewer changes in the sub-commissural region, a lateral part, than in the labio-mental or chin
region, a central part(24).

For a better overview of the facial changes, we calculated the deviation on the facial landmarks
after the surface comparison. The magnitude of deviation at the level of bilateral Alar points (1.26,
0.85mm) for the right and left respectively, emphasizes the lateral and anterior movement that we
previously mentioned. A similar movement can be anticipated at the level of bilateral Alar
curvature landmarks (1.36, 1.14mm), indicating soft tissue changes in the nasal region, along with
the deviation noticed at the level of Pronasal and Subnasal (1.93 and 3.83mm) respectively.
Regarded the upper lip area, a valuable positive deviation (3.44mm) was found at the level of
Labiale Superius point, indicating the anterior moment of this point after bimaxillary surgery.
While deviations at the level of ( Labiale Inferius, Soft tissue pogonion, and Soft tissue Menton; -
3, -2.5, -1.3 mm) respectively, were reported in our study, which may indicate a posterior
movement of the soft tissue in both the lower lip and chin regions after bimaxillary osteotomies,
and confirm our previous results in the linear and angular measurements.

Even though the sample size is small, which is one of the limitations, our study is giving relevant
and important information regarding three-dimensional soft tissue changes. It would be a great
advancement for the clinical research and the analysis to be performed, considering gender, with

larger sample size.
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5.6 Conclusion

In our present comprehensive 3D-evaluation, we succeeded to quantify and visualize the post-
operative soft tissue changes after 6 months of bimaxillary surgery. Bearing in mind the limitations
of the small sample size, the middle third of the face, especially the nose and upper lip will be
influenced by bimaxillary surgery compared to the other facial structures. This must be taken into
account in the course of treatment planning and that patients must be informed accordingly. Further
investigations with larger sample size and appropriate controls are necessary for a more accurate

evaluation of soft tissue responses after bimaxillary surgery.
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6 Conclusion of the research

- 3D handheld structured- light scanner seems to be an effective method in maxillofacial
orthopedics, especially for prediction of the soft tissue changes during the conservative and
surgical correction of the craniofacial anomalies.

- Statistically significant soft tissue changes were found in various morphological regions of
the face during our orthodontic and surgical treatment of the craniofacial deformities in all

3D planes of space, especially in the middle third of the face, the nose and upper lip regions.

7 Recommendation

e Further investigations with larger sample size and appropriate controls are necessary for a
more accurate evaluation of the facial soft tissue changes during the orthodontic and
surgical treatment.

e More studies are necessary to predict the correlation between the hard and soft tissue
changes after merging CBCT scans, intraoral and facial 3D scans to visualize a 3D virtual
patient.

e Further studies seem to be necessary to inspect the accuracy of 3D handheld structured-
light scanner in maxillofacial orthopedics.

e Further studies are recommended for soft tissue evaluation using other types of 3D
scanning methods, taking into consideration the facial expression and the jaw motion

during our treatment.
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Abstract: Facial soft tissue esthetics is a priority in orthodontic treatment, and emerging of the digital
technologies can offer new methods to help the orthodontist toward an esthetic outcome. This
prospective study aimed to assess the soft tissue changes of the face after six months of retention
following Rapid Maxillary Expansion (RME). The sample consisted of 25 patients (13 females,
12 males, mean age: 11.6 years) who presented with unilateral or bilateral posterior crossbite requiring
RME, which was performed with a Hyrax expander. 3D facial images were obtained before treatment
(Tp) and at the end of a six-month retention period after the treatment (T;) using a structured-light
3D handheld scanner. Linear and angular measurements were performed and 3D deviation analyses
were done for six morphological regions of the face. Significant changes in various areas of the nasal
and the upper lip regions were observed. Based on the results of the study and within the limitations
of the study, RME with a Hyrax expander results in significant morphological changes of the face
after a six-month retention period.

Keywords: rapid maxillary expansion; malocclusion; facial soft tissue; three-dimensional imaging

1. Introduction

Rapid maxillary expansion (RME) is routinely used to eliminate skeletal maxillary
transversal deficiency, particularly in patients with posterior crossbite, moderate crowding,
and sleep apnea disorders [1-4], to achieve apical opening of the maxillary base along the
mid-palatal suture.

The approach basically relies on the forces generated by means of the RME appliances,
which can mechanically separate the maxillary segments at the mid-palatal suture [3-5].
By this treatment, the following can be achieved: correction of the skeletal transversal
deficiency and gain of space in the dental arch [6], improved smile by reducing the buccal
corridors [7] and expansion of the airway [8].

RME has an influence on the morphology of the soft tissues of the face as well. It is in
the patients’ best interest that such changes are understood [9]. Still, the area is surprisingly
under-researched and several questions are unclarified.

Until recently, changes in the soft tissue envelope and the underlying skeletal struc-
tures following RME have been examined mainly through two-dimensional (2D) imaging
techniques, mostly lateral cephalometric images, anteroposterior graphs, and photogram-
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metric analyses [10-12]. However, these methods suffer from superimposition and magni-
fication problems, which can be avoided using three-dimensional (3D) imaging.

Of the three-dimensional imaging methods, cone-beam computed tomography (CBCT)
is becoming increasingly popular. However, soft tissues are poorly represented using this
technique [13].

Therefore, noncontact optical scanning devices were introduced as 3D imaging tech-
niques for soft tissue visualization like laser surface scanning and stereophotogramme-
try [14]. These non-invasive approaches are thought to allow images to be captured at short
intervals without exposing the patient to the radiation, which makes them an appealing
option [14]. However, these devices are often bulky and also rather expensive, which are
clearly deterring factors [15].

By using a handheld 3D structured-light scanners, texture and color information of
the face can be promptly obtained in high resolution without radiation. Further advantages
include short scan time, portability, ease of operation, and reasonable cost [16]. Jung et al.
found that the accuracy of structured light systems compares to that of direct anthropo-
metric measurements and concluded that it is a reliable approach for a facial soft tissue
assessment [17].

Most of the previous studies that utilized 3D facial scanners to evaluate soft tissue
changes following RME have examined deviations at specific points and calculated linear
and angular measurements [18,19]. However, it is more accurate to predict changes within
the whole complex structures on a 3D basis rather than only between specified points.
Having recognized that, the aim of our prospective study was to adopt a comprehensive
examination of soft tissue in various morphological regions of the face after six months of
retention following RME, based on structured-light scanning.

2. Materials and Methods

This prospective study was approved by the Human Investigation Review Board,
University of Szeged, Albert Szent-Gyorgyi Clinical Centre (No. 151/2019-SZTE).

2.1. Study Sample

Patients in need of upper arch expansion were recruited from among the patients
of the Craniofacial Unit, Department of Oral and Maxillofacial Surgery, Albert Szent-
Gyorgyi Clinical Center, Szeged, Hungary, between January 2019 and January 2020. The
inclusion criteria included maxillary transverse deficiency, assessed both clinically and
radiographically, which is associated with either unilateral or bilateral posterior crossbite
and/or dental crowding. Exclusion criteria included the history of trauma or previous
orthodontic treatment, and patients with physical and psychological limitations and/or
craniofacial anomalies.

The sample size was calculated based on the findings of Kim et al. [20], and the
analysis was performed with G*Power software (Franz Faul, Universitit Kiel, Germany)
Version 3.1.9.4, based on the assumption of the Wilcoxon rank test. A sample size of
23 patients was predicted to provide 80% of power with a 5% error of probability. A total of
25 patients (13 females and 12 males) with a mean age of 11.6 years (range: 8.1-14.4 years)
were enrolled in our study.

The 3D facial images were acquired immediately before the appliance was cemented
(Tp) and at the end of the 6-month retention phase (T1), using a structured-light 3D hand-
held scanner (Artec Eva™; Artec Group, Luxembourg). A 6-month retention period was
chosen to control for growth, which could have interfered with the results in case of a
longer period.

The proposed scanner uses structured light scanning technology to accurately capture
in a point-and-shoot manner up to 16 frames per second and each frame is a 3D image.
These frames are aligned automatically in real-time while providing high resolution (up
to 0.5 mm) and high accuracy (up to 0.1 mm). All images were taken with the head in a
natural head position and with a relaxed lip posture [21]. To reach the natural head balance,
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subjects were seated in a back-supported and vertically adjustable chair. They were asked
to turn their heads forward and backward with decreasing amplitude until they reached a
relaxed position [22]. Then they were told to look straight ahead to a point on the wall in
front of them at eye level.

2.2. Clinical Protocol

Following upper and lower alginate impressions, a Hyrax-type expander was con-
structed with 4 bands, palatal stainless-steel bars of 1.0-mm diameter, and a jackscrew
(Forestadent, Pforzheim, Germany) with stainless steel extensions soldered to the palatal
surfaces of each pair of bands. The activation of the jackscrew was for each quarter turn
equivalent to 0.25 mm.

The parents were instructed to activate the screw 2 turns per day (0.5 mm) and the
patients were recalled on a weekly basis of the expansion period (2 to 3 weeks). The expansion
was stopped when the palatal cusp of the upper molars was touching the buccal cusp of the
lower molars [23]. Then the appliance was kept in for the retention period (6 months), and
the jackscrews were blocked with a composite to prevent relapse (Figure 1).

Figure 1. Intraoral photographs of a patient. (a) Before the cementation of the Hyrax expander. (b) After the expander was

blocked for retention.

The expansion of the Hyrax jackscrew was measured for each patient. Dental cast
models were also made prior to expander cementation and after the retention period.
The distance between the mesial buccal cusp of the right and left upper first molar was
measured before and after the expansion and the difference was calculated.

After removal of the Hyrax appliance, we continued the treatment for all our patients
using a fixed appliance (self-ligating multibracket appliance, Roth prescription).

2.3. Data Processing and Measurements

In total, 18 landmarks (5 bilateral and 8 unilateral: Table 1, Figure 2) were defined
according to the literature [24,25]. In addition, 4 linear and 3 angular measurements were
performed directly on the 3D facial images using Artec Eva V.12 (Figures 3 and 4).
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Table 1. Definition of the facial landmarks used in our study.

Landmark Definition
Exocanthion Ex * Point at the outer commissure of the eye fissure
Endocanthion End * Point at the inner commissure of the eye fissure

The most posterior point of the frontonasal soft tissue contour in the midline of the

Sellion Se base of the nasal root
Alare Al* The most lateral point on each alar contour (on the base view)
Pronasale Prn The most anterior midpoint of the nasal tip (on the right and left profile view). If a
bifid nose is present, the more protruding tip is chosen to determine Pronasale
alar curvature point Ac* The point located at the facial insertion of each alar base. (on the submental view)
Subnasale Sn Midpoint on the nasolabial soft tissue contour between the Columella crest and
the upper lip
Labiale superius Ls The midpoint of the vermilion line of the upper lip (on the submental view)
Stomion Stm The midpoint of the horizontal labial fissure
Chelion Ch* The point located at each labial commissure (on the frontal view)
Labiale inferius Li The midpoint of the vermilion line of the lower lip (on the right profile view)
Sublabiale sl The most posterior midpoint on the Labiomental soft tissue contour that defines
the border between the lower lip and the chin
Soft tissue Menton Me’ The most inferior midpoint on the soft tissue contour of the chin located at the

level of the 3-D cephalometric hard tissue Menton landmark

* Indicates bilateral landmarks (right and left).

Figure 2. Landmarks used in our study located on the 3D-facial images. (a) Frontal view (b) and (c) lateral views.

For the 3D deviation analysis, the 3D facial images were transferred into a reverse
engineering software (GOM Inspect Evaluation Software, Capture 3D, Inc, Santa Ana,
CA, USA) and polygon meshes were created in a stereolithography (STL) format. The
hair, ears, and the below-neck region were removed. The images obtained at the T time
point were aligned with the images taken at T using the best-fit method, as described by
Dindaroglu et al. [26] (Figure 5).
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Figure 3. Linear measurements used in our study. (a) Frontal view. (b) Base view.

Figure 5. The best-fit method used in our study. (a) To mesh. (b) T; mesh. (c) The final mesh aligned.
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Negative values indicate that T; images were located behind the T images (blue
shades), whereas positive values indicate that T; images were located in front of the Ty
images (red shades). To create morphological regions, eight lines passing through different
points specified on the face were determined and a 3D deviation analysis was made in six
morphological regions [26] (Table 2, Figure 6).

Table 2. Definition of morphological regions used for the 3D deviation analyses.

Region Definition
Total face The facial region designated while creating masks prior to alignment
The region between the line passing through the right and left
Upper face Exocanthion points and the line passing through the Subnasal point

parallel to that line
The region between the line passing through the Subnasal point and
the line passing through the Menton point parallel to that line
The region between the lines passing through the right and left
Upper lip Endocanthion points and the right and left Cheilion points, and the
line passing through the Subnasal point
The region between the lines passing through the right and left
Lower lip Endocanthion points and the right and left Cheilion points, and the
line passing through a Sublabiale point parallel to other lines
The region between the lines passing through the right and left
Nose Endocanthion points that are tangent to the nasal wings and the line
passing through the Subnasal point

Lower face

Figure 6. The morphological regions and their reference lines used in our study. (a) Total face region
with the reference lines used. (b) Upper face region. (c) Lower face region. (d) Upper lip region. (e)
Nose region. (f) Lower lip region.

We also calculated the deviation magnitude for specific facial landmarks directly on
the 3D inspected meshes (Figure 7).
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Figure 7. Deviation labels of the facial soft tissue landmarks used in our study. (a) Frontal view (b) and (c) lateral views.

2.4. Statistical Analysis

Normal distribution of the data was established with the Shapiro-Wilk and Kolmogorov-
Smirnov tests. To determine the method’s reliability, Ty and Ty images of 10 randomly selected
patients were re-aligned and the measurements were recalculated one month later by the
same investigator. Intra-examiner reliability was assessed to evaluate the reliability of the
measurements in the same image and by the same investigator using the Intraclass Correlation
Coefficient (ICC).

The random errors were calculated according to the Dahlberg’ formula (D = / Y d?/2N) [27],
where D is the error variance and d is the difference between the first and second measure. N is
the sample size, which was re-measured. The systematic errors were also evaluated by comparing
the first and second measurements using the dependent t test.

The (Tp) and (T7) linear and angular measurements were compared. Significant
differences at the level of 5% of significance were tested using a Wilcoxon signed rank
test. In addition, for each patient, 3D deviation analysis was performed to calculate not
only the maximum positive and negative deviation, but also the mean deviation for the
facial meshes. Then, the Pearson correlation coefficient was calculated to determine the
correlation between the expansion amount (expressed as the amount of jackscrew activation
and resulting width difference of the upper arch) and the facial soft tissue changes. All
statistical analyses were performed in SPSS 24.0 (IBM, Armonk, NY, USA).

3. Results

All parameters were normally distributed, according to the Shapiro-Wilk and Kolmogorov-
Smirnov tests. No significant errors were found when repeating the measurements. The (ICC)
values between the two sets of measurements were a high range of 0.821-0.979. The amount of
random error was small enough (less than 0.5 mm/°), and no systematic errors were found
between the measurements obtained on the two different occasions (p > 0.05). The mean value
of the jackscrew activation after RME was 7.75 mm and the mean of the upper arch width
difference calculated on the dental casts was 5.46 mm. Statistically significant changes of
the soft tissue variables were found after RME using the Wilcoxon rank test (Table 3).

The mean linear changes of the nasal width and the nasal base width after RME were
1.02 mm and 1.21 mm, respectively, and 2.62 mm for the mouth width. While we also
found significant angular changes after RME, the nasal tip angle increased by 3.2°, while
the upper and lower lip angle have increased by 3.47° and 3.78°, respectively.



Int. J. Environ. Res. Public Health 2021, 18, 3379 8 of 14

Table 3. Descriptive statistics of the pretreatment (Ty) and post-treatment (T;) measurements.

To n A=T; ~ Ty p
Mean SD Mean SD
Linear measurements (mm)
Intercanthal width (Eng-Eny) 30.93 242 31.58 24 0.65 NS

Nasal width (Alar g.-Alar.p) 31.98 2.83 33.09 3.27 1.02 0.023 *
Nasal base width (Acgr-Acr) 30.26 2.67 31.48 2.85 1.21 0.018*
Mouth width (chr-chy) 43.28 3.8 459 3.7 2.62 0.01*

Angular measurements (°)
Nasal tip angle (Alarg-Prn-Alary) 85.82 6.13 89.03 6.2 32 0.05 *
Upper lip angle (Chg-1s-Chy) 110.66 4.3 114.13 5.7 3.47 0.023 *
Lower lip angle (Chg-1i-Chy) 122.16 6.1 125.94 6.34 3.78 0.047 *

* Significant changes at the level of 5% level of significance («x < 0.05) based on the Wilcoxon signed rank test. NS, Not significant.

We also calculated the descriptive statistics of the maximum positive and negative
deviation limits of the meshes, as shown in Table 4.

Table 4. Descriptive statistics of the maximum positive and negative deviation in the morphological regions.

Mﬁzg?gioglcal Maximum Positive Deviation Limits (mm) Maximum Negative Deviation Limits (mm)
Minimum Maximum Mean SD Minimum Maximum Mean SD
Total face 1.72 5.43 3.09 0.92 —5.88 -1.93 —2.93 0.85
Upper face 0.97 39 2.16 0.77 -3.5 -0.89 -1.9 0.79
Lower face 1.47 5.22 2.81 0.87 —5.88 —1.34 —2.78 0.89
Nose 0.68 3.9 2.04 0.71 —3.49 —0.47 —1.25 0.67
Upper lip 0.64 5.06 2.16 0.97 —5.69 0.11 -1.5 1.03
Lower lip —0.63 5.22 1.37 1.16 —4.68 0.53 —2.02 1.67

The mean of the maximum positive and negative deviation found in the total face
were 3.09, —2.93 mm, respectively, 2.16, 2.81 mm both for the upper and lower face as a
positive deviation, and —1.9, —2.87 mm for the negative ones. We also found 2.16, 1.37 mm
as a positive deviation of both the upper and lower lip regions, and —1.5, —2.02 mm as the
negative ones while the mean of the maximum positive and negative deviation found in
the nasal region were 2.04, —1.25 mm, respectively.

Similarly, the mean, minimum, and maximum limits of the mean values were calcu-
lated in Table 5. While soft tissue changes were observed in the nasal and upper lip regions
of 0.55, 0.53 mm, respectively, the changes observed in the total face region as well as the
upper and lower lip regions were very small and almost neglected.

Table 5. Descriptive statistics of the mean deviation in the morphological region.

Morphological

. Minimum Maximum Mean SD
Region
Total face —-0.25 0.12 —0.02 0.08
Upper face —0.99 0.65 0.06 0.3
Lower face —0.54 0.32 —0.02 0.16
Nose -0.1 0.96 0.55 0.26
Upper lip —-0.87 1.79 0.53 0.67
Lower lip —2.54 2.19 —-0.04 1.24

Changes were also observed at the level of the facial landmarks as seen in Table 6. The
deviation found at the level of the right and left Alar points were 0.72 £ 0.45, 0.46 = 0.59 mm,
respectively. We also found changes at the level of Pronasal and Subnasal points of 0.44 & 0.66,
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0.66 £ 0.64 mm, and for the right and left Cheilion landmarks of 0.46 £ 1.621, 0.66 & 1.98 mm,
respectively.

Table 6. Deviation analysis of the facial soft tissue landmarks.

Deviation Mean

Landmark (mm) SD
Endocanthion (right) End, 0.28 0.39
Endocanthion (left) End, 0.25 0.55
Sellion Se —0.03 0.41

Alar point (right) Alar;, 0.72 0.45
Alar point (left) Alar; 0.46 0.59
Pronasal pm 0.44 0.66
Subnasal Sn 0.66 0.64
Cheilion (right) Ch, 0.46 1.62
Cheilion (left) Ch; 0.66 1.98
Labiale superius Ls 0.23 1.36
Labiale inferius Li 0.2 1.37
Stomion Sto —0.11 1.71
Sublabiale Sl —0.43 1.31

Soft tissue menton me’ 0.02 0.89

Moderate positive and negative correlations were found between the expansion
amount and our variables using the Pearson correlation coefficient, but they did not reach
the level of significance, except for the mouth width difference, which showed significant
moderate positive correlation with the jackscrew activation at the level of 5% of significance,
as seen in Figure 8.
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Figure 8. Scatter plot for the correlation between the mouth width difference and the jackscrew

activation amount.



Int. J. Environ. Res. Public Health 2021, 18, 3379 10 of 14

4. Discussion

Assessment of the soft tissue changes after RME is a critical step during our orthodon-
tic treatment. Various strategies, including laser scanners, stereophotogrammetry, and
structured light scanners have recently been introduced for 3D soft tissue evaluation. It
was found that the accuracy of the structured light scanner was at 0.57 & 0.07 mm, and
seemed to be the best in the midface region [28]. Jung et al. concluded that the accuracy
of the structured light system is comparable to the direct anthropometric measurements.
Furthermore, it was reported that more reliable 3D datasets are expected if the face of the
subject was scanned from a couple of angles at the same time in less than 1 s [17]. Lee et al.
investigated the reliability of 34 facial landmarks using a 3D handheld structured-light
scanner (Artec Eva) and they observed constellations of landmarks that showed high
reliability in each condition in terms of head posture and image resolution. The Artec EVA
scanner is claimed to be comparable to other scanners mentioned in literature and leads to
more accurate 3D models as compared to scanning with FaceScan3D [29].

Given the small sample size, the effects of patients” age and sex could not be considered
in this study. It was found in previous studies that the stage of maturation (based on the
maturation of the cervical vertebrae) and sex had no significant effect on the soft tissue
changes brought about by RME [30,31].

Our observations were made in a population of subjects who were in the active growth
phase. It was presumed that growth might not cause a considerable interference with the
studied parameters if evaluated for a period of 6 to 7 months [32]. Torun et al. found
no significant difference between pre-pubertal and post-pubertal subjects [31]. This is in
agreement with the outcomes of Johnson et al., who found that the developmental status
had no significant effect on the soft tissue changes after RME [30]. Longo et al. proposed
that the impact of growth is not a factor if a six-month observation period is used [33]. In
their meta-analysis, Huang and co-workers came to the same conclusion [32]. Thus, in this
study, a six-month retention period was applied.

To evaluate soft tissue changes, linear and angular measurements were made be-
tween point pairs and triads, completed with regional deviation analyses for various
morphological regions of the face and for the facial landmarks.

4.1. Facial Soft Tissue Changes

Intercantal width increased by a mean of 0.65 mm after RME expansion. However,
this increase did not reach a statistically significant level. Generally, forces generated
with the aid of RME are claimed to affect circummaxillary sutures, along with the fronto-
maxillary, nasomaxillary, and frontonasal ones [34-36]. The previously mentioned findings
could provide an explanation for the 3D deviations observed around the eye. Baysal et al.
suggested that the significant increase that they found in the intercanthal distance was the
result of normal growth and development [37]. Dindaroglu and co-workers noted that,
even if 3D facial images are captured rapidly, apparent 3D changes might occur in soft
tissues around the eye because of the movement of the eyelids [26].

One of the most frequently examined anatomical regions in connection with RME
is the nose, given the close anatomical relationship between the maxilla and the nasal
area [26].

In this study, statistically significant increases were observed in nasal width (mean:
1.02 mm, p < 0.05), nasal base width (mean: 1.21 mm, p < 0.05), and nasal angle (mean: 3.2°,
p <0.05).

Berger and colleagues found a mean increase of 1.6 mm in nasal width, and a mean
increase of 1 mm in nasal length after RME [10]. Furthermore, Altorkat and colleagues
found that RME produces pyramidal expansion with the greatest transverse expansion at
the anterior nasal spine landmark (ANS) [19]. However, the authors suggested that these
changes may be neither symmetrical nor homogeneous when the anatomical relationship
between the nose and maxilla is considered.
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Pangrazio-Kulbersch and co-workers found a mean increase of 1.34 mm in alar width
after RME [38], which is in accordance with our findings. Johnson et al. used direct
measurements with an average of 7 mm of appliance expansion and found less than
1.5 mm change in nasal base and alar cartilage width, neither of which was clinically
significant [30].

Increases were also observed in all transverse linear measurements in the nasal area
including nasal base width, alar cartridge width, nasal tip retraction, and flattening of the
nasal tip following RME. However, it was reported that these changes were very small
and highly variable [19]. On the other hand, Silva Filho et al. used 2D photographs and
concluded that RME did not cause changes in nasal morphology [39]. These observations
markedly differ from our findings, and the reason for this difference most likely lies in the
different scanning methods.

In this study, we found a statically significant increase (mean: 2.62 mm, p < 0.05) in
mouth width after RME, likely because of the transverse expansion of the maxillary halves.
We also found statically significant increases in the upper and lower lip angle (mean: 3.45°
(p < 0.05) and 3.78° (p < 0.05), respectively).

Our results correspond to those of Altindi S et al. who also found a statistically
significant increase in mouth width [18]. Similar changes in mouth width after RME were
demonstrated in a recent CBCT study by Kim et al. [20]. On the contrary, the study of
Baysal et al. found no statistically significant change in this respect [37], but this lack of
significance might well be put down to the small sample size (17 subjects).

Despite the significant changes in both the linear and angular parameters found in
the study of Dindaroglu F et al., it was considered that changes measured only in these
dimensions may not reflect the actual soft tissue changes properly [26]. Thus, to complete
linear and angular measurements, volumetric analyses were also conducted in the present
study. A region was characterized by the mean value of all points of measurement within
the given region.

We found significant facial soft tissue changes in both the nose and the upper lip
regions (0.55 £ 0.26, 0.53 & 0.67 mm, respectively), and we also noticed highly positive
and negative deviations in the other facial morphological regions of the face, but the mean
deviation for these regions changed only to a negligible extent.

The results of Dindaroglu et al. [26] are quite similar in this respect. The authors found
that both positive and negative deviations were below 2 mm regardless of which morpho-
logical region of the face was examined. Specifically, the mean maximum positive and
negative deviations for the nose area were 0.77 £ 0.34 and —0.94 + 0.41 mm, respectively,
and when all the points forming the nose region were considered, the mean deviation was
0.41 + 0.21 mm, which is similar to our results.

Regarding the upper lip region, the mean positive and negative change in the same
study was 0.87 £ 0.38 and —0.57 &= 0.14 mm, respectively, while the greatest recorded mean
deviation was 1.44 mm [26].

The mean of the maximum positive deviation for the total face was 3.09 & 0.92 mm in
our study. It was 2.16 & 0.77, 2.81% 0.87 mm for the upper and lower face regions, respectively,
while the mean of the maximum negative deviation was —2.93 & 0.85 mm for the total face,
and —1.9 £ 0.79, —2.78 £ 0.89 mm for the upper and lower face regions, respectively.

Ong and co-workers, in a 3D study, reported that the mean maximum maxillary
deviation was 1.2 + 0.4 mm and 1.0 £ 0.3 mm for the right and left sides, respectively [23].
These results are quite close to our findings.

Although, in this study, the greatest mean deviations were recorded in the lower lip
region (2.19 and 2.54 mm, positive and negative, respectively). The mean deviation for the
whole sample in the lower lip region was negligible (—0.04 £ 1.24 mm).

For a more detailed understanding of the soft tissue alterations, deviations were
calculated for specific facial landmarks. The greatest deviation was found at the alar point
(0.72 = 0.45 mm). Furthermore, the left alar point shifted by 0.46 + 0.59 mm, and the
subnasal point shifted by 0.66 £ 0.64 mm.
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References

Kim et al. evaluated the deviations at different points in various nasal regions and
detected a mean deviation of less than 1 mm for all the points, except for the ones in the
sub-nasal region, where a mean deviation of 2.21 & 1.23 mm was found [20]. The authors
also found that the position of the left lip commissure changed by 0.65 mm, whereas the
position of the right lip commissure changed by a mean of 1.20 mm [20]. Furthermore,
we found that the position of the left and the right lip commissures changed by 0.66 and
0.46 mm, respectively, and also found a positive deviation at the pro-nasal point (0.44 mm)
and negative deviation at the sublabial point (—0.43 mm). Kim et al. [20] found a positive
change of 0.43 & 1.24 mm at the nasion point, which did not change in our study.

Although we found positive and negative correlations between the amount of expan-
sion and most of the facial soft tissue variables, these correlations did not reach a level
of statistical significance. Only mouth width showed a moderately significant positive
correlation with the amount of jackscrew activation (p < 0.05).

4.2. Limitations

A major limitation of this study is the small sample size, which prevented us from
considering the effect of sex, among other factors, and it is also a limitation that prevents
strong conclusions. Another relative limitation is the absence of a control group. However,
based on the literature, we had reason to assume that, with a short observation period, it
was not likely that normal growth would interfere with the results.

5. Conclusions

Significant changes in the nasal region and in the upper lip region were found after
RME and six months of retention, and a significant positive correlation between mouth
width and the amount of expansion was also observed.

The outcomes show that rapid expansion causes significant soft tissue changes on the
surface of the face. While our results are a good starting point, further investigations with
larger sample sizes and suitable controls are definitely necessary to allow generalizable
statements about soft tissue responses after RME, especially in the long run.
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Abstract

Background: The elaboration of a precise pre-surgical plan is essential during surgical treatment of dentofacial
deformities. The aim of this study was to evaluate the accuracy of computer-aided simulation compared with the
actual surgical outcome, following orthognathic surgery reported in clinical trials.

Methods: Our search was performed in PubMed, EMBASE, Cochrane Library and SciELO for articles published in the
last decade. A total of 392 articles identified were assessed independently and in a blinded manner using eligibility
criteria, out of which only twelve articles were selected for inclusion in our research. Data were presented using
intra-class correlation coefficient, and linear and angular differences in three planes.

Results: The comparison of the accuracy analyses of the examined method has shown an average translation (< 2
mm) in the maxilla and also in the mandible (in three planes). The accuracy values for pitch, yaw, and roll (°) were
(<275, < 1.7 and < 1.1) for the maxilla, respectively, and (< 2.75, < 1.8, < 1.1) for the mandible. Cone-beam
computed tomography (CBCT) with intra-oral scans of the dental casts is the most used imaging protocols for
virtual orthognathic planning. Furthermore, calculation of the linear and angular differences between the virtual
plan and postoperative outcomes was the most frequented method used for accuracy assessment (10 out of 12
studies) and a difference less than 2 mm/® was considered acceptable and accurate.

When comparing this technique with the classical planning, virtual planning appears to be more accurate,
especially in terms of frontal symmetry.

Conclusion: Virtual planning seems to be an accurate and reproducible method for orthognathic treatment
planning. However, more clinical trials are needed to clearly determine the accuracy and validation of the virtual
planning in orthognathic surgery.

Keywords: Surgery, computer-assisted, Orthognathic surgery, Dentofacial deformities, Cone-beam computed
tomography
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Background

Two-dimensional (2D) radiographs and manual model
surgery are essential parts of the preoperative planning
for orthognathic surgery. However, this approach has its
limitations, especially in the case of patients with major
facial deformity or asymmetry [1], as 2D cephalometric
images cannot provide full information about the 3D
structures.

When conventional 2D surgical plans are executed,
unexpected problems, such as a bony collision in the
ramus area, the discrepancy in pitch, roll and yaw ro-
tation, midline difference and chin inadequacy may
occur [2].

When two-jaw surgery is performed, an inter-occlusal
splint is fabricated to work as an intermediate guide for
repositioning the maxilla relative to the intact mandible
[3]. Any variation between the plan and the plaster
model surgery could lead to a poorly fabricated wafer,
which in turn could lead to unexpected (and often un-
desirable) results, regardless of how skillfully and care-
fully the surgery is performed [3].

These examples illustrate that the elaboration of a pre-
cise pre-surgical plan is of utmost importance when it
comes to correcting dentofacial deformities.

Computer-aided surgical simulations using cone beam
computed tomography (CBCT) images have revolution-
ized orthodontics and have been adapted for orthog-
nathic surgery (OGS) to facilitate cephalometric analysis,
surgical simulation and splint fabrication [4-9].

In particular, the visualization of skeletal complexities
within an asymmetric dentofacial deformity has been
greatly enhanced through three dimensional (3D) mod-
eling, which can demonstrate the extent of yaw rotation
in the maxilla and mandible, occlusal plane canting and
differential length of a mandibular body or the ramus [1,
10, 11]. The 3D simulation method has been accepted
for planning in orthognathic surgery and led to signifi-
cant improvements in surgical outcomes [1, 9, 12].
Intraoperative efficiency has also improved with the fab-
rication of the templates and jigs to reproduce gaps or
spacing between the osteotomies depicted in the virtual
plan. These jigs may reinforce intraoperative accuracy of
the clinical movement of the virtual plan and aid in
orienting and positioning bony segments [10, 13-18].
Thus, the aim of this systematic review is to assess the
accuracy of computer-aided planning in orthognathic
surgery.

Methods

A systematic search was conducted of electronic and
printed articles that have been published in the period
(2007-2017) on virtual planning for orthognathic sur-
gery and in the English language. The databases used
were PubMed, EMBASE, Cochrane Library and SciELO.
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Keywords and Boolean operators (‘OR’ and ‘AND’) were
used to join the terms related to orthognathic surgery
and virtual planning.

Search strategy

Main search

The systematic search was done by one of the authors
(A.A.). The search of PubMed was conducted using the
following medical subject heading (MeSH) terms:
[(‘Orthognathic Surgery’ OR ‘Surgery, Orthognathic’ OR
‘Maxillofacial Orthognathic Surgery’ OR ‘Orthognathic
Surgeries, Maxillofaciall OR ‘Orthognathic Surgery,
Maxillofacial’ OR ‘Surgery, Maxillofacial Orthognathic’
OR ‘Orthognathic Surgical Procedures’” OR ‘Procedure,
Orthognathic Surgical’ OR ‘Surgical Procedure, Orthog-
nathic’ AND (‘Surgery, virtual planning’ OR ‘virtual
planning Surgery’ OR ‘Computer Assisted Surgery’ OR
‘virtual planning ,Surgery’ OR ‘Surgery, virtual planning’
OR ‘virtual planning Design’” OR ‘virtual planning De-
signs” OR ‘Design, virtual planning’ OR ‘virtual planning
Manufacturing’ OR ‘Manufacturing, virtual planning’)].

The same search strategy was applied to the Cochrane
Library since this also uses MeSH terms.

For the search of EMBASE, the entry terms ‘orthog-
nathic surgery’ AND ‘virtual planning surgery’ were used
to carry out a specific search.

Health sciences descriptors were used to search the
SciELO databases, ‘orthognathic surgery’ AND ‘virtual
planning’ were performed.

Eligibility of the studies

The eligibility of the studies was determined by the au-
thor (A.A.), observing the following criteria: (1) the main
theme of the paper had to focus on virtual planning for
orthognathic surgery; (2) the study had to be original
and interventional; (3) the surgical procedure had to be
virtually planned with a virtual surgical splint; (4) accur-
acy measures had to be presented for the surgical pro-
cedure; (5) the sample size of the trial had to be >10.
The latter criterion was determined somewhat arbitrar-
ily, as a reasonable minimum, given the small sample
sizes of these studies in general.

Main search

Three hundred and sixty-seven articles were found in
PubMed, 84 in EMBASE, 7 in Cochrane Library and 16
in SciELO. Duplicate papers were removed, leaving a
total of 392 possible studies, that have been read and 31
of these were chosen for full-text reading (Fig. 1).

Eligibility assessment

As part of the eligibility assessment, 31 studies were read
in full. At the end of this analysis, only twelve papers were
included in the sample for our systematic review. The
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Fig. 1 Flowchart of the review process
A

other 19 studies were excluded for the following reasons:
virtual surgical planning for orthognathic surgery was not
the main focus of the paper [19],the paper was not an
intervention study [17], or it was not original [5, 20, 21],
the surgical procedure did not involve a computer-assisted
virtual surgical splint [22—24], the accuracy measurements
for the surgical procedure were not provided [25-29] and
the sample size was less than 10 [16, 22, 30-33].

Quality assessment of the included articles

The quality of the papers was assessed using an adaptation
of the bias analysis proposed by Clementini and colleagues
[34]. The criteria were the presence or absence of the fol-
lowing: sample randomization, blind assessment, statistical
analysis, defined inclusion and exclusion criteria and
reporting of follow-up. With respect to the risk of bias for
each analyzed study, papers containing all the above items
were considered low risk, studies lacking one or two items
were missing were deemed medium risk, and investigations
that lacked three or more items were considered high risk.

Results

Descriptive data of the included studies (sample size,
age, gender and type of facial deformity) are presented
in (Table 1).

The imaging protocols and the software used for surgi-
cal planning varied substantially among the studies,
These variations are shown in (Table 2).

The included studies also varied in the type of surgical
plan and virtual splints, as well as in the method used
for the assessment of accuracy. These variations we
summarized in (Table 3).

The actual accuracy values are presented in detail in
Additional file 1 (Table S1).

Finally, the papers included in this review were
assessed as being medium quality, since the risk of bias
was considered medium in ten studies of the twelve. The
risk of bias assessement for the included studies are pre-
sented in (Table 4).

Discussion

The use of computerized methods for diagnosis and treat-
ment planning in orthodontics and orthognathic surgery
has evolved substantially [42], which is confirmed by the
392 papers on this topic that have appeared in the major
databases in the period (2007-2017).

Hsu and colleagues reported that computer-aided
techniques enable the accurate correction of maxillary
malformations with yaw deviation, alignment of prox-
imal and distal segments and restoration of mandibular
symmetry [6].

Lin and co-workers concluded that virtual orthog-
nathic planning yields aesthetically favorable results, a
high level of patient satisfaction, accurate translation of
the treatment plan and thus making the operation itself
easier and safer [20, 44].

The analyzed studies used both the CT and CBCT
imaging modalities (two of them worked with both).
Better identification of soft tissue and less image distor-
tion where metallic elements are present are obvious
advantages of CT over CBCT, while disadvantages in-
clude image quality, the supine position of the patient
during the test (especially because of mandibular retru-
sion) and larger radiation doses [45-47]. Mandibular
retrusion in the supine position during CT image cap-
ture was attenuated using central occlusal registry [6,
42]. The major disadvantage of CBCT is the occasional
appearance of metal artifacts, but this is diminished by
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Authors, year and country Type of study Sample Age: mean, SD Gender Type of facial deformity
of origin size (variation)
De Rio et al. 2017 Italy [35] Retrospective N: 49 Mean: 26.4 years 19 males Angle class II: 16
observational study patients 30 females Angle class Ill: 20
Open bite: 4
Facial asymmetry: 9
Ritto et al. 2017 Brazil [36] Retrospective study N: 30 NA CMS group: 8 CMS group:
patients: females 4 skeletal class Il malocclusion
CMS 7 males 11 skeletal class Il malocclusion
group: 15 VSP group: 5 VSP group: 1 skeletal class | malocclusion,
VSP group: females 2 presented class Il malocclusion, 12 presented class
15 10 males Il malocclusion
Ho et al. 2017 Taiwan [1] Prospective case N: 30 Mean: 224 years 22 females Class Il malocclusion and facial asymmetry
series, A patients Range: (18-26 years) 8 males
Chin et al. 2017 Germany [37] A comparative study ~ N: 10 Mean: 25.3 years 4 males 8 Class Ill, Prognathism of Mandible
patients Range: (18-41) years 6 females 2 Class Il retrognathism of Mandible
Stokbro et al. 2016 USA [38] A comparative N: 30 Mean: 23.1 +68years 10 males NA
retrospective study patients Median: 21 years 20 females
CMS Range: (18-42) years
group: 15
VSP group:
15
Baan et al. 2016 Netherlands Prospective study N: 10 Mean: 26.5 years 4 Males Skeletal Class Il profile
[39] patients Range: (17-45) years 6 Females
Zhang et al. 2016 China [40] A comparative N: 30 Range: (19-30) years 16 males (n=27) Skeletal class Ill profile, retrognathia of upper
retrospective study patients 14 females jaw, Prognathia of lower jaw .
(n = 3) Skeletal class Il profile prognathia of upper jaw
Retrognathia of lower jaw.
De Rio et al. 2014 Italy [41] Randomized N: 20 Virtual splint: Range: Overall: 10M,  Class ll/class IIl: NA
controlled clinical trial  patients (21-54) years 10F All asymmetrical
Virtual Classic splint: Range: Virtual splint:
splint: (24-47) years 3M, 7F
10 Classic splint:
Classic 7M,3F
splint: 10
Hsu et al. 2013 USA [6] A Prospective N: 65 Houston: mean 25 Houston 23 NA
Multicenter Study patients range: (15-51) M, 18 F
Houston: Portland: mean 26.7 Portland: 3 M,
41 range (15-51) 8F
Portland: NewYork: mean 26.7 New York: 5
11 range (16-46) M, 8 F
New York:
13
Sun et al. 2013 Belgium [7] Prospective case series N: 15 NA NA NA
patients
Zinser et al. 2013 Germany [42]  Non-randomized N: 28 Overall: 208 £4.9 (18-  Overall: 15M,  Overall: 5 class II, 23 class Il
clinical trial patients 35) years 13F Virtual splint: 8 class Il
Virtual Virtual splint: 21.6 + Virtual splint:  Classic splint: 4 class II, 6 class Ill
splint: 8 545 (19-35) 4M, 4F Surgical navigation: 1 class Il, 9 class Il
Classic Classic splint: 206+ 2.6  Classic splint:
splint: (18-26) 6M, 4F
10 Surgical  Surgical navigation: Surgical
navigation:  20.5+4.1(18-32) navigation:5
10 M5 F
Centenero and Hernandez- Prospective case series N: 16 NA NA 9 class Il
Alfaro. 2012, Spain [43] patients 7 class Il

SD standard deviation, NA no information provided by the authors, CMS conventional model surgery, VSP vitual surgical planning, M male, F female

scanning the plaster casts [37, 40, 42], intraoral scan-
ning of the dental arches [30, 37], scanning occlusion
with reference points [6, 7] or by a triple scan proced-
ure [39, 41].

Thus, the fusion of facial CT images and dental arch
scans is important in computer-aided planning and it is
more accurate when reference points are reproducible
for both modalities [8].

Evaluation of the accuracy of the virtual planning
methods used in Orthognathic surgery

One of the most frequently used methods to evaluate
the accuracy of virtual planning is the use of the mean
error differences in superimposition between the virtual
plan and the postoperative outcomes. Baan and col-
leagues used this technique to assess the degree of
correspondence between the planned and performed
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Author and year Imaging Postoperative period of Imaging of dental arches Software used for virtual planning
method scanning the dentofacial
complex

De Rio et al. 2017 CBCT 3rd-5th postoperative days  NA (Maxilim®, Medicim, Nobel Biocare Group,

Italy [35] Mechelen, Belgium).
(Dolphin®, Dolphin Imaging and Management
Solutions, Chatsworth, CA, USA) for
Cephalometric analysis

Ritto et al. 2017 cT =10 days after surgery Scan of the plaster models Dolphin Imaging software (Dolphin Imaging

Brazil [36] using a 3D laser scanner and Management Solutions, Chatsworth, CA,
USA)

Ho et al. 2017 CBCT 1 month after surgery NA SimPlant (Materialize, Leuven,Belgium)

Taiwan [1] Dolphin software (Dolphin Imaging and
Management solutions, Chatsworth, California)

Chin et al. 2017 n 1 month postoperatively Scan of the plaster models Dolphin Imaging 11.8 Premium

Germany [37] under final occlusal position Assesmant tool / software: Geometric Studio®
(Geomagic, Morrisville, NC, USA)

Stokbro et al. 2016 CBCT 1 week after surgery NA Dolphin 3D (Dolphin Imaging and

USA [38] Management, Chatsworth, CA, USA)

Baan et al. 2016 CBCT one to three weeks after CBCT triple scan procedure Maxilim (Medicim NV, Mechelen, Belgium)

Netherlands [39] surgery Assessment tool/software: OrthoGnatic
Analyzer

Zhang et al. 2016 n 1 month postoperatively surface scanning of the dental ~ Dolphin Imaging 11.7 Premium.

China [40] arch Mimics software (version 10.01; Materialise,
Leuven, Belgium

De Rio et al. 2014 CBCT 6 months CBCT triple scan procedure Maxilim (Medicim Nobel Biocare Group,

Italy [41] Belgium)
virtual planning and manufacturing of virtual
splint

Hsu et al. 2013 cT 6 weeks postoperatively Scan of plaster models with Simplant OMS (Materialise Dental, Maryland,

USA [6] reference points USA)
Assesmant tool / software: 3DS max (Autodesk,
CA, USA)

Sun et al. 2013 CBCT 6 weeks Scan of bite registration with Amira (Visage Imaging, Germany)

Belgium [7] reference points for image virtual planning and manufacturing of virtual

fusion with CT splint VisCAM (Marcam Engineering GmbH,

Germany)

Zinser et al. 2013 cT 6 weeks Scan of plaster models SimPlant Pro OMS 10.1 (Materialise Dental,

Germany [42] CBCT Belgium)

Centenero and cT 3 months Scan of plaster models SimPlant Pro OMS 10.1 (Materialise Dental,

Hernandez-Alfaro. CBCT Belgium.

2012, Spain [43]

CT computed tomography, CBCT cone beam computed tomography, 3D three dimensional, NA data not provided by the authors, CBCT cone beam

computed tomography

positions. They also assessed the repeatability of the sur-
gical procedure performed by different surgeons, and
noticed that the discrepancy between the 3D planning
and the postoperative results was the greatest regarding
the vertical positioning of the maxilla and mandible, sug-
gesting a less accurate intra-operative vertical control of
virtual planning [39].

On the other hand, Franz and co-workers suggested
that the use of the mean error as an only endpoint to
measure the degree of accuracy can limit the
generalizability of the studies. They also suggested that
the confidence interval does not describe the real range
of the method error but defines only the range of values

that the mean error can assume from a statistical per-
spective [23].

Ho and colleagues calculated the accuracy of
computer-aided orthognathic planning by evaluating the
root-mean square difference (RMSD) of the 3D simula-
tion and postsurgical CBCT images and found that the
errors were acceptable, with RMSD (0.63 + 0.25) mm for
the maxilla and (0.85 + 0.41) mm for the mandible [1].

De Riu and co-workers also suggested that the simple
superimposition of the simulation and the cephalometric
results is an unsatisfactory method, as it fails to consider
the magnitude of the surgical manipulation leading to an
error of a given magnitude. For instance, a slight
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Table 3 Variation in the type of surgical plan, virtual splints and the methodology of accuracy assessment in the included studies

Author, year
and country of
origin

Surgical planning

Surgical splint

Surgical splint

De Rio et al.
2017 Italy [35]

Ritto et al. 2017
Brazil [36]

Ho et al. 2017
Taiwan [1]

Chin et al. 2017
Germany [37]

Stokbro et al.
2016 USA [38]

Baan et al. 2016
Netherlands
[39]

Zhang et al.
2016 China [40]

De Rio et al.
2014 ltaly [41]

Hsu et al. 2013
USA [6]

Sun et al. 2013
Belgium [7]

Zinser et al.
2013 Germany
[42]

Centenero and
Hernandez-
Alfaro .2012,
Spain [43]

Bimaxillary surgery

Bimaxillary surgery

Bimaxillary surgery

9: bimaxillary surgery
1: repositioning of the lower jaw.

Bimaxillary surgery,

Bimaxillary surgery with segmentation of
the maxilla,

Bimaxillary surgery with genioplasty,
Bimaxillary surgery with segmentation of
the maxilla and genioplasty

Bimaxillary surgery

LeFort | osteotomy of the maxilla
combined with bilateral SSRO of the
mandible. Genioplasty was performed, if
indicated (17 patients)

Clinical and 3D analysis Bimaxillary surgery
(20), planning through maxilla (NA) and
mandible (NA)

Bimaxillary surgery planning through
maxilla

Bimaxillary surgery planning through
maxilla

Clinical and 3D analysis Bimaxillary surgery
(28), planning through maxilla

(15) Bimaxillary surgery,
(1) Single maxillary surgery

Digital intermediate splints to guide
osteotomies.

An intermediate splint was fabricated
virtually

Single occlusal splint

Two surgical splints:

The first splint would guide the
repositioning of segmented maxilla
The second one is the final position
of lower jaw.

Surgical splints and surgical calipers.

Inter-occlusal wafer was milled based
on the virtual planning.

Series of surgical templates:

final occlusal splint, two pairs of 3D
arms and a pair of bone attachments
with indication of osteotomy line

Occlusal splint

Occlusal splint, Bone splint (chin)

Occlusal splint

Occlusal splint, Bone splint (maxilla
and mandibular condyle)

Occlusal splint

linear and angular differences to record the
vector differences.

Wilcoxon signed-rank test and the Mann-
Whitney U test were used to analyze the dif-
ferences between subgroups of the
population

The mean linear difference between the
planned movement and the movement
obtained for each reference point was
calculated, Intraclass correlation coefficient
was used for the statistical analysis.

The difference in precision between (2D,3D)
methods was determined by t-test for inde-
pendent samples.

Linear and angular distance between
reference points on the x (pitch), y roll), and
z (yaw) planes

linear and angular measurements were
calculated and compared by using a paired t
test

The mean linear differences between the
virtual plan and the postoperative outcomes
were calculated and compared using
Wilcoxon signed-rank test with 95% confi-
dence intervals, Mann Whitney and U-test
were used to analyze differences between
the dependent groups.

The clinical success criterion was set at a
difference of less than 2 mm

Intraclass correlation coefficient (ICC) was
calculated to evaluate the interobserver and
intra-observer variability for the rotational
and translational measurements of the max-
illa and mandible.

Linear and angular differences between
simulated and postoperative models were
calculated and statically analyzed using
Paired t test .

Linear and angular distance between the
reference points and the reference lines in
relation to FHP, CP, MFP, and the frontal
process of the zygomatic bone 3D imaging
(voxel-based)

Calculating linear and angular differences,
Bland and Altman’s statistical method

Linear and angular distance between
reference points on the x (pitch), y (roll), and
z (yaw) planes, 3D imaging (surface-best-fit),
3ds Max (Autodesk Inc.,, USA)

Linear distance between the reference points
for the x, y, and z planes in 3D imaging
(voxel-based)

Intra-class correlation coefficient (ICC) of the
reference lines and angles; concordance
level 3D imaging (NA)

3D three-dimensional, NA no information provided by the authors, FHP Frankfort horizontal plane, CP coronal plane, MFP midfacial plane, N nasion point
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Table 4 Risk of bias assessment of the included studies
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Quality criteria for studies Sample Blind Statistical Defined inclusion and Report of Risk of bias
randomization assessment analysis exclusion criteria follow-up assessment
De Rio et al. 2017, Italy [35] No No Yes Yes Yes Medium Risk
Ritto et al. 2017, Brazil [36] No No Yes Yes Yes Medium Risk
Ho et al. 2017, Taiwan [1] No No Yes Yes Yes Medium Risk
Chin et al. 2017, Germany [37] No No Yes Yes Yes Medium Risk
Stokbro et al. 2016 USA [38] Yes Yes Yes Yes Yes Low Risk
Baan et al. 2016, Netherlands [39] Yes No Yes Yes No Medium Risk
Zhang et al. 2016, China [40] No No Yes No No High Risk
De Rio et al. 2014, Italy [41] Yes No Yes Yes No Medium Risk
Hsu et al. 2013, USA [6] No Yes Yes Yes Yes Medium Risk
Sun et al. 2013, Belgium [7] No No Yes Yes Yes Medium Risk
Zinser et al. 2013, Germany [42] No No Yes Yes Yes Medium Risk
Centenero and Hernandez-Alfaro. No No Yes Yes Yes Medium Risk

2012, Spain [43]

positional error can be completely acceptable for large
manipulations, but would be unacceptable when the ma-
nipulation takes place at a small scale and thus needs to
be extremely precise [35].

The accuracy of the translation of the maxilla with
computer-assisted planning for orthognathic surgery was
<1mm in the study of Hsu and colleagues, indicating
that this type of planning is accurate for the maxilla [6].

The Stokbro group found that the mean linear differ-
ences for the maxilla, mandible and the chin segment in
all three planes were within 0.5 mm, while the mean pre-
cision, measured as the standard deviation, had the
smallest deviation superoinferiorly, followed closely by
mediolateral deviation, and finally the largest deviation
was found anteroposteriorly [38].

De Riu and co-workers found that virtual surgical
planning presented a high degree of accuracy for most
of the parameters assessed, with an average error of 1.98
mm for linear measurements and 1.19° for angular mea-
surements. At the same time, they observed significant
differences between planned and achieved anterior facial
height (p =0.033). Without genioplasty, no significant
difference was observed (U test; p = 0.45). The authors
concluded that the problem was caused by the virtual
model of the soft tissues, which made it difficult to man-
age the vertical dimension [35].

It has been also shown in the study of Baan and col-
leagues that the right /left translation has the lowest ab-
solute mean difference between the 3D planning and the
surgical results for both the maxilla and mandible (0.49
mm and 0.71 mm, respectively). Furthermore, they no-
ticed that in 7 out of 10 cases, the maxilla was posi-
tioned more posteriorly than in the 3D plan, with an
absolute mean difference of 1.41 mm. The same ten-
dency was found in the sagittal position of the mandible,

where in 8 out of 10 cases the mandible was positioned
more posteriorly than planned with absolute mean dif-
ference of 1.17 mm [39]. Lee and colleagues suggested
that the condylar position might have been changed dur-
ing surgery by muscle tone and gravity as the patient
was placed in the supine position, which affects the opti-
mal condylar seating [48]. Stokbro et al. (2016) are of
the same opinion about this issue.

The clinical analysis of Sun and colleagues, of the
twenty three patients, using the OrthoGnathic Analyser,
showed an adequate position of the maxilla and man-
dible in the left/right direction with a deviation of 0.32
mm and 0.75 mm, respectively. It was found that the
maxilla had a lower RMSD (0.6 mm) than did the man-
dible (0.85 mm) [19].

Zhang et al. showed that the overall mean linear differ-
ence was (0.81 mm), and the overall mean angular differ-
ence was (0.95°) [40], which was an improvement as
compared with their previous study, as a result of surgical
experience, 3D printing technology, and improvement of
the elasticity modulus of 3D-printed surgical templates [49].

On the other hand, Baan et al. observed that the ac-
curacy of the pitch of the maxilla (2.72°) and the man-
dible (2.75°) showed the highest discrepancy between the
3D plans and the actual postoperative status. This vari-
ance could be the result of bone conflict between the
pterygoid plate and the osteotimized maxilla [39]. Stok-
bro et al. came to similar conclusions [38].

Comparison of the accuracy between classical and virtual
planning methods

A lot of studies compared computer-assisted planning
with classical planning and found favorable accuracy re-
sults in all bony segments for computer-aided planning
[36, 41, 42, 50]. Ziesner and colleagues reported that the
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mandibular condyle maintained a central position in the
temporomandibular joint, which did not occur when
classic planning was used [42].

Hsu et al. compared the two types of interventions in
the chin and found highly favorable accuracy results for
computer-aided planning in this bone segment, with the
largest difference recorded for translation in the sagittal
plane (2.5mm) and rotation pitch (3.68°). They ex-
plained these differences by the fact that classical plan-
ning does not use surgical splints; surgeons are guided
by their experience, some internal reference points and
the chin plate [6].

Ritto and colleagues reported on a similar level of pre-
cision in all evaluated regions when assessing the vertical
positioning of the maxilla, but virtual surgical planning
(VSP) was more accurate for the anteroposterior pos-
ition of the maxilla. As for transverse positioning, con-
ventional model surgery (CMS) yielded higher precision
only for the upper midline position. However, there was
no statistically significant difference between the groups,
and the mean imprecision was also <2 mm for all re-
gions evaluated [36].

Risk of Bias assessment
The papers included in this systematic review were clas-
sified as medium quality, since the risk of bias was con-
sidered medium in ten studies [1, 6, 7, 35-37, 39, 41—
43], that is, the majority.

These studies [1, 7, 35-37, 42, 43] did not report on
sample randomization and blinding. Baan et al. (2016)
failed to report on blinding and follow-up.

Conclusions

In conclusion, the results of this systematic review sug-
gest that computer-aided planning is an accurate
method for orthognathic surgery of the maxilla and the
mandible.

We found that CBCT with intraoral scan of the dental
cast is the most frequently used method for virtual
orthognathic planning, and SimPlant (Materialise, Leu-
ven, Belgium) and Dolphin (Dolphin Imaging, USA) are
the most widely used software.

Despite its limitations, the calculation of the linear and
angular differences between the virtual plan and the
postoperative status is still the most frequently used
method for accuracy assessment, and differences <2
mm/° are considered acceptable.
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