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In recent years, the dental and craniofacial healthcare sectors have witnessed sig-
nificant advancements driven by the integration of digitalization, new technologies, and
telemedicine. These innovations have transformed diagnostic and therapeutic approaches,
enhancing precision, efficiency, and patient outcomes. This editorial examines how these
advancements are shaping dentistry and the management of craniofacial and temporo-
mandibular disorders (TMDs), drawing insights from recent scholarly articles.

Digital dentistry has transformed the field, providing greater precision, efficiency, and
improved patient outcomes [1–3]. Contemporary dental clinics often employ cutting-edge
technologies, such as computer-aided design/computer-aided manufacturing (CAD/CAM),
digital impressions, and 3D printing. CAD/CAM systems enable the precise fabrication
of dental prostheses, ensuring better fitting and more aesthetically pleasing restorations
compared to traditional methods [4]. Digital impressions taken with intraoral scanners
have replaced the conventional and often uncomfortable impression materials, providing
accurate data for prosthetic fabrication and reducing patient discomfort [5–7].

Furthermore, artificial intelligence (AI) is essential for improving diagnostic accuracy
and treatment planning [8–10]. AI algorithms analyze large datasets, identify patterns, and
make predictive assessments, facilitating early diagnosis and the creation of personalized
treatment plans. For instance, AI can be used to detect caries, analyze radiographs, and
predict the success of dental implants. The integration of AI with digital imaging tools
such as cone-beam computed tomography (CBCT) and digital radiography enhances the
precise diagnosis and treatment of complex dental conditions, including those affecting the
craniofacial region [11–14].

Modern technological development has made a significant impact on the diagnostic
and therapeutic approach to craniofacial disorders. Among the most optimistic ways is the
application of transcutaneous electrical nerve stimulation, or TENS, a level-diagnostic and
effective method of treating functional mandibular lateral deviation. Research shows that
TENS can help visualize neuromuscular system trends, providing insights into mandibular
position and enabling more accurate diagnoses [15]. This neuromuscular approach is
crucial in addressing functional disorders that traditional diagnostic tools may overlook.

Furthermore, the implementation of 3D imaging and modeling has enhanced the
understanding and treatment of craniofacial abnormalities. These technologies allow
medical professionals to observe the intricate structure of the craniofacial area, strategize
surgeries with enhanced accuracy, and make more precise predictions about the results
after an operation [16]. This precision is particularly beneficial in orthognathic surgeries
and the management of congenital craniofacial anomalies, ensuring better functional and
aesthetic results for patients.

Appl. Sci. 2024, 14, 5871. https://doi.org/10.3390/app14135871 https://www.mdpi.com/journal/applsci1
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Temporomandibular disorders (TMDs) are complex conditions that necessitate a mul-
tidisciplinary approach in order to achieve effective therapy [17]. Recent advancements
have introduced novel diagnostic and therapeutic modalities that enhance the under-
standing and treatment of TMDs. Digital occlusal analysis systems, for example, provide
detailed insights into bite force distribution and temporomandibular joint (TMJ) function,
allowing for more targeted and effective treatments. Telemedicine has become a crucial
instrument for treating temporomandibular disorders (TMDs), especially in light of the
COVID-19 pandemic [18]. Teleconsultations enable patients to access specialized assistance
and continuous therapy without the necessity of in-person appointments. This is partic-
ularly advantageous for individuals with limited mobility or those residing in isolated
regions. Digital platforms enable the exchange of diagnostic data, such as digital scans and
radiography, which enable clinicians to remotely evaluate and track patients’ ailments.

Telemedicine is revolutionizing the management of TMDs and expanding access to
dental care overall [19,20]. By using telehealth platforms, dentists can conduct virtual con-
sultations, provide real-time treatment recommendations, and monitor patients’ progress
remotely. This approach is particularly advantageous for managing chronic conditions,
post-operative care, and follow-up appointments. Additionally, telemedicine supports
patient education and engagement by providing platforms for interactive communication.
Patients can receive personalized oral hygiene instructions, dietary advice, and educational
resources that empower them to take an active role in their oral health care [21].

The efficacy of elastodontic devices in managing TMDs has been a recent focus of
research. A study by Ortu et al. compared the clinical efficacy of the Eptamed elastodontic
device to a common bite sold in pharmacies, assessing surface electromyography (sEMG)
and kinesiography activities of masticatory and postural muscles before and after six
months of treatment [22]. The Eptamed device was found to significantly improve the
electrical activity in the examined muscles, promoting greater relaxation and reducing the
risk of worsening TMD symptoms compared to a standard bite, which showed a general
worsening of muscle activity [22]. These findings indicate that elastodontic devices have the
capacity to be an effective and minimally invasive therapy option for temporomandibular
disorders (TMDs) as they assist in maintaining a proper equilibrium of the nerves and
muscles involved, hence improving outcomes for patients.

The integration of digitalization, cutting-edge technologies, and telemedicine in den-
tistry and the treatment of craniofacial/TMD diseases is introducing a new period char-
acterized by accuracy, effectiveness, and patient-focused healthcare. These innovations
not only enhance diagnostic accuracy and treatment outcomes but also improve accessi-
bility and convenience for patients. As these technologies evolve, their adoption is set to
become more widespread, fundamentally transforming dental and craniofacial healthcare.
The future of this field relies on the ongoing adoption of these cutting-edge innovations,
ensuring patients receive the highest standard of care. Implementing these enhancements
will lead to improved medical results, heightened patient contentment, and a more efficient
healthcare system.

Conflicts of Interest: The authors declare no conflicts of interest.
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Efficacy of Elastodontic Devices in Temporomandibular Disorder
Reduction Assessed by Computer Aid Evaluation
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Abstract: Background: The main objective of this study was to compare the clinical efficacy of
two different devices, the Eptamed elastodontic device and a common bite sold in pharmacies, by
assessing a computer aid evaluation of patients’ surface electromyography (sEMG) and kinesiography
activity of four pairs of masticatory and postural muscles (anterior temporalis, digastricus, masseters
and sternocleidomastoids muscles) before and after 6 months of treatment. Materials and Methods:
Twelve adult patients with temporomandibular disorders and in need of orthodontic treatment were
enrolled in the study and divided into cases and controls. Cases underwent orthodontic treatment
with the Eptamed elastodontic device, while controls were treated with a bite sold in pharmacies. Both
groups underwent electromyographic and kinesiographic examinations before and after 6 months
from the start of treatment. Results: The Eptamed device was found to guarantee an improvement in
the electrical activity of the muscles examined. The subjects in the control group, on the other hand,
had a general worsening of electrical activity after wearing a splint purchased in a pharmacy. As for
the kinesiographic examination, there was no significant improvement in both groups. Conclusions:
the use of the Eptamed device in subjects with TMD ensured a greater relaxation of the chewing
muscles than a standard bite, effectively reducing the risk of worsening the symptomatology of
temporomandibular disorders.

Keywords: elastodontic device; bite standard; EMG; KNG; TMD(s)

1. Introduction

Temporomandibular disorder(s) (TMDs) is a term involving dysfunction and pain of
the masticatory muscles, temporomandibular joints (TMJs) and surrounding tissues. It is
a significant public health problem and represents the most common cause of nondental
orofacial pain [1,2]. In the TMD sufferers, during palpation of the TMJ, in addition to
hyperalgesia (usually detected by applying pressure at the level of the masticatory muscles
or at the level of the TMJ), noises or clicks in the opening, closing or lateral movements of
the jaw are also present. Actually, the chronic pain condition with which such individuals
are forced to live can also have repercussions at the level of the psychological and social
component of the patients [3]. To date, in fact, TMDs are considered bio-psycho-social
disorders, in which the genesis and representation of symptoms are related to the interaction
between objective biological aspects and the more complex aspects of the individual’s
psychological sphere and social interaction [4]. This is so much so that a recent systematic
review of the literature [5] considered TMDs one of the factors that, more than all other
oral conditions, can compromise the quality of life related to oral health (OHRQoL), so
diagnosis and proper treatment is necessary to relieve pain and improve quality of life.
TMD can occur at any age; in particular, 13% of subjects with temporomandibular disorders
are elderly, from 13 to 30% are adults and 22% are teenagers [6].

Appl. Sci. 2024, 14, 1651. https://doi.org/10.3390/app14041651 https://www.mdpi.com/journal/applsci4
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Nowadays, the etiology of TMD remains a subject of great controversy and is gen-
erally viewed as multifactorial. The American Association of Oro-facial Pain considered
orthodontic treatments managed in the absence of good neuromuscular balance to be
among the major causes of temporomandibular disorders (in addition to microtrauma,
macrotrauma and anatomical, hormonal and genetic factors) [7]. In general, the aim of
an orthodontic treatment is to achieve functional and esthetic occlusion by using fixed or
removable appliances of different types. In this way, in addition to changing the positioning
of the dental elements and skeletal structures, the craniofacial structures can be oriented
toward a correct direction of growth [8]. But, an additional goal of proper orthodontic
treatment should be to achieve neuromuscular balance. The lack of neuromuscular balance
after orthodontics, in fact, can induce the development of temporomandibular disorders
(TMDs) [9].

To date, an increasing number of adults require orthodontic treatment; however, tem-
poromandibular disorders are more common at this age. In fact, according to LeResche [10],
pain associated with temporomandibular disorders occurs in 10% of the population over
the age of 18 and is a condition that prevails in adolescents and middle-aged adults, while
it is less common in children and elderly people. For this reason, orthodontic treatment
could be risky, causing a worsening of symptoms in individuals with TMD or inducing
the development of temporomandibular disorders in previously healthy subjects. The
application of excessive orthodontic forces can cause occlusal trauma that can affect not
only the TMJ but also periodontal tissues. In fact, according to studies by Pola et al., the
presence of occlusal trauma is a risk factor for the progression of periodontal disease [11].
In addition, in subjects who already have periodontitis, it can exacerbate the inflammatory
process of the dental support tissues with increased levels of RANKL in the GCF (gingi-
val crevicular fluid) and tissue and bone damage [12]. It is, therefore, necessary during
treatment to achieve tooth contacts that are stable and atraumatic, avoiding periodontal
and joint repercussions. Therefore, a careful clinical examination with palpation of the
TMJ and masticatory muscles during orthodontic treatment would be appropriate. Elec-
tromyographic and kinesiographic examination can be of fundamental help in this regard.
They are used as diagnostic tools in the context of temporomandibular disorders [13]. EMG
evaluations, in fact, are considered a promising method for estimating muscle activity
and function in individuals with TMD and may be of great resource in assessing the re-
sponse to possible therapy, such as also orthodontic therapy [14]. In fact, in the event that
orthodontic treatment causes a condition of tension at the level of the oral and peri-oral
musculature, elevated electromyographic values and altered mandibular kinematics are
recorded [15]. This allows the clinician to change the method of treatment or even discon-
tinue it for a more muscular wellness condition, especially if the patient in question already
has temporomandibular disorders.

In recent years, there has been growing interest in the orthodontic field in the use
of elastodontic devices. These are preformed silicone devices that can be used in both
children and adults. Thanks to their structure, such devices are very easy to use, safe and
comfortable for the patient. In fact, they allow stability to be achieved in the oral cavity
with both esthetic and functional results. The activation of the device occurs with only
chewing exercises on the part of the patient without the need for the orthodontist to resort
to necessarily invasive orthodontic forces. On the other hand, there is an increasing demand
for oral bites sold in pharmacies, which, since they do not require the collaboration of the
orthodontist, are cost-effective. Many doubts arise, however, about their effectiveness at
the level of oral health.

The aim of the study was to verify the clinical validity of two different gnatologic
devices, the Eptamed elastodontic device and a common bite sold in pharmacies, by
comparing the EMG and kinesiography activity of four pairs of masticatory and postural
muscles (anterior temporalis, digastricus, masseters and sternocleidomastoids muscles)
before and after 6 months of orthodontic treatment in adults patients with TMD. The clinical
significance of that study would be to ensure that in the future, orthodontic treatments can
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be offered to patients with TMD with effective devices that do not worsen the health of the
temporomandibular joint, which is already compromised, but rather provide benefits and
muscle and joint relaxation.

2. Materials and Methods

This study was carried out in accordance with the fundamental principles of the
Declaration of Helsinki and was approved by the Internal Review Board of the University
of L’Aquila (Number 16137/2016). A total of 24 patients were enrolled in the study, and
written informed consent was obtained from each subject. These subjects reported signs
and symptoms of myofascial TMD according to group 1a of the Axis I of the Research Diag-
nostic Criteria for TMD (RDC/TMD) [16] and orthodontic treatment necessity for occlusal
discrepancies according to the index of orthodontic treatment needs (IOTN) described by
Brook and Shaw [17]. For each patient, a careful anamnesis and orthopanoramic exam
were performed, intraoral and extraoral photos were taken and alginate impressions of the
dental arches were made; finally, the dental technician was asked to cast the plaster models.
The 24 patients were then included or excluded from the study according to the following
inclusion and exclusion criteria.

The inclusion criteria were as follows:

(1) Age between 18 and 50 years;
(2) TMD diagnosis according to Axis I;
(3) Index of orthodontic treatment needs (IOTN) ≤ 3;
(4) Chronic orofacial pain (>3 months);
(5) Impairment sEMG activity after TENS according to Konchak et al. [18];
(6) Complete permanent dentition.

The exclusion criteria were as follows:

(1) Systemic diseases;
(2) History of local or general trauma;
(3) Neurological or psychiatric disorders;
(4) Pacemaker wearer;
(5) Episodes of epileptic seizures;
(6) Pregnancy;
(7) Assumed use of FANS, steroidal anti-inflammatory drugs, analgesics, SSRIs or opiates.

Based on the inclusion and exclusion criteria, 12 patients were eventually enrolled in
the study, and the subjects were randomly divided into test and control groups through
computer-generated software (https://www.sealedenvelope.com/ accessed on 12 March
2023). The control group comprised 6 patients (3 males, 3 females; aged less than
50 years) treated with a preformed bite, which is normally sold in pharmacies. The test
group comprised 6 patients (3 males, 3 females; less than 50 years) treated with an Eptamed
elastodontic device (EQ. UNIVERSAL). The two devices were very similar to each other
and individually modified according to the patients’ individual arches.

2.1. Instrumentation

Each patient in the study group received an EQ. UNIVERSAL device. This device is
similar to a mouth guard, embracing both jaws, so it covers all dental elements up to the
last molar in the arch. These devices are pre-formed removable silicone devices, so there
are different sizes. To choose the device that best fits the size and shape of the dental arch,
the distance between the palatal cusps of the first premolars is measured on the previously
made plaster models. Patients were given the necessary instructions: the study group had
to wear the device at night and only for 1 h and a half per day. During the day, patients had
to perform chewing exercises to activate the device. The equilibrator is a type of orthodontic
device that stimulates growth and, through the input of muscle movements, triggers tissue
development towards proper chewing function. Biting this elastomeric device balances
tension at the spheno-basilar synchondrosis, based on osteopathic medicine and philoso-
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phy [19]. Patients in the control group were given a preformed, self-molding resin splint
normally available for purchase at low-cost pharmacies, matching the dental casts of both
patients’ arches obtained at the beginning of the study. As well as the case group, the control
group was also asked to wear the device overnight and for an hour and a half a day with
the same exercises to be performed.All examined patients underwent electromyographic
examination and kinesiographic examination before the start of orthodontic treatment
(T0) and after 6 months (T1); moreover, orthodontic examinations were performed for
each patient periodically during the trial and thereafter. Electromyographic activity was
recorded using an eight-channel Myotronics K7 Evaluation System (Seattle, WA, USA) and
single-use electrodes (Duotrode, Ag-agcl surface bipolar electrodes, 20 mm center-interaxis,
Myotronics-Noromed, Inc., Tukwila WA, USA). Electrodes were positioned on the left mas-
seter (LMM), right masseter (RMM), left anterior temporal (LTA), right anterior temporal
(LTA, RTA) [20], left digastric muscle (LDA), right digastric muscles (RDA) and the left
and right sternocleidomastoid muscles (LSC, RSC) [21]. The sEMG and muscle activity
records were expressed as the mean root square (RMS) of amplitude, expressed in μV and
digitized with the K7 clinical software package (K7 Program 18.0, Myotronics-Noromed,
Inc., Tukwila WA, USA, 2000) [2]. In this study, the authors evaluated scan 9 with muscle
tone being evaluated with eyes closed and then with eyes open. This scan is very impor-
tant because it highlights the muscle tone in rest position with closed eyes and after with
opened eyes. In addition to scan 9, a kinesiographer was used to assess the kinematics
of the mandibular in frontal, sagittal and lateral vision (K7/CMS®; Myotronics-Noromed,
Inc., Tukwila, WA, USA) with an accuracy of 0.1 mm. An array containing 8 magnetic
sensors tracked the motion of a 0.1 oz magnet (CMS Magnet; Myotronics-Noromed, Inc.,
Tukwila, WA, USA) that was attached to the labial gingiva beneath the mandibular incisor
teeth with an adhesive gel. The kinesiographic examination was carried out by recording
scan 1. It evaluates the degree of maximal voluntary mandibular opening, whereby the
patient is asked to open and close his mouth to the maximum with eyes open. The degree
of opening is expressed in millimeters. The data obtained from the electromyographic and
kinesiographic examination were digitized and analyzed by means of software installed in
a computer (K7 Program 18.0, Myotronics-Noromed, Inc., Tukwila, WA, USA, 2000).

2.2. Statistical Analysis

Electromyography microvolt values were recorded in an electronic spreadsheet. Sub-
sequently, surface electromyography (sEMG) raw values from each muscle underwent a
dual transformation through both averaging and summation, resulting in the creation of
two new variables. Following this initial processing, each variable underwent a z-score
transformation, calculated as the difference between the observed value and the mean
of the sample, divided by the standard deviation of the sample. This normalization pro-
cedure was employed for the comparative evaluation of the data, effectively mitigating
scale-related biases that may have existed between the averaged and summed values. To
ascertain the statistical significance of the observed differences among groups, the study
employed a non-parametric Wilcoxon signed-rank test. This statistical approach was used
for its robustness in handling small sample sizes and non-normally distributed data. The
predefined threshold for statistical significance was established at p < 0.05 for discerning
meaningful distinctions in electromyographic activity between the groups under scrutiny.

3. Results

Baseline characteristics of the enrolled individuals showed no statistical difference in
terms of age and sex, and all had a diagnosis of temporomandibular disorders according to
Axis I of the RDC/TMD. This allows the two groups to be considered comparable.

The statistical analysis showed that at 6 months in closed-eye condition, there was
an improvement in the electromyographic activity of all examined muscles. In particu-
lar, anterior temporalis, masseters, anterior digastricus and sternocleidomastoid muscles
showed low values of microVolts in the Eptamed group compared with patients wearing
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standard bite. This finding is consistent on both sides (Figure 1). On the other hand
in open-eye condition, in the Eptamed group compared with patients wearing standard
bite, there was a statistically significant improvement in the electromyographic activity of
only few muscles (p < 0.05): the left and right temporalis (LTA_OA, p = 0.0022; RTA_OA,
p = 0.0022), the right and left digastric muscles (LDA_OA, p = 0.014; RDA_OA, p = 0.0095)
and the left sternocleidomastoid (LTP_OA, p = 0.005) showed low values of microVolts.
There was no significant improvement in masseter muscles and the right sternocleidomas-
toid muscle (Figure 1).

Figure 1. Non−parametric Wilcoxon signed-rank test performed following electromyographic
examination in the open and closed eye condition of all muscles examined in the Eptamed group (in
yellow) and the standard bite group (in blue) after 6 months of treatment.

Figure 2 describes the degree of maximum mouth opening, assessed by kinesiographic
examination (scan 1) before the start of treatment (T0) and after 6 months of orthodontic
treatment (T1) in the two groups. At T0, there was no statistically significant difference
in the degree of maximum mouth opening in the two groups. After 6 months from the
start of orthodontic treatment, in both Eptamed-treated and standard bite-treated patients,
there was no change in the degree of mouth opening compared with T0. So, there is no
statistically significant difference in the degree of opening between T0 and T1 and between
the two groups.

Table 1 shows the z-score transformation of each variable. A negative value indicates a
worsening of the muscle relaxation state, while a positive value indicates an improvement
after 6 months of treatment. Note the lower tension and, thus, greater muscle relaxation in
patients wearing Eptamed compared with patients wearing standard bite. In particular, in
the eyes-closed condition, patients with Eptamed manifest a general improvement in all
muscles examined; upon the opening of the eye (EO), the greatest relaxation is found at
the level of the temporalis muscles on both sides, while modest improvements are seen
in all other muscles examined. No change is seen in the degree of mouth opening. In the
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standard bite group, on the other hand, the state of tension worsens upon both eye opening
and closing, with a markedly at eye opening.

Figure 2. Non−parametric Wilcoxon signed-rank test performed following kinesiographic examina-
tions in the condition of maximum mouth opening (scan 1) in the two groups.
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4. Discussion

From the data obtained, it can be concluded that

• The elastodontic device (EQ UNIVERSAL, Eptamed srl Via Ravennate, 979, 47522 Ce-
sena (FC) ITALY) is capable of causing, in patients with temporomandibular disorders,
a reduction in muscle tone at rest (scan 9) of the examined muscles (masseter, anterior
temporal, digastric and sternocleidomastoid muscles) compared to a standard bite
sold in pharmacies that, instead, causes an increase in muscle tension.

• The reduction of electromyographic activity with Eptamed is greater in the closed-eye
condition than in the open-eye condition when scan 9 is recorded.

• No statistically significant difference was assessed during the kinesiographic exam-
ination at the maximum opening of the mouth in the comparison between the two
groups at T0 and T1.

• No improvement in the electrical activity of the muscles was observed after 6 months
of the use of the standard bite.

Following the results obtained from the above-mentioned study, the Eptamed device
can be considered as a device to be administered to patients with TMD and orofacial pain
before they start orthodontic therapy, as it is able to relax the stomatognathic muscles. These
results are in line with the findings of Ortu et al. in which, comparing the electromyographic
and kinesiographic examination of two elastodontic devices, it was seen that both ensured
muscle relaxation, reducing the risk of TMD(s) development in treated subjects [22].

A few articles in the literature over the years called orthodontic treatment into question
as a possible cause of TMD. Kononen et al. examined 166 children after orthodontic
treatment, and 52% of them manifested signs and symptoms of TMDs [23]. Hirata et al.
had shown that the development of dysfunction occurred equally in both orthodontically
treated and untreated subjects, this means that orthodontic treatment does not always
lead to the achievement of a muscular balance [24]. Also, Ricketts stated that clinical
symptoms of joint derangement were noted as occlusions were changed, and he suggested
that the various orthodontic forces provided during therapy may predispose patients to
temporomandibular joint problems [25]. But, the most emblematic case is a 1987 Brimm vs.
Malloy Michigan court case [26] in which an orthodontist was ordered to recover damages
against a patient who had undergone mismanaged orthodontic treatment that caused her
joint problems. Stohler and Zarb [27] state that orthodontic treatment of patients with TMD
is considered radical and maximizes the risk of iatrogenic complications; that is, there is a
significant risk of failure.

In this regard, guidelines based on the latest scientific evidence were drawn up, and
an orthodontist must consider them in clinical practice [28]. In a nutshell, it is required of
dentists to conduct a thorough examination and/or screening of TMD (presence of clicks,
joint pain or mandibular deviations [29]) during orthodontic consultation and before start-
ing orthodontic treatment both in patients who already have temporomandibular disorders
and in healthy patients. However, it is necessary to stop any treatment if symptoms worsen
(in patients diagnosed with TMD) or arise (in patients without TMD before treatment). In
this way, the orthodontist can avoid both the worsening and the occurrence of TMD due to
poorly managed orthodontic treatment.

In this circumstance, electromyographic and kinesiographic examination are essential
tools that help the clinician assess whether a neuromuscular balance can be achieved following
orthodontic treatment that does not compromise the health of the temporomandibular joint.
According to Castroflorio et al., the electromyographic examination is considered an easily
reproducible examination, so much so that the instrumentation used and a well-controlled
sEMG protocol allow it to be used for longitudinal studies [30]. The presence of generalized
muscle relaxation in all eight muscles analyzed by electromyographic examination is an
indication of the effectiveness of the orthodontic treatment itself [22]. For this reason, the
achievement of low muscle activity at rest must be a desirable outcome during treatment.

Kecik et al. [31] compared the dental and muscular changes that patients manifested
following treatment of maxillary expansion with the quad-helix. In this case, in addition to
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clinical and cephalometric examinations, the need to contemplate electromyographic evalu-
ations in the diagnostic setting was affirmed. The sEMG allowed appropriate diagnosis
and prognosis to be formulated and also to monitor the functional impact of orthodontic
therapies at various stages of treatment. In this way, the clinician can evaluate whether or
not the orthodontic device is suitable in the presence of TMDs, thus avoiding worsening
pain and dysfunction at the joint level.

To our knowledge, this is the first study to evaluate electromyographic and kinesio-
graphic activity in subjects with TMD by comparing two different orthodontic devices,
with the aim of assessing any muscle tension that these devices may cause. The use of the
Eptamed device resulted in the achievement of greater muscle relaxation and a reduction
in most of the electromyographic values considered. This did not occur in TMD patients
wearing a bite sold in pharmacies. The improvement in electromyographic values in the
case group is manifested mostly in the eyes-closed condition compared to the eyes-open
condition. The change in electromyographic values according to visual input is in line
with accumulated evidence indicating that TMD subjects show a dysregulation of the
systems that control the response of the autonomic and somatomotor systems to sensory
stimuli [32]. In a study by Monaco et al. [33], subjects with TMD in the open-eye condition
had higher electromyographic values than healthy subjects in the same condition. These
values increased by far even after standard spectacle wrapping. The lower improvement in
values in the open-eye condition that occurred in our study, therefore, may be an intrinsic
factor in the pathophysiology of temporomandibular disorders. TMDs are, in fact, classified
as CSS and, as such, manifest a state of hyperexcitation and altered response to peripheral
sensory stimuli, including those coming from the visual system [34].

However, the subjects who wore Eptamed at the opening of the eyes had electromyo-
graphic values worse than the closed eyes condition but better than the control group. This
may suggest that elastodontic devices may, in this case, positively influence the responses
of TMD patients to visual sensory inputs. On the other hand, the use of oral bites in
orthodontic treatment in patients with TMD is controversial; several studies evaluated
muscle electromyographic activity following the use of such devices, and the results are so
variable that no firm conclusion can be made [35,36]. In fact, oral bites sold in pharmacies,
by not requiring the cooperation of the dentist, lead the patient to a self-diagnosis that can
be harmful. In fact, as was seen in this study, such devices may even worsen the patient’s
clinical situation, so they need careful evaluation and use.

It is important to note that this is a pilot study, for which it inevitably has some
limitations: it must be considered that patients were evaluated only for 6 months of
orthodontic treatment; it would be advisable to extend the follow-up to at least 1 year.
In addition, few people were selected, so the sample is too small. Future studies should,
therefore, overcome these limitations by increasing the sample size and observation time of
the sample.

5. Conclusions

Our pilot study suggests that the Eptamed device could be a viable orthodontic device
for use in individuals with TMD as it provides a reduction in muscle tension, which
individuals with TMD can present, compared to a standard bite. However, due to the
limited number of patients examined, further research will be needed in the future.
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Abstract: Introduction: The traditional diagnosis of functional lateral deviation is based on a clinical
evaluation and dental casts, supported by an instrumental analysis through X-rays; however, these
diagnostic techniques do not provide any information about the neuromuscular system. Several years
ago, some authors stressed the importance of the mandibular rest position and its reproducibility as
a diagnostic reference, and this became possible with the development of the Myomonitor, TENS.
Aim: The aim of this study was to compare mandible position before and after the use of ultra-
low-frequency transcutaneous electric nervous stimulation (ULFTENS) in children with diagnosed
functional mandibular lateral deviation. Methods: This study was performed on 60 children, aged
between 8 and 13 years, with a mean age of 10.1 years (SD 0.81), and with functional mandibular
lateral deviation diagnosed clinically, who were referred to the dental clinic for pediatric dental care.
Diagnostic neuromuscular registrations were made for all children, and their casts were mounted on a
Galetti articulator at the myocentric position. These casts were then compared to those provided by a
wax bite registration in the intercuspidal position. Results: Compared with the existing intercuspidal
position, neuromuscular registration showed improvement in 30 (50%) patients, 18 patients (30%)
showed no changes, and worsening of the tooth midline discrepancy was assessed in the remaining
12 (20%). The molar relationship did not follow the same trend of the midline because of the three-
dimensional changes in the maxillo–mandibular relationship induced by TENS. After TENS, there
was a significant correlation between the midline and right side deviation (r > 0.65); there was no
correlation between the midline and the left side (r < 0.65). Furthermore, the right molar movement
showed no correlation with the contralateral molar (r < 0.65). The posterior areas of the arch moved
in a very unpredictable way, resulting in the diagnosis and prognosis of mandibular lateral deviation
as absolutely individual and unpredictable. Conclusions: This study suggests that TENS-recorded
occlusion is an interesting diagnostic approach in orthodontics since it allows for visualizing the
trends of the neuromuscular system.

Keywords: TENS; lateral deviation; myocentric position; growing patients

1. Introduction

Mandibular laterodeviation is a condition in which the mandible and maxilla of a
patient are not perfectly aligned, presenting a lateral deviation. There are two main methods
for treating mandibular laterodeviation: non-surgical treatment (fixed and removable
orthodontic appliances) and surgical treatment (orthopedic surgery and orthognathic
surgery) [1]. On the basis of the etiology, they can be divided into structural or functional,
and the latter is distinguished from the former both because they recognize different
causes of origin and for the lack of lesions or structural alterations; the jaw, in case of
precontact, to find the occlusal boarding, rising from the resting position, moves laterally
to avoid the occlusal interference by establishing an avoidance reflex and modifying its
starting position [2]. Functional lateral deviation can be the effect of a cross or a scissor bite
due to the reduction of the transverse diameter of the palate, but could also be due to a
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neuromuscular asymmetry because of birth trauma associated with muscular torticollis
and/or ocular defects [3–7]. The traditional diagnosis of functional lateral deviation is
based on a clinical evaluation and dental casts, supported by an instrumental analysis
through X-rays in the postero–anterior projection; however, these diagnostic techniques do
not provide any information about the neuromuscular system [8,9].

Among the parameters used for orthodontic diagnostic evaluation, the vertical di-
mension of occlusion, the antero–posterior and latero–lateral reciprocal relationship of the
dental arches are of fundamental clinical importance. Variations in the spatial relationship
between the upper and lower arches, compared to ideal standards, are relevant factors in
the design of the orthodontic treatment plan [10]

Typically, orthodontic treatment of a functional lateral deviation consists of therapy
with different devices that align the jaw.

Often, orthodontic treatment, despite possible immediate aesthetic success, determines
a constrained occlusal position that could determine long-term stability problems; occlusion
does not require neuromuscular adaptation, but rather, orthodontic treatment must adapt
to the neuromuscular system and not vice versa [11,12].

One of the possible hypotheses regarding the instability of orthodontic results could
be that the neuromuscular balance was not taken into account during the diagnosis and
treatment of laterodeviations. Thus, orthodontic treatment could achieve an aesthetic result
at the expense of neuromuscular balance. This could lead to instability of the result in the
medium and long term. In general terms, it could be suggested that orthodontic therapy
should achieve an occlusion that does not require neuromuscular adaptation and that the
therapy itself should adapt to the neuromuscular system.

Several years ago, some authors stressed the importance of the mandibular rest posi-
tion and its reproducibility as a diagnostic reference [13,14].

According to this idea, the mandibular rest position is largely determined by the spatial
position in which the occlusal contact occurs. Therefore, the mandibular rest position is
usually ”adapted” by the neuromuscular system, which will keep the mandible in a position
appropriate for stomatognathic functions. A recent literature review indicates that there is
strong clinical evidence that Rest Mandible Position (RMP), Rest Vertical Dimension (RVD),
and the Interocclusal Dimension (IOD) are to be found within a three-dimensional spatial
“range” largely determined by the active adaptation of the neuromuscular system [15].

This adaptation is extensive, but in specific cases, probably associated with other not
necessarily occlusal components, dimensional variations may go beyond the limits of muscu-
lar compensation and induce occlusal instability and/or acute and chronic suffering [16,17].

The basic idea of these observations is that starting from a relaxed neuromuscular
resting position of the mandible, it is possible, by comparing it with the habitual occlusion,
to assess the three-dimensional occlusal space in which the contact between the jaws should
take place without an adaptation effort of the stomatognathic musculature.

The use of dental ULFTENS is among the techniques used to achieve muscle relaxation
and a resting position of the jaw. Dental ULFTENS belongs to the category of TENS that
involves, in a general sense, the cutaneous stimulation of nerve branches located more
proximally to the electrode application site. The mechanism of action of such stimulation
has been extensively studied and demonstrated and involves, depending on the frequency
of delivery, the intervention of different response modulation centers. Stimulation with
frequencies below 20 Hz is referred to as low-frequency TENS, and below 4 Hz is referred
to as ultra-low-frequency TENS, also called “acupuncture-like” in some cases [18,19]. In
the case of low and ultra-low-frequency TENS, a central mechanism of action mediated by
the prefrontal cortex and the ventrolateral PAG has been suggested. This action involves,
among others, an endorphinic activity at the PAG level, a peripheral response characterized
by modulation of central pain pathways, and a reduction in muscle tone together with
a lowering of sympathetic tone [20]. Transcutaneous electrical nerve stimulation and
conditioned pain modulation influence the perception of pain in humans [21].
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Dental ULFTENS consists of transcutaneous electrical stimulation with an electrostim-
ulation of the V and VII pairs of cranial nerves. It is performed through the application
of electrodes bilaterally at the level of the area anterior to the tragus. The stimulation
frequency is of the order of 0.66, which is why it belongs to the ultra-low category, and the
amplitude of this stimulation is such that it evokes a minimal passive upward movement
of the jaw. This is determined by the direct action of the impulse that reaches deep into
the mandibular branch of the trigeminal, through the coronoid incisura, exciting its motor
fibers and causing peripherally in a dromic way a contraction of the elevator muscles of
the mandible. In this way, it would act according to a central mechanism as mentioned
above and associate an automatic peripheral muscular upward movement of the mandible.
Dental ULFTENS has been shown to be able to reduce the myoelectric activity of the mas-
seter and anterior temporalis muscles in a resting position [22]. This technique of muscle
stimulation and relaxation has already been used to evaluate sagittal relationships in an
orthodontic population characterized as Class II division I with mandible dentoalveolar
retrusion and allows for visualizing an unusual trend of growth. The work suggested
that different orthodontic diagnoses can be hypothesized through ULFTENS depending
on the individual subject’s characteristic neuromuscular vector [1], in particular, through
sensory amplitude stimulation, which is less uncomfortable for young patients [23]. It is
therefore possible to hypothesize treatments aimed at the neuromuscular structure of the
individual independently of the classical malocclusion pattern based on clinical, model,
and radiogram observations. At this present time, there are no observations regarding
the effects on the lateral plane of acutely administered ULFTENS in orthodontically aged
subjects characterized by functional laterodeviation. It is conceivable that, as with the
effects of ULFTENS in the sagittal plane, responses can be observed that are guided by
the neuromuscular vector of the individual subject, irrespective of the type or direction of
laterodeviation classified statically by clinical observation, plaster models, and radiograms.

The primary objective of TENS is to decondition and relax the muscles of the jaw and
face in order to identify and establish the mandibular rest position with stomatognathic
muscles relaxed. The aim of this study is the evaluation of changes in the occlusal position
of the jaw after the relaxation procedure operated through the use of ULFTENS (ultra-
low-frequency transcutaneous electric nervous stimulation) in children with diagnosed
functional mandibular lateral deviation.

2. Material and Methods

This study was carried out according to the principles of the Helsinki Declaration. The
University Ethics Committee approved the following project (16137/2016). Initially, in this
study, 130 subjects between the ages of 8 and 13 were visited by the same operator at the
dental clinic of the University of L’Aquila.

The inclusion criteria were as follows:

• Deviated chin from midsagittal plane (considering a plane drawn perpendicular to
the bipupillary line and the commissural line);

• Misalignment between the upper and lower frenulum;
• Asymmetries between the upper and lower interincisal lines and between the molar

and canine classes;
• Deviation of the median line in maximum intercuspidation, and in a resting position;
• Deviation of the jaw during mouth opening;
• Noises and “tenderness” of the temporomandibular joint,
• No orthodontic treatment performed prior to the visit;
• Deviation of the midline of the anterior teeth > 1.5 mm with open mouth alignment.

The exclusion criteria were as follows:

• Absence of written informed consent from parents/legal guardians;
• Presence of systemic diseases;
• Presence of epilepsy and/or pacemaker;
• Presence of skeletal asymmetry;
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• Presence of posterior or lateral cross bite;
• Absence of congenital torticollis at birth;
• Presence of metabolic problems, or systemic or infectious diseases of the mother in the

gestational period and drug or medication intake;
• Absence of dystocic delivery or preceded by the use of vasosuprine or oxytocin, and

absence of traumatic practices during delivery (e.g., forceps) or breech delivery;
• Absence of major trauma to the face, skull, and neck during childhood that required

medical intervention.

In the end, 60 patients were enrolled in this study (mean age 10.1 ± 0.81), and the
protocol used was the one described below.

2.1. Experimental Protocol

Neuromuscular recording was performed on 60 patients. First, alginate impressions of
the upper and lower arches were taken and accurate dental casts were made for each patient.
The midline asymmetry was measured in relation to the upper and lower incisal midline.
Secondly, the discrepancy of the midline with respect to the upper and lower interincisal
lines was evaluated. For each plaster model then, reference points were highlighted: a line
that goes from the interincisal point of the maxilla up to the mandible, and a line on the
right and left molar side on the horizontal plane.

Later TENS was applied to relax the musculature and thus determine the rest position
of the mandible, which was then measured and recorded.

TENS was administered using an electro-stimulator specifically designed for dentistry
called Myomonitor J5 (J5, Myotronics, Kent, WA, USA, https://www.myotronics.com/j5,
accessed on 4 December 2023).

The electrical pulse delivered has a frequency of 0.66 Hz, which is why this type of
stimulation is also called ULF (ultra-low frequency) TENS. The duration of the impulse is
less than 500 μs, and the amplitude is such that it does not evoke the upward movement
of the mandible during the preparation phase (5 min) prior to recording the cranial jaw
relationship. This amplitude of stimulation, defined as sensory amplitude, has been shown
to be sufficient in inducing a reduction in the surface emg values of the anterior temporal
and masseter muscles comparable to that obtained with motor amplitude ULFTENS,
which requires a greater amplitude of stimulation and, therefore, more discomfort for
the recipient. Stimulation is transferred to the subject by means of three electrodes, one
positioned posteriorly on the neck (below the hairline, on the midline) and the other two
anterior to the tragus, one on the right and the other on the left. The electrode on the back
of the neck is the positive end of the stimulating circuit, while the negative end is split into
the two anterior electrodes to allow symmetrical and simultaneous stimulation (Figure 1).

Figure 1. These photos show the application of TENS electrodes.

The stimulation protocol involves 5 min of sensory amplitude stimulation, then the
person is asked to open the mouth and a previously prepared occlusal registration material
is injected onto the occlusal surfaces with a disposable syringe without needle. In our
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case, this is a dental resin (Sapphire™ Acrylic Peripheral Impression Material, Keystone In-
dustries, Gibbstown, NJ, USA, https://dental.keystoneindustries.com/product/sapphire-
acrylic-peripheral-impression-material/, accessed on 7 December 2023).

The patient is asked to close the mouth and gently pull the lips together without
manipulating the jaw or the face. One waits a minute for the jaw to return to the rest
position obtained with ULFTENS and increases the amplitude of the impulse until a slight
automatic upward movement of the jaw towards the upper jaw is obtained. This movement
determines the impression of the teeth of the upper jaw in the resin placed on the occlusal
surface. When the resin has a plastic consistency (approx. 1 min) it is removed from the
mouth and placed on the plaster models awaiting its complete hardening.

At this point, the child is discharged. When hardening is complete, the models are
mounted on the Galetti articulator(Sevtis-Fisat s.r.l. Plastic Technology, Tianjin, China). In
Figure 2, there is shown a patient who does not change her position after TENS [1,24].

Figure 2. This patient does not change her jaw position after TENS stimulation, mandibular asymme-
try on the right (blue arrow) is maintained after TENS.

With dental casts mounted in the articulator in the myocentric position with the
interposed print, the change from the occlusal position was evaluated considering the
initial reference lines; it was then calculated in millimeters and analyzed by a digital caliper.
All measurements were performed twice, and the examiner’s error was examined using
the formula s(i) =

√
Σd2/2n. The intra observer methodological error s(i) was calculated

from duplicated recordings. S denotes the variance of the total sample of 60.

2.2. Statistical Analysis

The Stata package was used to perform a paired t-test for independent samples compar-
ing mean and variance shifts of the midline, right molar side, and left molar side. Differences
with a value of p < 0.05 were regarded as significant. A correlative tendency was analyzed
with Pearson’s correlation coefficient (r). A value of r equal to or greater than 0.65 was con-
sidered a positive correlation. Two sample proportion tests were carried out on movement
direction comparing left or right shifts on the midline, with those on the right and left molar
sides. Differences with a value of p < 0.05 were regarded as positively correlated. One sample
proportion test was performed on each measurement (midline, right molar side, left molar
side) considering 0.5 (50%) as the probability of left or right shift.

3. Results

After the TENS procedure, the midline shift (MMT) compared to the mandibular
midline in habitual occlusion (MMHO) was 1.41 ± 1.24 on the right molar side (RMT),
the shift was 1.76 ± 1.39, and the left molar side (LMT) was 1.10 ± 0.99 (Figure 3). No
statistical significance was found comparing the midline mean (MMT) shift to the right
molar side shift (RMT) (p = 0.13) and to the left molar side shift (LMT) (p = 0.24). A
significant difference was revealed comparing the right molar side to the left molar side
shift (p = 0.041). All conditions except one showed a low correlation (r < 0.65). Only the
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midline (MMT) and the right molar side amount of shift after TENS (RMT) showed a
positive correlation (r < 0.65). The mandibular midline (in habitual occlusion) asymmetry is
not significantly located on the left side compared to the right one (p = 0.6) (Figure 4). After
the TENS procedure, 24 individuals shifted to the right of their midline, 21 to the left, and
15 did not change position. One sample proportion test failed to find a positive correlation
between right and left shifts (p = 0.29) with TENS. The right molar side after TENS shifted
distally in 36 individuals, mesially in 12, and it did not change in the remaining 12. A
statistically significant difference was shown between the right and left side shifts on the
molar side (p = 0.018). The left molar side after TENS shifted mesially in 21 individuals,
distally in 18, and it did not change in 21. No statistically significant difference was found in
the left molar side shift (p = 0.39) (Figure 5). After the TENS procedure, 30 subjects reduced
midline asymmetry, 12 worsened, and 18 did not change midline asymmetry. Considering
those patients whose midline asymmetry worsened or did not change and comparing
them to those individuals with reduced asymmetry, the assessment of the intermaxillary
relationship in terms of discrepancy from the midline did not show a statistically significant
reduction of asymmetry after TENS (p > 0.05).

Figure 3. Mean value, standard deviation of midline mandibular position and right and left molar
position after TENS.

Figure 4. Mean value, standard deviation and paired comparison of midline mandibular in habitual
occlusion (MMHO), right molar in habitual occlusion (RMHO), and left molar in habitual occlusion
(LMHO).

The midline had the same shift direction compared to the left molar side in six indi-
viduals and the opposite shift direction in fifty-four individuals. The midline has the same
shift direction compared to the right molar side in 12 individuals and the opposite shift
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direction in 48 individuals. The right–left molar side concordance was 30 out of 60 subjects;
30 out of 60 patients had the opposite shift direction on the left and right molar sides.

Figure 5. Number of shifts after TENS for subjects.

4. Discussion

Our results suggest that after muscle relaxation with dental sensory ULFTENS, the
position of the jaw may or may not conform with the observation of laterodeviation made
clinically or through plaster models through the position of the midline with closed teeth
in habitual occlusion. Notably, in our study sample, a substantial group of the subjects
worsens the midline asymmetry present in habitual occlusion, while another part does
not change the asymmetry. Furthermore, considering the three-dimensional spatial dis-
placement of the mandible as a whole, which can be represented by the simultaneous
analysis of the position of the right and left molars, it can be observed that ULFTENS
induces a resting position in which the right and left displacement in the laterolateral
plane is frequently rather complex. For instance, the right side moves mesially, but the left
end does not change position or it moves in a non-proportional way. If the mandible had
simple translation movements on the horizontal plane, like those made on articulators or
obtained with manual techniques on patients, the amount of lateral shift on the midline,
left molar side, and right molar side would be proportional, and no significant difference
in statistics would be found among the midline and left and right molar sides. This result
suggests that functional lateral deviation could be an inhomogeneous diagnostic group and
suggests that an approach with dental sensory ULFTENS to muscle balance could be useful
in order to organize an actual functional orthodontic treatment. One of the assumptions of
functional laterodeviations, in fact, is that in these subjects there exists a tonic imbalance
of the musculature of the stomatognathic apparatus, and this would involve a deviated
growth in relation to the continuous thrusts that the musculature would exert on the bone
and dental matrix [25–28]. Our data with ULFTENS seem to confirm these observations. In
fact, a substantial part of our sample shows that the muscular “relaxation” obtained with
ULFTENS results in a different latero–lateral position of the mandible, a sign that, under
“habitual” conditions, the “postural” and “functional” position of the mandible is main-
tained with an asymmetry of muscle tone. The muscle relaxation achieved with ULFTENS
does not necessarily lead to a realignment of the midline and shows that the spatial rela-
tionships between the two arches can be rather complex, as already shown for the vertical
and sagittal plane in a previous work [1]. In relation to what has been observed, it could be
useful, in latero-functional deviations, to evaluate the resting position of the mandible with
relaxed musculature and, therefore, not “conditioned” by the need to adapt to the skeletal
and dental structure, especially when guided by the habitual occlusion generally used
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for orthodontic diagnosis. In this way, it may be possible to integrate the treatment plan
and suggest a therapy more aimed at obtaining spatial planes and occlusal and structural
relationships in tune with muscular symmetry. Dental TENS is a valid aid used to achieve
muscle relaxation, and this relaxation has been described in electromyographic and kine-
siographic terms such as reduction of myoelectric tone, variation of interocclusal free space,
and occlusal position after TENS [29]. The use of this technique has the advantage that
the resting position and the respective cranial–jaw relationship are obtained without direct
manipulation of the jaw by an operator and without the direct will or voluntary mobility
of the subject. The mechanism of action of TENS is complex and, although also present
among its effects is that related to muscle tone on the musculature purely innervated by the
V and VII pair of cranial nerves, some physiopathological responses to dental TENS may
concern the overall capacity of adaptation to the environmental demands of the stimulated
subject [30]. The displacement of the rest position after TENS is not predictable based on
the usual dental and skeletal characteristics, and the response to stimulation appears to
be individual, probably associated with the complex mechanisms linked to the growth
and development of the individual. What has been observed allows us to suggest that
frequently, in the functional lateral deviations, the usual occlusal position and rest position
are a form of compensation that can be shown with the TENS stimulation.

The causes of the asymmetry of the craniofacial district and consequently also of
the cranial mandibular district can be many and different. Some of them have a pre-
or neonatal origin, others are post-birth, some have been correlated with functional or
parafunctional activities of the stomatognathic system, and still others with adaptations of
the stomatognathic system to extrastomatognathic and postural requests in general [31–36].
All these causes can contribute to the structural asymmetry that arose at the time of the
action of the case.

What could be interesting to evaluate at a clinical level is the persistence of an “un-
favorable” adaptation in terms of lateral deviation in that this adaptation in place could
prelude to a clinical, aesthetic deterioration of lateral deviation or even prevent an or-
thodontic treatment traditional. In other words, a clinical/therapeutic classification of
functional laterodeviations could find support in the ability to observe the “relaxabil-
ity” of the musculature and the degree and direction of the maxillo–mandibular growth
compensation vectors consequent to it. In this sense, clinicians have often stressed the
need to take into consideration not only the skeletal aspect and the static relationship
between the maxilla and the jaw, but also the fascial, muscular, and articular aspects and
the functions of other districts of the body adjacent to and far from the stomatognathic
district [37–40]. In this perspective, one of the main goals of orthodontic treatment is
not only to achieve satisfactory aesthetic results but also to create a functional occlusion,
meaning an occlusion that does not require a neuromuscular compensation of adaptation
passing from the resting position to the occlusal one and does not overload the systems
mentioned above [41–43]. Indeed, our work seems to suggest that the discrepancy between
the resting position and habitual occlusion with respect to that obtainable with TENS
is often in progress in children with functional lateral deviation and that, if it is shown
that the musculature and the neuro fascial system after TENS is relaxed, it is necessary
to work in relation to this neuro–muscular force and not contrary to it. In this way, the
direction of the variation obtained with TENS should be taken into account in the treatment
plan. It has been suggested that TENS acts on various physiological systems, including
muscle, vision and accommodation, the autonomous one, pain control, and endorphins,
and that, consequently, for this complex mechanism, its central action could be useful in the
diagnosis and therapy of TM disorders [44]. This mechanism of action and its clinical effect
could also be implemented in children characterized by functional lateral deviation. These
observations suggest that the use of TENS could improve the diagnostic and therapeutic
possibilities in orthodontics by indicating the neuromuscular state of the resting position of
the mandible and its adaptation to habitual occlusion. This work has its limitations, among
them being the lack of a classical diagnosis based on Angle’s criteria. However, we must
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underline the fact that, within the logic in which it can be inscribed, the relevant aspect of
our research was the functional lateral deviation that is independent of the type of dental
class and skeletal class.

Another limitation of the work is that no comparison was made with other relaxation
techniques of the stomatognathic musculature. On the other hand, our intention was to
analyze the behavior of the resting position of the jaw precisely using the dental ULFTENS.
The comparison with other techniques was not among the current aims of the work,
although such a comparison could be the subject of new work. The recording of the cranio–
mandibular relationship was obtained several times per child. This could result in different
recordings leading to different resting and occlusal positions under TENS. In our study,
the reproducibility of the recording was not performed through technical algorithms, but
simply by observing the spatial “pattern” obtained. The type of displacement was always
similar, so we chose to use the first recording in which the child is least “fatigued”. On
the other hand, this limitation is difficult to overcome when, even with other techniques,
one tries to propose an occlusal dimension different from the usual one. In our work, the
starting point is to obtain a resting position with relaxed musculature. In this work, we have
tried to represent the clinical work as closely as possible. Performing several tests makes the
technique time-consuming and investigative and does not ensure the proper cooperation
of the young patients. This work, therefore, attempts to represent a research development
of clinical practice. As a matter of fact, we are currently conducting a study to assess the
reliability and reproducibility of the technique, and the preliminary data as a whole seem
to confirm the indications that have emerged from this work. A further limitation of this
work is due to the lack of electromyographic and kinesiographic control of the application
of TENS. Although previous works confirm that EMG values are reduced on average and
interocclusal free space increases after TENS, indicating a relaxation of the stomatognathic
musculature, and the parameters of the autonomous system of the accommodation move
towards a lesser sympathetic control, this work has not instrumentally recorded the effect
of TENS on muscles, free space, and autonomous control [45]. On the other hand, the
average values demonstrated elsewhere indicate that the TENS effect is generalizable and
that only a minor sample can have a “paradoxical” effect, such as that reported by Konchak.
In this sense, our work must be implemented with the use of other objective parameters of
neuromuscular activity. Such research is difficult to perform with children due to its length
and execution protocol and may not be decisive for the purposes of this research. The fact
that the selected children did not present particular clinical disorders of the neuromuscular
system, coordination, sight, and systems related to the stomatognathic system and that
the research was concentrated on functional lateral deviations makes the possibility of
misunderstanding the results less significant. Subsequent work will focus on the differences
in response to the TENS of subjects with lateral deviations without the involvement of other
districts (sight, posture, autonomous system, etc.) and subjects with definable “syndromic”
forms in which other signs or symptoms of extrastomatognathic involvement are present.

5. Conclusions

Therefore, compared to the study conducted, the mandibular laterodeviations charac-
terized by various degrees of the median line asymmetries and, above all, with asymmetric
dynamics of the jaw must be evaluated and diagnosed considering both stomatognathic
and extrastomatognathic aspects. In this regard, a protocol that considers the general
causes of asymmetry through the anamnesis, the clinical examination, and the EMG/KNG
evaluation activated with TENS makes it possible to diagnose the nature of the symmetry
and the role of the dentist in the possibility of treating it.
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Abstract: This study aims to investigate the effects of digital literacy and self-esteem on dental
students’ perceptions of professional competence and to provide recommendations for improving
educational programs in dental schools. A mixed-methods, descriptive, and relational scanning
design was employed, using a questionnaire comprising demographic information, the Rosenberg
Self-Esteem Scale (RSES), the Digital Literacy Scale (DLS), and the Professional Competence Scale
(PCS). The sample included 427 dental students in Istanbul, Turkey. Statistical analyses included
Cronbach Alpha, Confirmatory Factor Analysis, Mann–Whitney U, Kruskal–Wallis, Spearman’s
rho correlation, and the Generalized Linear Model (Logit Model). The majority of participants
were female (65.6%), aged 21 or older (85.2%), and in their 4th grade of study (35.2%). There
were no significant differences in PCS scores concerning gender, age, grade, type of residence,
and residence location (p > 0.05). However, PCS scores were significantly higher among those
who listed dentistry among their top five preferences, expressed high satisfaction with education,
and demonstrated high professional interest (p < 0.05). A significant, positive correlation was
observed between PCS and RSES (r = 0.398; p < 0.01), DLS (r = 0.404; p < 0.01), preference (r = 0.120;
p < 0.05), education satisfaction (r = 0.298; p < 0.01), and occupational interest (r = 0.502; p < 0.05).
Furthermore, the Logit Model analysis revealed that RSES (B = 0.290; p < 0.01), DLS (B = 0.258;
p < 0.01), education satisfaction (B = 0.806; p < 0.05), and occupational interest (B = 3.825; p < 0.01)
significantly influenced PCS. The findings underscore self-esteem and digital literacy’s integral role
in shaping dental students’ perceptions of their professional abilities. Digital literacy is a substantial
pillar supporting students’ professional competency. Coupled with a genuine interest in the field and
bolstered self-confidence, digital literacy proves instrumental in enhancing students’ academic success
in dentistry. By emphasizing and expanding upon digital literacy content within the curriculum,
universities can further propel advancements in the dental domain. As such, it is pivotal for dental
institutions to weave strategies into their educational fabric to elevate students’ self-esteem and
digital proficiency.

Keywords: dental education; dentistry students; digital literacy; self-esteem

1. Introduction

Training in dentistry is critical for enhancing the quality of public health services
within a country and promoting competitiveness in global health tourism [1,2]. Evaluating
professional competence and determining influential factors during education is vital for
future career success, as they significantly shape an individual’s work life and contribute to
overall well-being [3,4].
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Self-esteem has been defined in various ways, making it somewhat challenging to
define precisely. Essentially, it reflects how an individual feels about themselves. Two
primary types of self-esteem are recognized: trait and state self-esteem. Trait self-esteem
pertains to a person’s consistent level of self-worth over time and across different situations.
In contrast, state self-esteem deals with day-to-day variations in one’s feelings of self-
worth [5]. Self-esteem influences not only one’s professional life but also their overall
well-being [6,7]. Especially in professions like dentistry, where expertise and self-assurance
are crucial [8,9], self-esteem can significantly impact professional competence.

In 2001, Prensky introduced the term “digital natives” to describe the generation
born in and after 1980, who have grown up surrounded by digital devices and exhibit
distinct learning styles from previous generations. Digital natives thrive in a culture of
online connection, creativity, and sharing, living a digital existence that revolves around
the internet [10]. They acquire information, communicate, engage in activities such as
blogging, gaming, and social media interactions, and even perform transactions online.
They favor visual information over text, prefer active learning, and can multitask and
process information simultaneously [11].

With technology integrating into everyday life, digital literacy has become increasingly
vital, closely linked with professional qualifications [12]. The recognition of digital literacy
by various international organizations has led governments to revise their educational
policies, legislation, and learning environments [13]. To implement 21st-century competen-
cies, primarily digital competence, in educational public policy, a well-articulated plan is
required [14].

Digital literacy is broadly characterized in the literature as the competencies and skills
required to navigate our intricate and multifaceted information landscape, particularly
when incorporating technology into academic courses [15]. At present, digital literacy en-
compasses three main pillars: (a) identifying and consuming digital content; (b) generating
digital content; and (c) disseminating or distributing digital content. Various definitions of
digital literacy exist, each intertwining different technical and non-technical facets [16].

Central to digital literacy is comprehending and decoding digital content [17,18]. This
skill has become essential, especially since clinical research is predominantly available
online, and digital tools are becoming standard for emerging research projects [19,20]. In
the academic setting, students use digital technologies—ranging from diverse software to
information hardware [21]—for numerous educational activities. These include accessing
digital learning platforms, communicating via email, engaging with e-journals or e-books,
and taking part in online evaluations [11].

In dentistry, precision, expertise, and patient interaction are fundamental. Self-esteem
directly impacts professional performance, with confident professionals more likely to
make informed decisions, communicate effectively with patients, and adapt to challenging
clinical scenarios. As healthcare undergoes a digital revolution, digital literacy has become
paramount, particularly as the reliance on digital tools for patient records, imaging, and
procedures increases [22]. Understanding how self-esteem and digital literacy influence
the perceived professional competence of dental students can provide valuable insights,
leading to targeted strategies in dental education to enhance these aspects and ultimately
improve patient care [23].

Given the importance of these elements in dental practice and the current gaps in
understanding their role in shaping professional competence among dental students, it is
imperative to further explore these interactions. This study aims to investigate the influence
of dental students’ digital literacy and self-esteem on their professional competence.

The potential findings from this study could significantly impact dental education
and practice. By understanding the role and interplay of self-esteem and digital literacy
in shaping professional competence, we can inform the design of educational strategies
to foster these crucial attributes. This could result in a more competent and confident
generation of dental professionals, enhance patient care, and contribute to improved oral
health outcomes in the community.
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2. Materials and Methods

2.1. Study Design and Sampling

This research utilized a mixed-methods design, incorporating descriptive and rela-
tional scanning models. The study aimed to shed light on specific phenomena or concepts
through this integrated approach by leveraging qualitative and quantitative data sources.
During the first semester of the 2022–2023 academic year, an online questionnaire was
administered using Google Forms (Mountain View, CA, USA). This questionnaire com-
prised eight multiple-choice demographic questions, ten questions from the Rosenberg
Self-Esteem Scale with scores ranging from 0 to 4, ten questions from the Digital Literacy
Scale with scores ranging from 1 to 5, and eleven questions from the Professional Compe-
tence Scale, also scored between 1 and 5. The entire set, amounting to 39 questions, typically
required around 15 min for completion. The survey exclusively contained closed-ended
questions. Participants’ ages varied from 18 to 31 years old. The utilized scales were
sourced from established instruments with proven validity and reliability in Turkish.

Cohen et al. suggest that for a descriptive survey model, having at least 384 par-
ticipants yields a 95% confidence interval and a 0.05 significance level when aiming to
represent a population ranging from one to five million individuals [24].

Building on findings by Yu et al. [9], the effect size was determined to be 0.3097572
using G-Power 3.1.9.2. Given this effect size, a 95% confidence interval, and a 0.05 deviation
level, the study required a minimum of 115 participants. However, this research gathered
data from 427 dentistry students in Istanbul, offering a comprehensive perspective from
both private and public institutions. This cross-sectional approach included students from
all academic levels within the dentistry program. Participants were selected through a
straightforward random sampling method based on their willingness to participate.

2.2. Measuring Tools

The questionnaire form includes a demographic information form, Self-Esteem Scale,
Digital Literacy Scale, and Vocational Competence Scale.

2.2.1. Demographic Information Form

This form has been meticulously designed to gather a comprehensive understanding
of the student participants’ backgrounds. It solicits information about various facets of their
personal and academic lives. Specifically, the form inquires about the student’s gender and
age, which offers insights into the diversity of the sample. Further, it delves into academic
specifics, such as the student’s current grade level and the reason behind their department
choice. The form also seeks to understand their living situation, capturing details on
their residence type and living arrangements before joining their current department.
Additionally, it gauges their overall satisfaction and engagement level in their chosen field
by inquiring about their level of education within the department and their genuine interest
in pursuing the profession. Such detailed demographic data provides a richer context to
interpret the results of the study.

2.2.2. Rosenberg Self-Esteem Scale (RSES)

The RSES, devised by Rosenberg and later adapted for Turkish audiences by Çuhadaroğlu,
is a prominent tool for gauging self-esteem [25]. With its 10 items evaluated on a 4-point
Likert scale, the RSES sheds light on an individual’s sense of self-worth and feelings about
themselves. Its reputation for reliability is confirmed by a previously reported Cronbach Al-
pha value of 0.81. Within the framework of this research, the scale showcased its consistent
reliability with a Cronbach’s Alpha of 0.882. Its extensive application and proven reliability
highlight its significance as a trusted measure in psychological and sociological studies.

2.2.3. Digital Literacy Scale (DLS)

The DLS, initially crafted by Ng and subsequently adapted for Turkish audiences by
Ustundag et al., offers a comprehensive assessment of digital literacy [10,26]. The tool
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consists of 10 items evaluated on a 5-point Likert scale, encapsulating the unified dimension
of digital proficiency. Historically, the DLS has demonstrated strong internal consistency,
as evidenced by a Cronbach Alpha value of 0.86. In the context of this particular study, the
instrument exhibited even higher reliability, achieving a Cronbach’s Alpha of 0.894. This
underscores the scale’s robustness and ability to consistently gauge respondents’ digital
capabilities in varied settings.

2.2.4. Professional Competence Scale (PCS)

Based on expert opinions and the relevant literature, the Professional Competence
Scale aims to measure perceptions of vocational aptitude. The scale comprises 11 items,
utilizing a 5-point Likert-type format to gauge responses, ranging from “Strongly Disagree”
to “Strongly Agree” [27,28]. Participants’ total scores can range from 11 to 55, with a higher
score indicating a more favorable perception of one’s professional competence. The scale
has demonstrated both reliability and validity in various settings. In this study, the PCS
exhibited internal solid consistency with a Cronbach’s Alpha value of 0.851, showcasing its
appropriateness for assessing dental students’ perceptions of their professional abilities.

2.3. Ethical Considerations

This study strictly adhered to ethical standards and received approval from the Ethics
Committee. Before launching the cross-sectional study, participants were presented with a
consent form detailing the research objectives. Their participation was entirely based on
their discretion, ensuring it was voluntary. The study refrained from collecting personal
identifiers to maintain confidentiality and privacy.

2.4. Statistical Analysis

Demographic details were presented using frequencies. For scale scores, means
and standard deviations were the primary descriptors. Reliability was ensured through
Cronbach’s Alpha for internal consistency, while the Confirmatory Factor Analysis was
employed to validate the data. The Kolmogorov–Smirnov test assessed the normality
distribution of the study’s parameters. Given that the distribution of all scale means was
non-normal, nonparametric tests became the approach. The Mann–Whitney U test was
chosen to highlight differences between the two groups. For identifying distinctions across
more than two groups, the Kruskal–Wallis test was implemented.

Relationship analyses utilized Spearman’s rho correlation for univariate nonparametric
correlations and the Generalized Linear Model (Logit Model) for multivariate nonpara-
metric regression. The Generalized Linear Model is specially designed for nonparametric
regressions, making it different from typical logit models. One advantage of this model is its
ability to work directly with scale parameters without strictly dividing the data into two or
multiple distinct categories. However, all regression models showed some deviations [29].
With its logit assumption, the Generalized Linear Model effectively reduced deviations
for nonparametric variables. All statistical analyses were conducted using the SPSS 25.0
software, with a confidence level set at 95% and a significance threshold of 0.05.

3. Results

The research encapsulates a detailed exploration of dental students’ demographic and
academic inclinations. Predominantly, females formed a significant segment, representing
65.6% of the study’s participants. Dovetailing with this, a remarkable 85.2% were aged
21 or older, harmonizing with the observation that 35.2% were engrossed in their fourth
year of academic pursuit. Delving into the socio-cultural milieu, 40% of these budding
professionals cohabited with family members. Moreover, Istanbul, the city under study,
was a new home for 57.8% of these students, having migrated from other provinces. In
the academic realm, 57.6% expressed a definitive alignment with their current department,
marking it their top academic choice.
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Transitioning to their academic perceptions, the landscape is slightly variegated. While
a measurable 55.7% assessed their departmental educational quality as moderate, a near
equivalent 48.5% articulated an elevated zeal for their academic discipline (Table 1).

Table 1. Baseline characteristics of participants.

Count Percentage (%)

Gender
Female 280 65.6
Male 147 34.4

Age 20 and above 63 14.8
21 and higher 364 85.2

Grade

1st grade 2 0.5
2nd grade 82 19.2
3rd grade 81 19.0
4th grade 150 35.2
5th grade 111 26.1

Residence type

Dormitory 69 16.2
With friends 120 28.1
With family 171 40.0
Other 67 15.7

Preference
First five 246 57.6
Second five 108 25.3
Other 73 17.1

Residence location
Istanbul 180 42.2
Outside 247 57.8

Education evaluation

Very little 5 1.2
Little 23 5.4
Moderate 238 55.7
High 140 32.8
Very high 21 4.9

Occupation interest

Very little 3 0.7
Little 12 2.8
Moderate 97 22.7
High 207 48.5
Very high 108 25.3

Upon assessing the Professional Competence Score (PCS), an intricate exploration
revealed that several factors, such as gender, age, academic tenure, residential category,
and geographic origin, did not yield any discernible statistical divergence (p > 0.05). Con-
trastingly, students exuding high academic satisfaction and those ranking their department
in the top echelons showcased significantly elevated PCS scores (p < 0.05) (Table 2).

Table 2. PCS score differences according to the demographic properties of participants.

Mean Std. Deviation Test Value p Value

Gender
Female 42.00 7.20

18,449.500 (U) 0.078 a
Male 40.67 7.24

Age 20 and above 42.30 6.66
10,832.500 (U) 0.483 a

21 and higher 41.41 7.33

Grade

1st grade 31.50 2.12

8.297 (X2) 0.081 b
2nd grade 42.87 6.85
3rd grade 42.11 7.05
4th grade 40.86 7.43
5th grade 41.22 7.27
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Table 2. Cont.

Mean Std. Deviation Test Value p Value

Residence type

Dormitory 42.43 7.10

6.296 (X2) 0.098 bWith friends 40.09 7.56
With family 42.17 7.41
Other 41.64 5.98

Preference
First five 42.26 7.29

6.196 (X2) 0.045 bSecond five 40.83 7.19
Other 40.18 6.89

Residence location
Istanbul 42.17 7.14

20,687.500 (U) 0.220 a
Outside 41.09 7.28

Education satisfaction

Very little 34.80 9.55

39.819 (X2) 0.000 b
Little 36.61 7.74
Moderate 40.56 7.07
High 43.44 6.58
Very high 47.10 5.49

Occupation interest

Very little 28.67 11.24

110.891 (X2) 0.000 b
Little 30.33 6.33
Moderate 36.80 6.98
High 42.29 5.94
Very high 45.97 5.50

a. Mann–Whitney U Test (U); b. Kruskal–Wallis Test (X2).

Spearman’s rho correlation analysis further accentuates the statistical robustness of
the study. This methodological tool substantiated that PCS shared a positive synergy with
self-esteem (RSES, r = 0.398; p < 0.01), digital literacy (DLS, r = 0.404; p < 0.01), departmental
preference (r = 0.120; p < 0.05), satisfaction with the quality of education (r = 0.298; p < 0.01),
and an intrinsic occupational fervor (r = 0.502; p < 0.05) (Table 3).

Table 3. Spearman’s rho correlation analysis results between PCS, SES, DLS scores, and significantly
different parameters for PCS scores.

r p

RSES Total 0.398 ** 0.000
DLS Total 0.404 ** 0.000
Preference 0.120 * 0.013
Education satisfaction 0.298 ** 0.000
Occupation interest 0.502 ** 0.000

* p < 0.05 ** p < 0.01 RSES: Rosenberg Self-Esteem Scale; DLS: Digital Literacy Scale; PCS: Professional Competence
Scale.

A subsequent evaluation using the Generalized Linear Model (Logit Model) further
buttressed these findings, unequivocally emphasizing the statistical significance of variables
such as RSES (B = 0.290; p < 0.01), DLS (B = 0.258; p < 0.01), educational contentment
(B = 0.806; p < 0.05), and notably, professional zeal (B = 3.825; p < 0.01) in influencing PCS.
(Table 4).
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Table 4. Generalized linear model (logit model) analysis results for correlated factors with PCS.

Parameter B Std. Error
95% Wald Confidence Interval Hypothesis Test

Lower Upper Wald X2 p

(Intercept) 9.298 1.82 5.74 12.86 26.221 0.000

[Preference = First five] 1.199 0.70 −0.18 2.58 2.913 0.088

[Preference = Second five] 0.000 0.79 −1.56 1.56 0.000 >0.05

[Preference = Other] 0 a . . . . .

RSES Total 0.290 0.05 0.20 0.38 38.193 0.000

DLS Total 0.258 0.03 0.20 0.33 53.396 0.000

Education satisfaction 0.806 0.38 0.05 1.56 4.399 0.036

Occupation interest 3.825 0.33 3.17 4.48 130.654 0.000

(Scale) 27.478 b 1.88 24.03 31.42

Dependent Variable: PCS Total; Model: (Intercept), Preference, SES_Total, DLS_Total, Education satisfaction,
Occupation interest; a. Set to zero because this parameter is redundant; b. Maximum likelihood estimate; RSES:
Rosenberg Self-Esteem Scale; DLS: Digital Literacy Scale; PCS: Professional Competence Scale.

The core findings of this study highlight the critical role of both self-esteem and digi-
tal literacy in shaping dental students’ perceptions of professional competence. Notably,
significant positive correlations were observed between self-esteem and professional com-
petence (RSES: r = 0.398; p < 0.01), as well as between digital literacy and professional
competence (DLS: r = 0.404; p < 0.01). In addition, professional interest (r = 0.502; p < 0.05)
and education satisfaction (r = 0.298; p < 0.01) showed significant positive correlations
with professional competence. The analysis also revealed that the influence of professional
interest on professional competence (B = 3.825; p < 0.01) was the most robust among the
factors evaluated. It is important to note that these relationships held even after adjusting
for other influential factors in the Logit model analysis.

These findings show that self-esteem and digital skills play a significant role in shaping
how dental students think about their professional abilities. Impressively, the students’
genuine enthusiasm for their field is the main factor, even when set against other elements
in the Logit model analysis. The data therein underscore the indispensability of both self-
esteem and digital literacy in shaping and potentially enhancing professional competence
perceptions among dental students.

4. Discussion

This study investigated the impact of digital literacy and self-esteem on dental stu-
dents’ perceptions of their professional competence. A questionnaire was administered to
427 dentistry students, and the collected data were analyzed. The results demonstrated
a positive correlation between digital literacy and self-esteem with students’ perceived
professional competence.

The literature on professional competence presents varying findings. Some studies
report that professional competence differs according to demographic and social charac-
teristics [30–32], while others propose the contrary [33]. In single-centered studies, where
demographic characteristics are generally similar, the perception of professional compe-
tence does not vary based on these factors. However, in multicenter studies, professional
competence levels significantly differ based on demographic characteristics [34–36].

In this study, the perception of professional competence significantly differed only in
relation to the order of preference. It is noteworthy that this research was conducted on
a specific group of dentistry students at a single center, which may have influenced the
results. Different outcomes might be found in various departments or occupational groups
and larger samples or multicenter studies.
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Factors affecting the perception of professional competence include an individual’s
professional characteristics and interest in their chosen profession. Individuals who choose
their profession willingly and have a high level of interest tend to possess higher pro-
fessional competence and experience greater life satisfaction [37–39]. In line with this,
both educational satisfaction and interest in the profession were found to positively and
significantly impact professional competence. Atalayin et al. found that dentistry students
residing away from their hometowns exhibited lower academic proficiency compared to
those living in their native cities [40]. However, in this study, the educational success of
students from other cities was statistically similar to those who resided in Istanbul.

Understanding the factors influencing one’s job decision is crucial because it shapes
future expectations and could influence career satisfaction. While some people join the
workforce with substantial knowledge and reasonable expectations, others might end up
in jobs they have yet to learn. Some people choose their careers based on the strategy of
least resistance, such as pursuing a career path that their parents have recommended or
imitating an older sibling [40]. According to the results of our study, people who choose
a job consciously and voluntarily tend to have higher educational performance and self-
esteem. Research findings reveal a pronounced positive correlation between self-esteem
levels in individuals who placed dentistry among their top five university preferences and
those with very high occupational interests. Consistent with these results, a systematic
review also identified a significant positive relationship between professional awareness
and self-esteem [5].

While the literature contains studies on digital literacy and self-esteem, research
examining the effects of these two factors on professional competence is scarce [41,42]. This
study found that both digital literacy and self-esteem positively influenced professional
competence, with self-esteem having a greater impact.

The findings of this study highlight a positive correlation between students’ self-
esteem and their educational success. Enhanced psychological well-being can elevate
self-esteem among students. This observation aligns with prior research underscoring the
pivotal role of psychological health in influencing self-esteem [43,44]. Moreover, it was
found that students’ positive emotions are directly linked to their self-esteem. Students
experiencing positive feelings often maintain a robust and favorable self-esteem, affirming
their self-worth and recognizing the respect they merit [45].

Digital literacy also augments one’s esthetic perception [46]. Consequently, digital
literacy might bolster the esthetic judgments of dentists and dental students engaged in
aesthetic dental procedures, amplifying their professional self-assuredness.

Dozic et al. [47] noted a preference among dental students for digital systems over
visual and conventional ones, suggesting a shift toward digital literacy. In a separate
study, Shooriabi and Gilavand [48] observed that dental students in Iran frequently employ
smartphones and digital media for educational endeavors. Similarly, Rung et al. [49]
reported dental students’ prevalent use of digital and social media for educational activities
in Australia.

The incorporation of smartphones as a staple in daily life and as an adjunct tool in
many professions is especially relevant in the realm of dentistry. Dentists, predominantly
from the digital native generation, can capitalize on the multifaceted utilities presented by
smartphones, such as capturing visuals and facilitating text exchanges with patients during
diagnostic and treatment phases [50].

A key limitation of this study, and others in the field, is the lack of a specific scale
for dentistry, despite the proven validity and reliability of the scales used. Additionally,
the single-centered nature of the sample with a similar demographic structure is another
notable limitation.

The main contribution of this research to the literature and the field lies in its applica-
bility and pragmatism. By incorporating self-perception and digital literacy education into
university curricula, high professional gains can be achieved at very low costs. Another
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contribution is the multi-disciplinary nature of the study, which covers both professional
development and dentistry.

Given the significant impact of self-esteem and digital literacy on dental students’
professional competence, further research in these areas is warranted. Future studies
might explore specific interventions to enhance these factors among dental students and
their impact on professional competence. Moreover, expanding the research to include
students from various demographic backgrounds and multiple centers would provide a
more comprehensive understanding.

The implications of this study extend beyond dental education, potentially influencing
the broader field of healthcare education and practice. Given the significant correlations
between self-esteem, digital literacy, and perceptions of professional competence, these
findings underscore the need to prioritize these factors within the curriculum across health-
care disciplines. By incorporating strategies to enhance self-esteem and digital literacy,
future healthcare professionals can be better prepared to adapt to the increasingly digital
healthcare environment. Thus, these findings underscore the importance of focusing on
holistic development in healthcare education.

5. Conclusions

The findings of this study highlight the significant influence of both self-esteem and
digital literacy on dental students’ perceptions of professional competence. Recognizing
these factors, dental schools should integrate methods into their curriculum that boost
students’ self-esteem and digital skills. By doing this, we can enhance professional compe-
tence and attract more students to the field, even those who might have initially shown less
enthusiasm.

In today’s fast-changing environment where healthcare meets digital technology, the
importance of self-esteem and digital literacy cannot be understated. They play a crucial
role in preparing the next generation of skilled dental practitioners. Therefore, it is vital
for educational institutions to consider these insights when shaping the future of dental
education and practice.

Overall, the research emphasizes that digital literacy greatly impacts students’ pro-
fessional competence. This impact, combined with a student’s passion for the profession
and their confidence, creates a better educational journey for dentistry students. Increasing
focus on digital literacy within universities can positively change the domain.
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michal.urzedowski@gmail.com (M.U.); szczepanzabicki@gmail.com (S.Ż.); malgorzata.pihut@uj.edu.pl (M.P.)
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Abstract: Infrazygomatic crest (IZC) mini-implants are frequently used as an absolute anchorage
when intrusive or distally directed forces are required during orthodontic treatment. The aim of the
present study was to evaluate the thickness of the IZC area in Polish patients as well as to assess
dependency between bone availability, sex, and age. The study material was 100 cone beam computed
tomography scans (CBCT) of the maxilla of patients of the University Dental Clinic in Krakow (50 men
and women each). IZC bone thickness was measured at nine different points. The biggest bone
thickness was recorded in the interdental space between the first and second molar at the height of
12 mm (6.03 ± 2.64 mm). The thinnest bone depth was localized at the level of the mesial root of
the first molar, 16 mm above the occlusal plane (2.42 ± 2.16). There was a significant and negative
correlation between bone thickness and age in the case of measurements taken buccally to the first
molar. Only two out of nine measurements showed a sex dependency (points I2 and I3). Considering
vertical and sagittal dimensions, the most favorable conditions for IZC mini-implant placement were
found interdentally, between the first and second molar, 12 mm above the occlusal plane.

Keywords: bone screw; maxilla; orthodontics; X-ray computed tomography

1. Introduction

The infrazygomatic crest (IZC) is a thick bony ridge located between the first and the
second maxillary molar. It has been used as a site for orthodontic miniplate placement when
absolute anchorage or intrusive or distally directed forces were required during orthodontic
treatment [1,2]. Hugo de Clerck, the author of the method, recommends this location due
to its solid bone structure and safe distance from the roots of the upper molars [1]. The
Zygoma Anchor System, designed and popularized by de Clerck, consists of a titanium
miniplate adjusted to the shape of the infrazygomatic buttress and three miniscrews (5 or
7 mm long), that fixes the miniplate to the bone. Although miniplates provide effective
orthodontic anchorage, the process of their placement requires advanced surgical skills.
The procedure consists of preparation of the mucoperiosteal flap, bending of the miniplate
to the proper shape, fixation with miniscrews, repositioning of the mucoperiosteum, and
placing sutures. After completion of the orthodontic treatment, miniplates have to be
removed. To simplify the clinical procedure and minimize the financial cost of orthodontic
treatment, extra-alveolar IZC miniscrews have been introduced. They are placed on the
buccal surface of the alveolar process at the base of the zygomatic crest eminence as an
alternative to miniplates. Chris Chang, who popularized IZC, recommends its use for the
retraction of posterior teeth and rotation of the whole dental arch in order to manage even
challenging malocclusions without extractions or orthognathic surgery [3].

Despite their undeniable advantages, extra-alveolar miniscrews inserted in the IZC
area can perforate the maxillary sinus and initiate sinus infection or mini-implant loss [4].
Although according to some authors [5], sinus penetration depth within 1 mm is advocated
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for mini-implant anchorage, to avoid this complication, adequate bone depth should be
available at the site of mini-screw insertion. Typically, IZC mini-screws are longer than
intra-radicular mini-implants and manufactured in two dimensions: 2 mm diameter and
12 mm or 14 mm length (a 14 mm screw is recommended in the case of thick soft tissue
in the buccal vestibule) [6]. As stated by the literature, a minimum of 6 mm of the bone
is necessary to provide sufficient stability of the IZC during orthodontic treatment [7,8].
According to our clinical observations of Polish patients, in the vast majority of cases, the
depth of bone ridge in this area is thinner, making IZC mini-screw placement challenging
or even impossible. In the face of a lack of studies assessing the maxillary bone thickness
for optimum IZC mini-screw placement in the Polish population, the aim of the present
study was to evaluate the thickness of the IZC area.

It was found that the IZC is located between the maxillary second premolar and
the first molar in youngs and at the level of the maxillary first molar in adults [9]. Liou
developed a method for IZC screw placement adjacent to buccal surfaces of the maxillary
first molar [7], while Lin recommends a more distal site that is buccal to the maxillary
second molars [10,11]. Nevertheless, the region between the first and the second molar is
also recommended for IZC screw placement [12]. To localize the most favorable site for
IZC mini-screw implantation, we compared bone thickness at different levels considering
sagittal plane and vertical distance from the occlusal plane. In view of the fact that both
young and adult patients are seeking orthodontic treatment, another objective was to assess
dependency between bone availability, sex, and age.

2. Materials and Methods

The study was approved by the bioethics committee of Jagiellonian University (num-
ber 1072.6120.132.2020).

2.1. Materials

The study material was 100 consecutively selected cone beam computed tomography
scans (CBCT) of the maxilla of patients of the University Dental Clinic in Krakow (50 men
and women each), taken for any reason between 2018 and 2021. Sample size determination
showed that 91 patients would be suitable based on a margin of error of 0.05, confidence
level 0.8, and population size of 200. Subjects included in the study met the following
criteria: age of the patient >12 years, presence of upper first and second molar, absence
of pathologies of the maxilla, and absence of clefts and maxillofacial syndromes. Patients
with a history of orthodontic treatment, facial surgery, or facial trauma as well as images
with artifacts were excluded from the research.

The CBCT scans were acquired with the OP 3D Pro (KaVo, Berlin, Germany). The
protocol was: field of view 130 × 150 mm, average exposure time 8.5 s, average scanning
time 39 s, average voxel size 380 μm−5 mA. For the analysis of the CBCT images, a medical
diagnostic monitor (RadiForce MX215, EIZO, Viena, Austria) and InViVo Dental Viewer
(Anatomage, Santa Clara, CA, USA) were used. All the scans were analyzed by a single
trained and calibrated senior postgraduate trainee in orthodontics.

2.2. IZC Bone Thickness Measurements

IZC bone thickness was measured at the level of the mesiobuccal and distobuccal
root of the first permanent molar and between the first and second molar as presented in
the Figure 1. To localize the buccal roots of the first molar, a horizontal view was used.
In the sagittal view, the horizontal axis was located at the level of 1

2 height of the roots.
Subsequently, a picture of the maxilla in horizontal projection was rotated in relation to
the coronal axis to obtain an angle of 90◦ between the coronal axis and buccal surface of
the alveolar process at the level of point M (mesial buccal root of the first molar), point D
(distal buccal root of the first molar), and point I (interdental space between the first and
the second molar) to imitate clinical conditions during mini-implant placement. Using
the occlusal plane as a reference line, three points in the vertical plane were defined in
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modified coronal view at the levels of 12 mm, 14 mm, and 16 mm from the occlusal plane
as points of potential mini-implants insertion. All the measurements were taken at an angle
of 70 degrees to the occlusal plane, on the patients’ left side.

 

Figure 1. Measurement of bone depth on CBCT scans: (a)—sagittal slice consisting of mesiobuccal
root of the first permanent molar used to obtain horizontal slice; (b)—horizontal view of the maxilla
rotated in relation to the coronal axis to obtain a cross-section of the alveolar process at the level of
M1; (c)—measurement of IZC thickness in modified coronal view.

2.3. Palatal Bone Thickness Measurements

Modified palatal height index was also calculated as a relation between the height and
width of the palate according to the formula:

Modified palatal height index =
Palatal height × 100%

Palatal width

For the purpose of this measurement, coronal slice of CBCT was selected, when the
coronal axis was set at the center of the crown of the first molar. Although to calculate
palatal height index [13] the distance between palatal cusps of the first maxillary molars
should be used, for the purpose of our study, palatal width was defined as the horizontal
distance between alveolar ridges on the palatal side of the right and left first maxillary
molar to eliminate the influence of the inclination of these on the result (Figure 2). The
perpendicular distance between the midpalatal raphe and the occlusal plane was measured
to evaluate palatal height.

Figure 2. Measurement of modified palatal height index: (a)—horizontal slice used to obtain coronal
view, (b)—measurements of the palatal width and height.

2.4. Intra-Examiner Error Calculation

After 3 weeks, measurements of 10 randomly selected CBCTs were repeated to calcu-
late intra-examiner error and determine method reliability.

2.5. Statistical Analysis

Data analysis was performed using R software version 4.3.0 (R: A language and
environment for statistical computing. R Foundation for Statistical Computing, Vienna,
Austria).
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To test whether the sample fits normal distribution, the Shapiro–Wilk test was used.
Analysis of quantitative variables was performed by calculating mean, standard deviation,
median, and quartiles. Qualitative variables were analyzed by calculating the number and
percentage of occurrences of each value. The Mann–Whitney test was used to compare
quantitative variables between two groups, while the Kruskal–Wallis test (followed by
Dunn post-hoc test) was used for more than two groups. Concordance of measurements
of quantitative variables was assessed with ICC (Intraclass Correlation Coefficient) type 2
(according to the Shrout and Fleiss classification). The Friedman test (followed by paired
Wilcoxon tests with Bonferroni correction as a post-hoc procedure) was used to compare
more than two repeated measures of quantitative variables. The relationship between two
quantitative variables was assessed with Spearman’s coefficient of correlation.

The significance level for all statistical tests was set to 0.05.

3. Results

3.1. Patients Characteristics

A total of 100 consecutively selected CBCT images of the maxilla (50 men and women
each) that met the inclusion criteria were evaluated in this study. The mean ages of women
and men were 28.7 and 28.92, respectively. Patients’ age details are presented in Table 1.

Table 1. Patients characteristics.

Sex N
Age

p
Mean SD Median Min Max Q1 Q3

Female 50 28.70 13.83 25 12 65 16.5 38.75 p = 0.654
Male 50 28.92 11.95 27 13 63 18.0 36.75
Total 100 28.81 12.86 25 12 65 18.0 38.00

p—Mann–Whitney test, SD—standard deviation, Q1—lower quartile, Q3—upper quartile.

3.2. Intra-Examiner Error Calculation

Within a 3-week interval, 10 randomly selected CBCT scans were subjected to repeated
measurements. The concordance of the measurements of quantitative variable assessment
with intraclass correlation coefficient type 2 (according to the Shrout and Fleiss classifica-
tion) indicated good or excellent accordance between the first and second measurements
(Table 2).

Table 2. Intra-examiner error calculation.

Parameter
Measurement 1
(Mean ± SD)

Measurement 2
(Mean ± SD)

ICC 95% CI
Agreement
(Cicchetti)

Agreement
(Koo and Li)

M1 1.86 ± 2.29 1.88 ± 2.42 0.995 0.980 0.999 Excellent Excellent
M2 2.84 ± 2.77 2.89 ± 2.84 0.995 0.983 0.999 Excellent Excellent
M3 2.37 ± 2.13 2.79 ± 1.98 0.895 0.646 0.973 Excellent Good
D1 4.67 ± 3.15 4.48 ± 3.25 0.987 0.950 0.997 Excellent Excellent
D2 3.94 ± 2.29 3.87 ± 2.31 0.991 0.965 0.998 Excellent Excellent
D3 2.91 ± 1.65 2.86 ± 1.61 0.959 0.853 0.989 Excellent Excellent
I1 6.14 ± 1.34 6.01 ± 1.5 0.695 0.189 0.913 Good Fair
I2 5.24 ± 1.91 5.47 ± 2.14 0.911 0.700 0.977 Excellent Excellent
I3 4.52 ± 1.74 4.66 ± 1.7 0.974 0.904 0.993 Excellent Excellent

Height of the palate 20.4 ± 2.53 20.42 ± 2.82 0.973 0.903 0.993 Excellent Excellent
Width of the palate 33.91 ± 2.62 33.72 ± 2.75 0.965 0.873 0.991 Excellent Excellent
Palatal height index 60.15 ± 5.83 60.53 ± 6.79 0.960 0.856 0.990 Excellent Excellent

3.3. Bone Thickness

Tables 3–5 present differences in the mean bone thickness at the level of 12 mm, 14 mm,
and 16 mm depending on the sagittal location of the mini-implant. At the height of 12 mm
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and 14 mm, bone layer was the thickest in the interdental space between the first and the
second molar (6.03 ± 2.64 mm and 4.74 ± 2.17 mm, respectively) followed by the area
of the distal root of the first molar (3.71 ± 2.76 mm and 3.11 ± 2.35 mm). In the case
of the measurements performed at the height of 16 mm, the difference was statistically
insignificant.

Table 3. Mean bone thickness at the height of 12 mm from the occlusal plane.

Bone Thickness (mm) M1 D1 I1 p

mean ± SD 2.5 ± 2.55 3.71 ± 2.76 6.03 ± 2.64 p < 0.001
median 2.13 3.53 5.94

quartiles 0–3.9 1.53–5.23 4.25–7.65 I1 > D1 > M1
p—Friedman test + post-hoc analysis (Wilcoxon paired tests with Bonferroni correction).

Table 4. Mean bone thickness at the height of 14 mm from the occlusal plane.

Bone Thickness (mm) M2 D2 I2 p

mean ± SD 2.54 ± 2.42 3.11 ± 2.35 4.74 ± 2.17 p < 0.001
median 2.36 3.29 4.84

quartiles 0–4.02 0.86–4.64 3.04–6.17 I2 > D2 > M2
p—Friedman test + post-hoc analysis (Wilcoxon paired tests with Bonferroni correction).

Table 5. Mean bone thickness at the height of 16 mm from the occlusal plane.

Bone Thickness (mm) M3 D3 I3 p

mean ± SD 2.42 ± 2.16 2.59 ± 2.08 3.46 ± 1.93 p = 0.453
median 2.16 2.29 3.54

quartiles 0–3.95 1–3.65 1.83–4.7
p—Friedman test.

Tables 6–8 and Figure 3 present differences in bone thickness depending on the vertical
location of the mini-implant. In the case of the area of the mesial root of the first molar,
there was no significant difference in the bone thickness at different levels. In the case of
the area of distal root and interdental space, the greatest values of bone thickness were
recorded at the level of 12 mm from the occlusal plane (3.71 ± 2.76 mm and 6.03 ± 2.64 mm,
respectively) and with the growing distance from the occlusal plane, the bone thickness
presented a decreasing trend.

Table 6. Mean bone thickness at the level of the mesial root of the first molar.

Bone Thickness (mm) M1 M2 M3 p

mean ± SD 2.5 ± 2.55 2.54 ± 2.42 2.42 ± 2.16 p = 0.098
median 2.13 2.36 2.16

quartiles 0–3.9 0–4.02 0–3.95
p—Friedman test.

Table 7. Mean bone thickness at the level of the distal root of the first molar.

Bone Thickness (mm) D1 D2 D3 p

mean ± SD 3.71 ± 2.76 3.11 ± 2.35 2.59 ± 2.08 p < 0.001
median 3.53 3.29 2.29

quartiles 1.53–5.23 0.86–4.64 1–3.65 D1 > D2 > D3
p—Friedman test + post-hoc analysis (Wilcoxon paired tests with Bonferroni correction).

Table 8. Mean bone thickness at the level of interdental space between the first and second molar.

Bone Thickness (mm) I1 I2 I3 p

mean ± SD 6.03 ± 2.64 4.74 ± 2.17 3.46 ± 1.93 p < 0.001
median 5.94 4.84 3.54

quartiles 4.25–7.65 3.04–6.17 1.83–4.7 I1 > I2 > I3
p—Friedman test + post-hoc analysis (Wilcoxon paired tests with Bonferroni correction).
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Figure 3. A parallel coordinate plot presenting bone thickness at the level of the mesial root of the
first molar (M1, M2, M3), the distal root of the first molar (D1, D2, D3), and the interdental space
between the first and the second molar (I1, I2, I3).

3.4. Correlation with Age

According to Spearman’s correlation coefficient test, there was a significant and nega-
tive correlation between the bone thickness and the age in the case of measurement points
M1, M2, M3, D1, D2, and D3 (Table 9). In points I1, I2, and I3 the correlation was also
negative, but statistically insignificant. Results are also presented in Figure 4.

Figure 4. Correlation between the age of the patients and the bone thickness.
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Table 9. Spearman’s correlation coefficient test for comparison of parameters measured according to
the age of the patients.

Parameter
Age

Spearman’s Correlation Coefficient

M1 (mm) r = −0.37, p < 0.001 *
M2 (mm) r = −0.381, p < 0.001 *
M3 (mm) r = −0.424, p < 0.001 *
D1 (mm) r = −0.378, p < 0.001 *
D2 (mm) r = −0.406, p < 0.001 *
D3 (mm) r = −0.42, p < 0.001 *
I1 (mm) r = −0.147, p = 0.144
I2 (mm) r = −0.178, p = 0.077
I3 (mm) r = −0.107, p = 0.289

* statistically significant (p < 0.05).

3.5. Correlation with Sex

Table 10 and Figure 5 report the correlation between the bone thickness and sex of the
patients. The only statistically significant dependency was found at the I2 and I3 points,
where bone thickness was greater in male patients.

Table 10. Correlation between the bone thickness and sex of the patients.

Bone Thickness
(mm)

Sex N Mean SD Median Min Max Q1 Q3 p

M1
Female 50 2.96 2.77 3.29 0.00 9.53 0.00 4.86 p = 0.078
Male 50 2.03 2.25 1.73 0.00 7.86 0.00 3.60

M2
Female 50 2.65 2.16 2.71 0.00 7.59 0.15 4.00 p = 0.438
Male 50 2.42 2.68 1.48 0.00 8.21 0.00 4.03

M3
Female 50 2.32 1.96 1.96 0.00 7.20 0.79 3.78 p = 0.794
Male 50 2.52 2.36 2.42 0.00 8.15 0.00 4.06

D1
Female 50 3.54 2.64 3.50 0.00 9.87 1.40 5.05 p = 0.616
Male 50 3.88 2.90 3.74 0.00 11.18 1.97 5.36

D2
Female 50 3.00 2.12 3.04 0.00 8.04 1.62 4.20 p = 0.565
Male 50 3.22 2.57 3.42 0.00 9.79 0.66 5.03

D3
Female 50 2.44 1.83 2.14 0.00 6.51 1.06 3.50 p = 0.691
Male 50 2.74 2.31 2.82 0.00 8.64 0.78 4.06

I1
Female 50 5.53 2.40 5.61 0.00 10.10 4.18 7.52 p = 0.11
Male 50 6.52 2.80 6.50 0.00 12.80 4.95 8.02

I2
Female 50 4.14 2.09 3.94 0.00 8.01 2.51 5.91 p = 0.012

*
Male 50 5.34 2.10 5.17 1.05 10.60 3.98 6.69

I3
Female 50 2.86 1.74 2.84 0.00 7.21 1.26 3.99 p = 0.003

*
Male 50 4.06 1.94 3.86 0.48 8.22 2.58 5.28

p—Mann–Whitney test, SD—standard deviation, Q1—lower quartile, Q3—upper quartile. * statistically significant
(p < 0.05).
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Figure 5. Graphic presentation of the correlation between the bone thickness and sex of the patients.

3.6. Correlation with Palatal Height Index

A significant and negative correlation between bone thickness and modified palatal
height index was found in the case of points M1, D1, and D2 (Table 11, Figure 6). Never-
theless, it can be observed that bone depth tends to decrease with the increase of modified
palatal index when areas buccal to the first molars are analyzed, and increase when inter-
dental area is taken into consideration.

Figure 6. Correlation between the bone thickness and modified palatal height index.
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Table 11. Correlation between the bone thickness and palatal height index.

Parameter
Modified Palatal Height Index

Spearman’s Correlation Coefficient

M1 (mm) r = −0.113, p = 0.264
M2 (mm) r = −0.206, p = 0.04 *
M3 (mm) r = −0.151, p = 0.134
D1 (mm) r = −0.208, p = 0.038 *
D2 (mm) r = −0.249, p = 0.012 *
D3 (mm) r = −0.184, p = 0.066
I1 (mm) r = 0.091, p = 0.369
I2 (mm) r = 0.175, p = 0.081
I3 (mm) r = 0.147, p = 0.146

* statistically significant (p < 0.05).

4. Discussion

The area of the IZC is considered a safe zone for mini-screw placement, as this region
is devoid of nerves, major blood vessels, or teeth [9]. Moreover, adequate bone density
provides good primary stability, making IZC a valuable source of anchorage. Neverthe-
less, the close proximity of the maxillary sinus and the risk of Schneiderian membrane
perforation, whose integration is vital for undisturbed sinus function [14], involves the
need to accomplish the implantation procedure in a precise manner. As stated in the
literature, when an implant invades the maxillary sinus less than 2 mm, the Schneiderian
membrane is elevated and new bone is formed in this region. In the case of deeper insertion,
the maxillary membrane becomes perforated, which may promote the development of
sinusitis [15].

Theoretically, to obtain sufficient stability of the IZC mini-screw a minimum bone
thickness of 6 mm is required [7]. Liou et al. report that the mean bone depth measured
in Taiwan patients at the level of the mesial root of the first maxillary molar, 14 mm
above the occlusal plane, at the insertion angle of 70◦ was 8 mm. According to our study,
mean bone thickness at the same point and angle of insertion was 2.54 ± 2.42 mm, which
implies much poorer conditions for implantation. Matias et al. conducted a study on
Brazilian patients to identify the optimal areas for extra-alveolar mini-screws of patients
with different facial patterns [16]. There was no significant difference in the case of IZC
bone thickness among groups, but the mean bone depth at the level of the distal root of
the first maxillary molar 13 mm above the occlusal plane and with the insertion angle of
70◦ ranged from 7.11 ± 1.95 mm in dolichofacial patients to 7.51 ± 2.16 mm in brachyfacial
patients, which gives much higher results when compared to analogical measurements
performed in our study (3.71 ± 2.76 mm at the height of 12 mm and 3.11 ± 2.35 mm at
the height of 14 mm). Values obtained at the level of interproximal contact of the first and
second maxillary molars in another Brazilian study (7.3 ± 3.0 mm) also surpass our results
(6.03 ± 2.64 mm) [17]. Nevertheless, to confirm that the mean bone thickness of the IZC in
Caucasian patients is lower when compared to the non-Caucasian population, multicenter
studies in a much larger group of patients are needed.

The most favorable conditions for IZC mini-screws placement were found at the level
of interdental space between the first and the second molar, where bone depth ranged from
3.46 ± 1.93 mm at the point I3 to 6.03 ± 2.64 mm at I1. The thinnest bone was identified at
the area of the mesial root of the first molar (from 2.42 mm to 2.54 mm), which indicates
that bone thickness increases from front to back. A study conducted by Amri et al. [18] on
Arabian patients, according to which mean bone depth at the level of the mesial root of the
first molar with an insertion angle of 70◦ was 3.90 mm, confirmed our conclusion that the
available bone in this area is insufficient and the risk of sinus injury could be high.

According to Matias et al., mean bone depth tends to decrease with an increase in the
distance from the occlusal plane (an increase of 2 mm in height was connected with a 2 mm
decrease in the bone thickness) [16]. Although the results of our study seem to be in line
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with the abovementioned theory, the decrease in bone depth with growing vertical distance
from the occlusal plane is not so notable. The mean difference in bone depth between the
insertion point at the height of 12 mm and 16 mm is 0.8 mm in the case of the area of the
mesial root of the first molar, 1.12 mm at the area of the distal root of the first molar, and
2.57 mm in the interdental space.

Results of our study indicate the presence of a significant and negative correlation
between the age of the patients and bone thickness buccally to the first molar. Similar
correspondence can be also observed in the case of interdental point of insertion, but the
results are not statistically significant. Only a few studies assessed age dependency. Amri
et al. [18] did not notice age dependency in the case of insertion site between the first and
the second molar among patients aged 18 to 42 years.

Considering differences in bone thickness among sexes, bigger values were observed
in the case of male patients, but the only significant differences were found in the I2 and I3
measurements. Similarly, Santos et al. [19] and Amri et al. [18] did not find any differences
in the bone thickness buccally to the distal and mesial root of the maxillary first molar
respectively, comparing sexes.

Since there are studies where some correlation between facial pattern and bone avail-
ability at the IZC area has been found [20], the aim of our study was also to observe
dependency between the shape of the maxilla, expressed as a modified palatal index, and
the structure of the IZC region. Although it needs to be emphasized that significant results
were obtained only in the case of M2, D1, and D2 points, the bone thickness buccally to the
first molar tends to decrease with the increase of modified palatal height index. Interest-
ingly, the bone depth In the interdental space tends to grow slightly with the increase of the
modified palatal height index. To conclude, a narrow or high maxilla might be associated
with a thin buccal bone plate in the area of the first molar and superior implantation condi-
tions between the first and second molar. A study by Tavares et al. partially supports our
results [17]. They found that bone thickness between the first and the second molar was
greater in dolichofacial patients when compared to meso- and brachyfacial individuals. On
the other hand, Matias et al., in a similar study, did not observe significant differences in the
IZC thickness among groups [16]. Inconsistencies in the above-mentioned investigations
may result from the different methods of classification of patients to brachy-meso- and
dolichofacial groups (based on the angle between SN and Go-Gn line or VERT index). It
should be also accentuated that the above-mentioned measurements might be strongly
affected by the morphology of the mandible. Consequently, the palatal index used in our
study may provide more uninfluenced information regarding spatial conditions for the
implantation of mini-screws.

Considering the practical implications of the abovementioned research, it can be stated
that in Polish patients, the mean bone depth at the area of infrazygomatic ridge rarely
reaches a minimum recommended value of 6 mm. Surprisingly, our clinical experience
indicates a relatively good incidence of IZC mini-screws survival, even in the absence of
bone of sufficient thickness (Figure 7 presents a CBCT scan of IZC mini-screw application
in the case of small bone depth).

Some authors attribute this high success rate to the penetration through two cortical
layers, which guarantees more than 1 mm of the cortical bone and improves the primary
stability of mini-implants [5,7]. Nonetheless, insufficient bone depth might be attributed to
the increased risk of maxillary sinus membrane rupture. As stated in the literature, sinus
invasion during IZC mini-screws placement is relatively common. Although according to
the Chinese study, 78% of mini-implants penetrated into the maxillary sinus [5], irritation
of the Schneiderian membrane measured as the increase in its thickness was significant
only when mini-implants penetrated into the sinus deeper than 1 mm. Minor, uncompli-
cated injuries of the maxillary sinus by miniscrews may regenerate spontaneously and
orthodontic treatment interruption and mini-implant removal are not recommended [8,21].
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Figure 7. IZC mini-screw with an insertion depth of 1.5 mm, successfully used for the dystalization
in the upper arch.

Although the findings of this study shed some light on IZC mini-screw placement,
they have to be seen in light of certain limitations. One of them is the limited sample size
coming from one center, so the results of the present research should not be extrapolated to
the entire Polish population. Another limitation concerns the 380 μm voxel size—a smaller
voxel size might provide even more precise measurements.

5. Conclusions

Considering sagittal and vertical dimensions, the most satisfactory conditions for
IZC mini-screws placement were localized at the level of interdental space between the
first and second molar, 12 mm above the occlusal plane, where mean bone depth reached
6.03 ± 2.64 mm. The thinnest bone depth was localized at the level of the mesial root of
the first molar, 16 mm above the occlusal plane (2.42 ± 2.16). There was a significant and
negative correlation between bone thickness and age in the case of measurements taken
buccally to the first molar. Due to the fact that individual variation in the growth and
development of the maxilla and maxillary sinus may affect the anatomy of the IZC area,
CBCT scan analysis should be considered prior to the mini-screw implantation procedure.
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Abstract: This study aimed to investigate the efficacy of torque movement and the incidence of
root resorption in the maxillary and mandibular teeth with clear aligner therapy using cone-beam
computed tomography. The sagittal root positions, the faciolingual inclinations, and the root lengths
of 672 teeth, from central incisors to first molars for each arch, were measured and compared on
virtual cross sections from pre-treatment and post-treatment cone-beam computed tomography of
28 patients who received comprehensive orthodontic treatment with clear aligners. An improvement
of root position was found in incisors, canines, and premolars of the upper and lower arches: over
78% of their root was centered in the alveolus at the end of orthodontic treatment. There was a
statistically significant torque increase for incisors, canines, and first premolars at the end of therapy.
The most considerable torque changes were achieved in incisors and canines, while the lowest was in
posterior teeth. The maxillary and mandibular central incisors achieved 3.26 ± 1.95◦ and 2.97 ± 2.53◦

of mean torque increase, respectively. The root length loss was greater in the upper and lower central
incisors. All teeth showed mild resorption (<10%) except for two upper lateral incisors, which showed
moderate resorption (10.79% and 10.23%). Comprehensive treatment with clear aligners improved
sagittal root position and increased torque, especially in the anterior teeth. Most teeth showed mild
resorption after clear aligner therapy, and only two showed moderate resorption.

Keywords: 3D; artificial intelligence and health; CBCT; digital health; emerging technologies

1. Introduction

Clear aligner therapy, consisting of customized, removable appliances, has been
widely used in clinical practice as a more aesthetic and comfortable alternative to
multibracket appliances.

In the beginning, the aligners were limited only to mild malocclusions, such as anterior
crowding, or to periodontal patients; through the years, thanks to advances in technology
and clinical trials, clear aligners have effectively performed major tooth movements, e.g.
premolar derotation as well as molar distalization [1]. Despite the predictability of the
treatment, its clinical potency remains debatable; opponents have remarked on the need
to require mid-course correction or case refinement, especially when treating complex
malocclusions, whereas advocates have remained convinced of successful outcomes at the
end of the therapy [2].

Compared with our early ancestors, the modern human face reveals a characteristic
spatial distribution of bone deposition and resorption. In humans, the anterior portions of
the maxilla and mandible’s sub-nasal region are more susceptible to surface resorption dur-
ing development [3,4]. Furthermore, in the sagittal projection of X-ray examinations, clini-
cians commonly find that the roots of teeth, especially in the anterior region, are positioned
against the labial cortical plate. Therefore, it is fundamental to manage the radicular torque
and the root position relative to the orofacial cortical plates during orthodontic treatment.

In fixed orthodontic therapy, torque expression depends on several factors: bracket
prescription and material (metal or ceramic brackets), inter bracket distance, the vertical

Appl. Sci. 2023, 13, 1540. https://doi.org/10.3390/app13031540 https://www.mdpi.com/journal/applsci49



Appl. Sci. 2023, 13, 1540

position of the bracket, tooth morphology, and mode of ligation, as well as size and quality
of the wire [5]. Studies have reported that slot-arch wire interaction may not produce
the 3D control required to express acceptable 3rd-order movement [6,7]. On the contrary,
aligners offer customized prescriptions with none of the disadvantages related to bracket
design and positioning or tooth morphology, thanks to peculiar features in the cervical
region of the clear aligner, such as power ridges.

One of the side effects that can occur during orthodontic treatment is external apical
root resorption (EARR). There are few studies on EARR with clear aligners, and their
conclusions still need to be made more public [8]. Most studies suggested that the incidence
and severity of EARR with clear aligners were lower than those with fixed appliances [9,10],
whereas other research [11] found no significant differences between them. Intermittent
force, light force, and shorter treatment duration may be reasons for the minimal EARR
with clear aligners [8].

Most previous studies used panoramic or periapical radiographs to evaluate EARR,
which may cause distortion and overestimate or underestimate the extent of resorption. In
recent studies, cone-beam computed tomography (CBCT) has overcome these shortcom-
ings and improved the accuracy of measuring root length [12,13]. CBCT data are highly
reproducible [14] and offer excellent sensitivity and specificity [15].

Consequently, this retrospective study aimed to evaluate, by CBCT, the efficacy of
torque movement on the upper and lower teeth during clear aligner treatment, and to
investigate the incidence and severity of EARR.

2. Materials and Methods

The study group included 672 teeth from 28 subjects (17 females and 11 males) treated
with clear aligners between April 2017 and January 2022 in the Department of Innovative
Technologies in Medicine & Dentistry at “G. d’Annunzio” University of Chieti-Pescara.
Ethics approval (number 23) was obtained by the hospital’s Independent Ethics Committee
of Chieti. The study protocol was drawn following the European Union Good Practice
Rules, and the Helsinki Declaration.

The patients’ ages are between 18 and 38 years, with an average of 27 years and
6 months. The treatment did not require extractions but did require the dentoalveolar
expansion of the maxillary arch to resolve crowding and allow spontaneous mandibular
advancement. All subjects requested more than 14 aligners for the arch (comprehensive
treatment). Each aligner was changed every 14 days and was worn at least 22 h/day; the
average duration of treatment was 25 months.

All subjects met the following inclusion criteria: (1) growth was completed; (2) suffi-
cient height of clinical crown; (3) non-extraction therapy in which the presence of crowding
can be managed with protrusion/proclination, expansion, and inter-proximal reduction
(IPR); (4) good compliance during treatment; and (5) anti-tightening therapy and physio-
therapy with stretching and strengthening exercises of the paravertebral muscles before
starting orthodontic therapy.

The exclusion criteria were as follows: (1) systematic disease or drug-taking history
affecting tooth movement; (2) orofacial malformation syndromes; (3) periodontal disease;
(4) missing teeth (except for third molars); (5) extraction cases; (6) auxiliary treatment
during arch expansion stage such as crossbite elastics; (7) surgical case; and (8) previous
orthodontic treatment.

At the first visit (T0), records for each participant were collected, consisting of the
following: (1) general and dental anamnesis; (2) extraoral and intraoral orthodontic clinical
examination; (3) gnathological clinical examination; and (4) visual analogue scale (VAS)
and muscular palpation to estimate the pain intensity ratio on patient’s face and neck [16].

Each patient underwent a CBCT scan using Planmeca Promax® 3D MID unit (Plan-
meca Oy, Helsinki, Finland) according to the low dose protocol with these parameters:
acquisition time of 15 s, 80 kVp, 5 mA, 35 microSievert (μSv), the field of view (FOV) of
240 × 190 mm, and normal image resolution [17]. The patient’s CBCT was performed
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with the head oriented according to the Natural Head Position (NHP); the patient was in
a sitting position with the back perpendicular to the floor as much as possible. The head
was stabilized with ear rods in the external auditory meatus. The patient was instructed
to look into their eyes in a mirror 1.5 m in front of them to obtain NHP. The NHP is a
physiological and reproducible posture defined for the morphological analysis described
in the orthodontic and anthropological literature [18]. Each subject was informed about the
radiographic procedure and required to avoid movement and keep centric occlusion with
the lip in light contact.

After X-ray scanning, DICOM (Digital Imaging and Communications in Medicine)
image files were processed by Dolphin Imaging 3D software (Dolphin Imaging & Man-
agement Solutions, Chatsworth, CA) for storage and interpretation. Establishing a pre-
defined patient’s head orientation is necessary to obtain a predictable and repeatable
three-dimensional (3D) analysis. The skull image was oriented according to NHP in the
three planes of space perpendicular to each other, as shown in previous studies [19]: the
transverse plane coincides with the Frankfurt plane (FH), a plane passing through two
points: Orbital (Or) and Porion (Po); the sagittal plane coincides with the mid-sagittal
plane (MSP), a plane perpendicular to the FH plane and passing through two points: Crista
Galli (Cg) and Basion (Ba); the coronal plane coincides with the anteroposterior (PO) plane,
perpendicular to the FH and MSP, passing through the right and left portion.

After the orientation of the head, the virtual 2D radiograms were extracted in the
following sequence:

Lateral teleradiography, on which the cephalometric analysis, according to McLaugh-
lin, is performed

- orthopantomography,
- TMJ stratigraphy,
- cross sections,
- posteroanterior teleradiography,
- superior and inferior submento-vertex
- virtual reconstruction of right and left masseter muscles.

Subsequently, extraoral photos (patient’s face in frontal, in the right, and left side
views) and intraoral photos (frontal, right, and left lateral photos, and upper and lower
occlusal photos) were performed, and the dental arches were scanned using an intraoral
scanner, which allows detecting details with an accuracy up to 7 μm.

The virtual setup for each subject was planned, and aligners were manufactured.
At the end of clear aligner therapy (T1), extraoral and intraoral photos, pain assess-

ments (through VAS and muscular palpation), and a CBCT scan were taken for each patient,
and 2D virtual radiograms were obtained, as previously described.

For each upper and lower tooth, from right to left, the first molar, the changes in root
position, torque, and root length were evaluated by analyzing the cross sections at the start
(T0) and the end (T1) of the treatment.

Table 1 shows the number of measurements for the type of tooth of each arch taken
into consideration in this study.

Table 1. Number of measurements for type of tooth in each arch.

Tooth
Measurements T0

(n◦)
Measurements T1

(n◦)
Tot. Measurements

(n◦)

Central incisor 56 56 112
Lateral incisor 56 56 112

Canine 56 56 112
First premolar 56 56 112

Second premolar 56 56 112
First molar 56 56 112

From central incisor
to first molar 336 336 672
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The effectiveness of movement, that is, the evaluation of the sagittal root position in
the alveolar bone, was performed by comparing pre-treatment and post-treatment root
positions relative to the orofacial cortical plates in the cross sections at T0 and T1 stages.

The sagittal root position was qualitatively evaluated in the midsagittal view according
to the rating scale reported by Kan et al. [20] and modified by Aman et al. [21] (Figure 1):
In class I, the root is positioned against the labial cortical plate (A); in Class II, the root
is centred in the middle of the alveolar housing without engaging either the labial or the
palatal cortical plates at the apical third of the root (B); Class III, the root is positioned
against the palatal cortical plate (C); Class IV, at least two-thirds of the root is engaging
both the labial and palatal cortical plates (D); and Class V, the root is positioned outside the
labial cortical plate (E).

 
Figure 1. Classification of root position relative to cortical plates according to Aman: (A), Class I: the
root is positioned against the labial cortical plate. (B), Class II: the root is centered in the alveolar
housing without engaging the labial or palatal cortical plate at the apical third of the root. (C), Class
III: the root is positioned against the palatal cortical plate. (D), Class IV: at least two-thirds of the root
engages the labial and palatal cortical plates. (E), Class V: the root is positioned outside the labial
cortical plate.

Pre-treatment and post-treatment faciolingual inclinations, that is, torque, of each
upper and lower tooth from right to left first molar, were measured as the angle formed by
the projection of the tooth’s long axis on the faciolingual plane and the line of intersection
between the faciolingual and mesiodistal planes by the University of Southern California
(USC) root vector analysis software program [22] (Figure 2).

If the root center were lingual to the crown center, the torque measurement would be
positive; otherwise, it would be negative. The custom USC root vector analysis program
uses algorithms to calculate the torque values for all teeth automatically [22]. Subsequently,
we reported the torque data in an Excel spreadsheet (version 2019; Microsoft, Redmond,
Wash). The difference between pre-treatment and post-treatment torque values for each
tooth and the percentage of torque variation were calculated using an Excel spreadsheet.

Additionally, we analyzed the presence of external apical root resorption (EARR). The
root length was measured by Dolphin software as the perpendicular distance between
the most apical point of the tooth and the reference line at the cementoenamel junction,
according to the studies reported by Aman et al. [21] and Jiang et al. [2] (Figure 3).

EARR was defined as a root length loss (mm) between T0 and T1 stages, and the
percentage of EARR was calculated as (root length loss/original root length) × 100% using
an Excel spreadsheet. The severity of EARR was divided into the following three degrees
according to the percentage of EARR: mild (<10%), moderate (10–20%), and severe (>20%).

Two blinded observers, previously instructed to use Dolphin Imaging 3D software,
measured the torque and root length values. All measurements were repeated for 10% of
the sample after 4 weeks.
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Figure 2. Measurements of torque using root vector analysis software program.

 

Figure 3. Measurements of the root length of the right central incisor on the cross sections: (A), pre-
treatment; (B), post-treatment. This tooth shows a slight root resorption of 0.5 mm, equal to 3.7% of
the initial root length.
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The torque and root length values before and after therapy were subjected to statistical
analysis to establish whether torque and root length changes are attributable to orthodontic
therapy with clear aligners.

Intraclass correlation coefficients (ICCs) were used to estimate intra-rater and inter-
rater reliabilities.

Statistical analyses were performed using Microsoft Excel (version 2019; Microsoft,
Redmond, Wash) and StatPlus (AnalystSoft Inc., Walnut, CA, USA). A paired t-test was
selected to compare torque and root length variations before and after therapy. The level of
significance was set at 5%.

3. Results

The study analyzed 672 teeth of the upper and lower arches before and after therapy
from 28 patients treated with clear aligners.

The ICC tests showed high intra-rater (0.9886 and 0.9883 for torque, 0.9839 and 0.9845
for root length) and inter-rater reliabilities (0.9884 for torque and 0.9880 for root length).

To evaluate the changes in sagittal root positions relative to the orofacial cortical plates,
the positions of the roots at the T0 and T1 stages were compared on the cross sections using
the classification proposed by Kan et al. [20] and modified by Aman et al. [21].

In the upper and lower arches, no roots were found positioned against the palatal
cortical plate or both cortical plates at either T0 or T1 stages.

As regards the upper arch (Figure 4), an improvement in root position has been noticed,
especially in the anterior sectors.

Figure 4. Percentage of sagittal root positions before and after therapy in the upper arch.

The central incisors achieved more significant progress. Indeed, all roots were correctly
positioned at the end of treatment; the canines showed lower effectiveness since 22% of
their roots remained against the labial cortical plate at T1. For the lateral incisors and first
premolars, all roots were in Class II al T1, except for only 6% positioned against the buccal
cortical plate.
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In the second bicuspid, 19% of their roots in class I at T0 were centered in the alveolus
at T1. In the first molars, 6% of roots in contact with the labial cortical plate at T0 were
found in class II at T1, so 100% of their roots were in the center of the alveolus at the end
of therapy.

The aligners satisfactorily managed the roots of the incisors, canines, and first premo-
lars positioned outside the labial cortical plate at T0.

In the mandibular arch (Figure 5), the management of root position was better in the
central incisors (from 22% in class II at T0 to 84% in class II at T1). However, 16% of the
roots remained against the buccal cortical plate at the end of the therapy.

Figure 5. Percentage of sagittal root positions before and after therapy in the lower arch.

Regarding the lateral incisors and canines, 81% of the roots were centered in the
alveolus at T1, although 19% remained in contact with the labial cortical plate.

The mandibular bicuspids and molars achieved a correct root position at the end of
treatment: 91% of the first premolars and 100% of the roots of the second premolars and
first molars were positioned between the two cortical plates. We can notice that the initial
root position was better in the posterior than in the anterior teeth.

In the lower arch, no roots were found positioned outside the buccal cortical plate
at T1.

By comparing Figures 4 and 5, the control of root position after clear aligner therapy
was more effective in the upper arch, especially in the anterior sectors.

Subsequently, the torque values before and after therapy were evaluated and compared.
Table 2 illustrates the torque variation of the upper teeth due to the orthodontic

treatment. At the end of therapy, the highest mean torque changes were achieved in the
incisors, while the lowest mean torque changes were in the posterior teeth.
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Table 2. Torque variations and paired t-test in the upper teeth (α = 0.05).

Tooth
Torque

Variation (◦)
(Mean ± SD)

Range (◦)
Torque

Variation (%)
(Mean ± SD)

Range (%) Tp
Confidence

Interval
p-Value

Central incisor 3.26 ± 1.95 9.50–0.10 22.82 ± 12.62 66.66–1.20 12.49 3.78–2.74 *
Lateral incisor 2.57 ± 1.86 7.50–0.40 17.74 ± 9.09 48.68–7.03 10.31 3.07–2.07 *

Canine 1.53 ± 0.89 3.90–0 14.38 ± 6.52 32.05–0 12.84 1.77–1.29 *
First premolar 0.53 ± 0.36 1.10–0 8.59 ± 6.27 20.75–0 8.24 0.65–0.39 *

Second premolar 0.02 ± 0.07 0.20–−0.20 0.25 ± 0.91 2.74–−2.70 1.53 0.04–0 NS
First molar 0.01 ± 0.05 0.10–−0.20 0.15 ± 0.73 1.49–−2.70 1.28 0.03–0 NS

SD indicates standard deviation; and NS is not significant. * p < 0.05.

The torque increase was less noticeable in the lateral incisors and canines than in the
central incisors. The mean percentage of torque increment varied from 0.15 ± 0.73% in
the first molars to 22.82 ± 12.62% in the central incisors. This appears to agree with the
variations of the root positions at T1 (Figure 4).

In the mandibular arch, the torque variations were the greatest in the central incisors,
decreased in the lateral incisors and canines, and were minimal in the premolars and
molars, as shown in Table 3.

Table 3. Torque variations and paired t-test in the lower teeth (α = 0.05).

Tooth
Torque

Variation (◦)
(Mean ± SD)

Range (◦)
Torque

Variation (%)
(Mean ± SD)

Range (%) Tp
Confidence

Interval
p-Value

Central incisor 2.97 ± 2.53 9.00–0.20 22.63 ± 11.58 67.92–3.17 8.78 3.65–2.29 *
Lateral incisor 2.07 ± 2.16 8.10–0 12.95 ± 11.09 54.69–0 7.15 2.65–1.49 *

Canine 0.94 ± 0.95 3.40–0 7.82 ± 8.16 33.33–0 7.43 1.19–0.69 *
First premolar 0.18 ± 0.13 0.50–0 1.92 ± 1.67 6.25–0 7.67 0.26–0.13 *

Second premolar 0.02 ± 0.07 0.10–−0.20 0.18 ± 0.79 1.41–−2.47 1.31 0.04–0 NS
First molar 0.02 ± 0.06 0.10–−0.10 0.21 ± 0.84 1.30–−1.43 1.65 0.04–0 NS

SD indicates standard deviation; and NS is not significant. * p < 0.05.

The mean increase among mandibular teeth varied between 2.97 ± 2.53◦ (central
incisors) and 0.02 ± 0.07◦/0.02 ± 0.06◦ (second premolars/first molars).

Overall, the torque increase in the lower arch was less than in the upper arch, decreas-
ing from the anterior to posterior sectors.

The results of the paired t-test are shown in Tables 2 and 3 for the maxillary and
mandibular arches, respectively. In each arch, there was a statistically significant torque
increase for the incisors, canines, and first premolars at the end of therapy.

Tables 4 and 5 summarize the differences between the maxillary and mandibular
arches’ initial and final root lengths.

Table 4. Root length changes and paired t-test in the upper arch (α = 0.05).

Tooth
Changes in Root

Length (mm)
(Mean ± SD)

Range (mm)
Changes in Root

Length (%)
(Mean ± SD)

Range (%) Tp
Confidence

Interval
p-Value

Central incisor −0.43 ± 0.27 −1.10–0.10 −3.27 ± 2.07 −8.53–0.76 8.92 0.53–0.33 *
Lateral incisor −0.53 ± 0.38 −1.50–0.10 −4.03 ± 2.82 −10.79–0.78 7.88 0.66–0.39 *

Canine −0.14 ± 0.13 −0.60–0 −0.83 ± 0.75 −3.57–0 6.28 0.19–0.09 *
First premolar −0.08 ± 0.66 −0.30–0 −0.56 ± 0.42 −2.20–0 8.31 0.11–0.10 *

Second premolar −0.003 ± 0.02 −0.10–0 −0.02 ± 0.13 −0.70–0 1 0.004–0 NS
First molar −0.003 ± 0.01 −0.10–0 −0.02 ± 0.12 −0.68–0 1 0.004–0 NS

SD indicates standard deviation; and NS, is not significant. * p < 0.05.
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Table 5. Root length changes and paired t-test in the lower arch (α = 0.05).

Tooth
Changes in Root

Length (mm)
(Mean ± SD)

Range (mm)
Changes in Root

Length (%)
(Mean ± SD)

Range (%) Tp
Confidence

Interval
p-Value

Central incisor −0.20 ± 0.28 −0.80–0 −1.58 ± 1.77 −6.20–0 4.98 0.28–0.12 *
Lateral incisor −0.09 ± 0.11 −0.50–0 −0.67 ± 0.79 −3.60–0 4.71 0.13–0.05 *

Canine −0.08 ± 0.07 −0.20–0 −0.50 ± 0.41 −1.31–0 6.70 0.10–0.05 *
First premolar −0.003 ± 0.01 −0.10–0 −0.02 ± 0.13 −0.71–0 1 0.004–0 NS

Second premolar −0.003 ± 0.02 −0.10–0 −0.02 ± 0.13 −0.75–0 1 0.004–0 NS
First molar −0.003 ± 0.02 −0.10–0 −0.03 ± 0.14 −0.80–0 1 0.004–0 NS

SD indicates standard deviation; and NS is not significant. * p < 0.05.

In the upper arch, the most significant mean root reduction was detected in the lateral
incisors (−0.53 ± 0.38 mm), followed by the central incisors (−0.43 ± 0.27 mm) and canines
(−0.14 ± 0.13 mm). The root length changes were minimal on the first premolars, while
they were negligible for the second premolars and first molars.

According to the severity of EARR, all upper teeth showed mild resorption (<10%),
except for two upper lateral incisors, which have undergone moderate resorption (10.79%
and 10.23%).

As regards the lower arch, the root length loss was more significant in the central
incisors, and then decreased in the lateral incisors and canines and became negligible for
the premolars and first molars.

The mean absolute reduction in the mandibular arch varied from 0.003 ± 0.02 mm
(second premolar and first molar) to 0.20 ± 0.28 mm (central incisor).

Neither moderate nor severe resorption was found in any lower tooth, which showed
a resorption below 6.20%.

The root length decrease was statistically significant on the maxillary incisors, canines,
first premolars (Table 4), and mandibular incisors and canines (Table 5).

4. Disscussion

This research aimed to study the efficacy of clear aligners regarding root movement
by evaluating the torque before and after treatment and verifying whether the torque
variations led to root resorption.

One of the significant challenges for clear aligners is controlling root movement,
including the labiolingual inclination, which is more effective in the upper arch than in
the lower one. This may suggest that the inter-proximal enamel reduction is a reasonable
solution to resolve lower crowding and preserve the roots’ integrity.

The torque variation was, as previously reported, higher and statistically significant in
the upper and lower incisors: in these teeth, the mean torque variation was more important
than 2◦.

The torque increase in the canines was lower than in the incisors: it can be explained
by their position at the curvature of the dental arch, which does not allow them to receive
optimal force. Moreover, the mechanical efficiency for delivering effective buccally directed
force by the aligner decreases from anterior to posterior sectors [23], which is mainly
related to more complex root anatomy, thicker cortical plate, higher mastication loading,
and greater soft tissue resistance from the cheeks in the posterior region [24].

In literature, the outcomes regarding the torque variation appear to be discordant:
this is due to methodological heterogeneity. Some studies analyzed torque without plan-
ning for optimized attachments, auxiliaries, or power ridges [25]; others used different
materials, even materials no longer used today [1]. Different material properties and
aligner production processes affect the force levels and, thus, the predictability of tooth
movements [26].
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Although clear aligners seem to meet all the criteria of an ideal orthodontic appliance,
some biomechanical limits have yet to be overcome [27]. The predictability of tooth
movement widely depends on different types of the tooth, dental movement, and arch.

The aligners show the same biomechanical principles as other orthodontic appliances,
but the material properties of clear aligners are probably responsible for their weak accuracy
in applying torque. Indeed, an aligner’s gingival margin is elastic, which would have
difficulty controlling forces applied in this region [28]. To overcome this limit, some
manufacturers have introduced power ridges, which generate a more significant moment
than attachments, as described by Castroflorio et al. [29]: this represents a valid alternative
for accurate root torque control, especially on the incisors.

Therefore, the aligners with power ridges may determine a better expression of the
torque than can be achieved compared to the multibracket appliances, at least in some
prescriptions; moreover, in fixed therapy, Morina et al. [30] showed that various 0.022”
self-ligating and conventional brackets on the upper incisors lost an average 10◦ of torque,
known as the so-called “torque play,” after the insertion of 0.019” × 0.025” arch wires.

Previous studies [31,32] proved that a clear aligner could produce clinically acceptable
results compared to conventional and self-ligating brackets. No statistically significant
differences were seen among the three mechanotherapy.

The possibility of managing root movement may help us to correctly plan for the
position of the roots within the cortical plates. Only today, the virtual setups have displayed
only the coronal changes rather than the radicular ones, which does not accurately reflect
the patient’s final occlusion.

In addition, there are studies [1] which evaluated the torque only on a small number
of aligners and, for this reason, concluded that a greater number of aligners or a torque
overcorrection should be required to achieve the desired dental movements. In the present
research, the refinements and power ridges have also been included.

It is essential to underline those previous studies concerning torque changes and root
resorptions that limited their interest only to the anterior teeth of the upper arch. In the
current study, the torque variation and root length loss have been evaluated for both the
upper and lower teeth, from incisors to molars.

The subjects selected for this study were adults between 18 and 38 years old. There-
fore, the influence of bone metabolism on the movement of teeth during puberty and
perimenopause was eliminated.

In our study, comprehensive treatment with clear aligners has led to mild root resorp-
tions; indeed, only two upper lateral incisors showed moderate resorption.

The difference in root length between before and after therapy was found to be
statistically significant for all upper and lower anterior teeth; in the posterior sectors, on
the other hand, there was no significant root length loss, and this appears to agree with the
small variations of root position in the second premolars and molars between before and
after therapy.

Data from the literature agree with those found in the current study, which extended
its evaluation to the lower arch and the posterior teeth. Liu et al. [33] noticed that most
incisors of their sample showed mild or moderate resorption, and only a small percentage
(0.625%) underwent severe resorption.

The current study investigated only patients who received a non-extraction treatment;
the incidence of EARR was lower in non-extraction than in extraction cases due to the large
dental movement and reduction in overjet when closing extraction spaces [34].

Crowding is another risk factor for EARR, with the percentage of root length change
in mild crowding significantly lower than in severe crowding.

Root resorption was more related to intrusive and extrusive forces; vertical movement,
especially of the anterior teeth, produced greater stress at the root apex [35].

Consequently, the orthodontist should pay attention to the initial torque and tooth
movement during the elaboration of the treatment plan.

Regarding the treatment duration, whether this could be a risk factor remains controversial.
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In the current study, although the average duration of treatment was 25 months, we
found mild root resorption. This can be explained by the intermittent and light force in clear
aligner therapy, and by pauses in treatment. At the same time, refinements to a patient’s
unique prescription are being made, providing the potential for cementum healing [36].
Consequently, the period between therapy initiation and termination does not represent
the active treatment duration.

According to the literature, the prevalence of severe resorption with multibracket
appliances is higher than in clear aligners [9–37]; fortunately, the long-term survival of
teeth with severe root resorption appears to be good.

Regarding the instrumental examination, we used CBCT scan with the low dose
protocol because panoramic and periapical radiographs tend to underestimate the finding
of root resorption by more than 20% compared to CBCT [38]; indeed, CBCTs show high
sensitivity, specificity, and reproducibility.

In orthodontics, the 2D examinations, e.g. panoramic or lateral cephalometric radio-
graphs, lack all information required during diagnosis, treatment planning, and follow-up.
In contrast, CBCT scans provide detailed 3D images on skeletal tissue, root resorptions,
facial muscle measurement (e.g. masseter), TMJ morphology, and upper airway status.

To limit patient radiation exposure, low-dose CBCT protocols have been proposed. In
the current study, we used a low-dose CBCT with a value of the effective dose of 35 μSv [17],
considerably lower than that of traditional CBCT.

There is a need for clinical recommendations, guidelines, or position statements from
authoritative bodies regarding the use of the low-dose protocol in dentistry. The clinical
recommendations issued by the American Academy of Oral and Maxillofacial Radiology
(AAOMR) [39] in 2013 concern only high-dose CBCT. In addition, according to AAOMR, in
orthodontics, the recommendations are “neither rigid guidelines nor did they represent or
imply a standard of care”; therefore, the orthodontist evaluates the use of CBCT based on
clinical presentation considering the patient’s best interest. Recently, Yeung et al. [40] in their
review have underlined that the low-dose CBCT undoubtedly offers greater information
both at the beginning and end of the therapy in various dental medicine disciplines, such
as in orthodontics to evaluate impacted teeth or alveolar bone quantity and to assess TMJs,
in endodontics to detect root fractures, resorptions, and periapical bone loss, and in dental
surgery to plan implant insertion and to place temporary anchorage devices.

The current study was subjected to the following limitations. Firstly, we examined
only non-extraction treatment. In extraction cases, the management of torque during
closing extraction spaces is challenging for the orthodontist [41], and consequently, the
root length loss is higher. Secondly, we excluded the use of intermaxillary elastics, so
the incidence of EARR was underestimated in our study since the intermittent forces of
intermaxillary elastics could lead to greater root resorption. Lastly, we considered only
aligners produced by a single manufacturer, and aligner materials’ clinical performances
vary from manufacturer to manufacturer.

Future papers are suggested to establish whether the materials of other clear aligner
manufacturers show similar outcomes to those reported in the present study.

We found, within study limitations, an improvement of sagittal root position and a
significant increase in torque in the upper and lower incisors, canines, and first premolars,
as well as the highest mean torque changes in anterior teeth. Moreover, these torque
increases led to no severe root resorptions, and we observed mainly mild root resorptions
following clear aligner treatment.

Therefore, compared to previous papers, our study extended the assessment of root
control management to all upper and lower teeth and demonstrated that the clear aligners
could enhance the torque in both arches without a substantial root length loss.

5. Conclusions

The introduction of clear aligner therapy offers an additional therapeutic tool for the
resolution of mild to moderate malocclusions, available for patients, especially adults, who
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are attentive to the aesthetics of their smile or who, for personal needs, require little visible
and non-altering phonation appliances. Furthermore, the removable aligners allow the
maintenance of a correct home and professional oral hygiene.

In the present study, aligners showed an improvement in sagittal root position and
torque, especially in the upper anterior region.

To manage the correct root position during clear aligner therapy, the orthodontist
should evaluate some factors, such as the staging (movement per aligner), the frequency of
aligner changing, the severity of malocclusion, the clinician’s experience, the morphology
and position of the attachments, and the use of auxiliaries, which could affect the success
of the treatment.

Regarding root resorption, most teeth showed mild resorption, and our findings agree
with the previous studies. It would be interesting to assess whether the type of attachments
used, and the specific tooth movements influence the amount of root resorption.

Finally, in daily practice, it would be desirable to utilize software that, by integrating
the three-dimensional data from CBCT, also allows a radicular virtual setup to control root
position and prevent apical root resorption and periodontal disease.
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Abstract: Atrophic edentulous mandible fractures are a challenge for maxillo-facial surgeons because
of low vascularization, low bone regeneration, and lack of occlusion. Whereas occlusion is the main
guide in the reduction of mandibular fractures, the aim of our study is to show the advantages of
using virtual surgical planning (VSP) in surgery when the occlusal guide is absent. This work is a
prospective study that shows the in-house digital workflow for the management of these fractures
in the Maxillo-Facial Surgery Unit of Federico II University Hospital of Naples. Four patients who
satisfied the criteria were included in the study. For each patient, the same defined CAD/CAM-based
was applied. The workflow followed four steps: (1) bone segmentation and virtual reduction of
fracture fragments; (2) three-dimensional printing of virtually reduced mandible and modelling of
2.4 reconstruction plate on printed resin model; (3) surgery aided by the pre-formed plate; (4) digital
and clinical outcomes analysis. In the last step, a distance colour map was conducted to compare the
virtual planning and postoperative CT outcome. In all cases, the discrepancies values between the
two images were lower than 1.5 mm, and good clinical outcomes in terms of facial symmetry, absence
of sensory disturbance, and possibility of prosthetic rehabilitation were obtained. In conclusion, the
VSP, with our in-house workflow brings benefits in the management of atrophic edentulous mandible
fractures in terms of the high accuracy of bone repositioning.
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1. Introduction

The incidence of fractures in atrophic edentulous mandibles has been reported to
range between 1% to 5% of all mandibular traumas; in elderly people, these fractures range
between 10.1% to 56% due to poor proprioception, weakness, and impaired reflexes, which
lead to a greater frequency of accidental falls. The indications to treat these fractures are
mainly based on the possibility to guarantee a good quality of life in terms of chewing,
swallowing, phonation, displacing of bone stumps, and the possibility of prosthetic reha-
bilitation [1]. Therefore, the goal of surgical treatment is to restore anatomical continuity
and facial symmetry to obtain valuable prosthetic rehabilitation. Open Reduction Internal
Fixation (ORIF) represents the most valuable approach [2–5], but the management of such
kinds of fractures is still a challenge for the technical difficulties and the comorbidities that
may afflict elderly patients.
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In such cases, the fragments’ anatomical reduction and fracture consolidation are
difficult to achieve due to bone atrophy which lowers bone regeneration and causes poor
vascularization regularly guaranteed by the periosteum. Thus, a load-bearing plate is
mandatory due to the decrease in bony volume and vascularization in these high-risk
patients. However, the lack of occlusions is the main problem in these fractures since occlu-
sions are the main guide for a stable reduction. Surgeons face difficulties in operating with
no references to align the bone stumps [6,7] in patients who lack dental elements. To solve
these difficulties, computer-assisted design (CAD) and computer-assisted manufacturing
(CAM) technology are increasingly used in clinical practice. The ability to virtually program
surgical procedures and transfer the planning to the operating room is now finding more
and more applications in maxillofacial surgery [8,9]. The main application fields of VSP
in maxillofacial surgery were orthognathic/malformation surgery, implant surgery, and
oncological-reconstructive surgery. The introduction of VSP into craniofacial traumatology
is certainly more recent and it has been mainly documented for complex fractures, espe-
cially for comminuted fractures, and in cases with fragments displacement. The efficacy of
the analogical procedure has been confirmed for orbital, zygomatic, and dentate mandible
fractures, but there is not sufficient evidence regarding fractures of edentulous atrophic
mandibles. Based on the previous evidence, CAD/CAM (or VSP) technologies could be
a support to the surgeon in the treatment of these complex fractures. Hence, the scope of
this paper is to present a new in-house digital workflow aimed to finalize a patient-specific
implant (PSI) as a reference for effective Open Reduction and Internal Fixation (ORIF) when
the occlusal guide is absent.

2. Materials and Methods

This work is a prospective study that shows the in-house digital workflow for the
management of complex fractures in atrophic edentulous mandibles. The study was
conducted in the period between October 2020 and March 2021 on patients admitted to
the Maxillo-Facial Surgery Unit of Federico II University Hospital in Naples. The study
met the criteria established by the Declaration of Helsinki and was approved by the Ethics
Committee of the Federico II University hospital of Naples with protocol number 373/19.
The patients enrolled in the study satisfied the following inclusion criteria:

• post-traumatic comminuted mandibular fractures verified with a CT scan within 12 h
from the trauma

• atrophic edentulous mandible
• unavailability of the patient’s personal dental prostheses that could guide the occlusion;

written informed consent to undergo the surgical procedure

Patients who met the following criteria were excluded:

• previous surgically treated mandibular fractures
• patients who have refused surgical treatment
• partial edentulism
• taking drugs that affect bone resorption

Among nine patients likely to be enrolled, only four patients satisfied the inclusion
criteria and were enrolled in the study; two patients presented partial edentulism but
enough to allow a fracture reduction based on the occlusion; one patient had tumour
pathologies and took bisphosphonates medications, causing a poor bone quality; one pa-
tient refused surgical treatment; one patient previously underwent surgical treatment for
mandibular neoplasia.

Among the four patients enrolled in the study, a computer-assisted digital workflow
was settled to perform the virtual reduction of the fractures and to finalize a patient specific
plate (PSP) to fix the mandible. For each patient, the same CAD/CAM based workflow
was applied as defined below:

(1) Digital Imaging and Communications in Medicine (DICOM) to Stereolythogra-
phy (STL) files: by using Materialize Mimics Medical 21.0 software (Technologielaan 15,
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3001 Leuven, Belgium) to perform the virtual reduction. The first step was to upload the
DICOM-Files to generate a 3D model of the patient. Then, the segmentation of bone frag-
ments was possible thanks to the New Mask tool. Generally, the range of bone threshold
was between 0–1250 HU. Once the first step was completed, a three-dimensional image
of the entire splanchnocranium was obtained. The division of each bone fragment was
needed to proceed with the simulation of the fracture reduction. Therefore, in the second
step, the Split Mask tool allowed to divide of the main mask into single segments for each
bony fragment. In this way, each fragment could be repositioned virtually mimicking
the fracture reduction, while the optional function Smart Fill was used to fill the bone
cavities. The process of identification of the fracture lines was performed by three different
maxillo-facial surgeons (VA, UC and ST). The produced images were then converted into
“objects files”. Using the 3-Matic Medical 3D (Materialise, Leuven, BE) it was possible to
convert the stumps into a 3D plan and obtain a virtual reduction with the stumps in the
correct anatomical position. To avoid any bias, three different maxillofacial surgeons (VA,
UC and ST) also performed the procedure. The reduction was obtained by considering the
alignment of the condyles in the glenoid fossa. At the end of the procedure, the virtually
reduced mandible file was converted into a STL file adapted for the “Formlab-Form 3B”
3D printer (Figure 1a,b).

 

Figure 1. “In-house” workflow. (A) Segmentation of the fracture segments in the pre-operative CT
using the Materialize Mimics 21.0 Medical Software; (B) virtual reduction of fracture fragments;
(C) 3D printing setting of the virtual planned reduced mandible using the Preform 3D Printing
Software; (D) Modeling of the plate on the reduced mandible resin model.

(2) In House Rapid prototyping 3D Print—Resin model and 2.4 reconstruction plate
modelling: a specific slicing software (PreForm 3D Printing Software—Formlabs 3B+) was
used to set the model for 3D printing. It was necessary to use the supports to have the
highest possible quality of the model (Figure 1c). A resin StereoLithography Apparatus
(SLA) 3D printer (Formlab-Form 3B+, located in Somerville, MA, USA) was used for in-
house rapid prototyping. The selected material was the Formlab Model Resin V3 (ISO
10993-5: 2009) because of its mechanical characteristics such as tensile strength of 27 MPa
and modulus of elasticity of 1.1 GPa. Once the print was completed, the model was
subjected to an autonomous immersion bath in isopropyl alcohol using the Form Wash
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(Form Wash -located in Somerville, MA, USA) device for 20 min. The final step was the
photopolymerization using the Form Cure (Form Cure located in Somerville, MA, USA)
device that uses the UV order to increase the tensile strength up to 48 MPa and modulus of
elasticity up to 2.3 GPa.

Once the reduced mandible model was obtained, a 2.4 reconstruction plate was
modelled to be applied during the surgery (Figure 1d). The plate was bent by applying
manual pressure to finalize a customized device for each patient and was sterilized in an
autoclave with a temperature of 160 ◦C for 60 min, 24 h before surgery.

(3) Performing surgery: all the surgeries were performed by the same surgical team
and under general anesthesia. A small cutaneous submental surgical access was performed
for an extension of the fracture of about 6 cm in each operation. After soft tissue detachment,
the bone fragments were identified, and the cortical bone was skeletonized to avoid the
complete elevation of the periosteum and not to create further loss of the vascularization.
Then, the plate was positioned between the two fixed bone stumps of mandibular body.
The fragments were replaced in the correct anatomic position, and the reduction of the
comminuted fracture of the mandible was possible based on the previously modeled plate.
At the end of the procedure, the surgeon checked the facial symmetry, joint functions, and
condyles correctly in the glenoid fossa bilaterally. A nylon 4.0 was used for the final suture.
A surgical procedure example is shown in Figure 2a–d.

 

Figure 2. Surgery. (A): submental approach; (B): exposure of the fracture fragments; (C): ORIF of
fracture with preformed plate; (D): suture in nylon.

(4) Initial digital outcomes: all the patients underwent a post-surgical CT scan the
following day of the surgery. By using Materialize Mimics Medical 21.0 software, DICOM
data have been converted into STL files. The workflow to obtain segmented mandible
was the same described previously. The Geomagic Design X software (3D point cloud and
mesh processing software, 11 Breedewues, L-1259 Senningerberg—Production, Logistics
& Service Center) was used to compare the planned STL file in a 3D space obtained by
our digital planning procedure with the post-surgical STL file. A distanced color map
was obtained overlapping the two images and the discrepancies in mm between these
two images in all four cases (Figure 3). To reduce any human errors in the overlapping
process, the non-manual but automated protocol of the Geomagic software was used.
The upper/lower limit for color coding of the discrepancies was fixed as +2 mm and
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−2 mm, so that deviations appeared in different colors. Steps of 0.25 mm were used, so
each color encoded a distance interval of 0.25 mm. A total discrepancy at the cloud point
was calculated between the two images. However, to avoid the bias of the plate in the
postoperative image the discrepancies were also calculated manually at the level of well
defined bone points. Therefore, 11 anatomical bone landmarks were set to compare the
“planned model” and the “in vivo” result on the following cephalometric points: menton,
pogonion, B point, left and right condyle, left and right gonion, left and right lingula, left
and right mental foramen.

Figure 3. Digital analysis. Distance color map of the four cases. On the right the color legend bar.

(5) Long-term outcomes: all the patients were clinically evaluated during the outpa-
tient follow-up. The patients went through periodic controls at 1 month and at six months
period. During the outpatient controls aimed to check/control the facial symmetry, pain,
joint and masticatory function, mouth opening, sensory, and motor alterations related to
deficits of the V and VII cranial nerve.

3. Results

Four patients were treated using the CAD/CAM and 3D printing technology as the
described protocol. The sex was equally distributed, the average age was 79 years (range
61–88 years). The operating times were very short, with an average surgical time of 45 min.
No complications were observed during surgery or at the immediate post-surgical care.
The average hospitalization time after surgery was four days (ranging from two to six days).
At the six-monthly follow-up, we observed good clinical outcomes in our samples in terms
of facial symmetry restoration, absence of sensory disturbances of the inferior alveolar
nerve, no facial nerve weakness, satisfying joint and masticatory function, and mean mouth
opening of 37 mm (rangin from 33 to 40 mm).

Regarding the digital workflow, the virtual planning design took around 2 h for each
case while about 6 h for each case for the printing process and sterilization. On average,
about 45 ± 2 mL of resin was required to print the models. An estimated cost of about
6.3 Euros is estimated for each case. The discrepancy values deriving from the overlapping
analysis of the models were shown in Table 1 (Table 1). In the examined samples, all the
obtained discrepancies’ values were less than 1.5 mm. The mean value of the discrepancies
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of the whole overlapping cloud point was 0.69 ± 0.33 mm. Regarding the discrepancies of
the cephalometric examined points in the sample, the higher mean value was obtained in
the condylar site (Right: 0.80 ± 0.26 mm—Left: 0.79 ± 0.32 mm), while the lower mean
value was obtained in the B Point (0.55 ± 0.41 mm).

Table 1. Discrepancies analysis.

CASE 1 CASE 2 CASE 3 CASE 4 Average ± SD

Discrepancy mm Discrepancy mm Discrepancy mm Discrepancy mm Discrepancy mm

Whole cloud point 0.63 0.48 0.72 0.94 0.69 ± 0.33

Menton 0.46 0.24 0.72 0.88 0.57 ± 0.49

Pogonion 0.48 0.32 0.67 0.84 0.58 ± 0.34

B Point 0.44 0.28 0.69 0.81 0.55 ± 0.41

Right Condyle 0.72 0.67 0.81 1.01 0.80 ± 0.26

Left Condyle 0.71 0.63 0.79 1.05 0.79 ± 0.32

Right Gonion 0.55 0.46 0.57 0.92 0.62 ± 0.35

Left Gonion 0.58 0.44 0.54 0.89 0.61 ± 0.34

Right Mental Foramen 0.67 0.35 0.61 0.82 0.61 ± 0.34

Left Mental Foramen 0.64 0.33 0.63 0.79 0.60 ± 0.33

Right Lingula 0.66 0.49 0.66 0.94 0.69 ± 0.32

Left Lingula 0.65 0.41 0.68 0.97 0.68 ± 0.40

4. Discussion

The management of atrophic jaw fractures has always been a topic of discussion in
the literature. Luhr et al. [10] in 1996 already classified the atrophic mandibles into three
categories, according to the degree of atrophy and the mandibular height: Class I, 16 to
20 mm; Class II, 11 to 15 mm; Class III, <10 mm. In the Class III, bone quality diminished
because of a possible sclerotic and because of blood flow decrease. After Luhr et al.’s studies,
several authors focused on the correct management and treatment of Class III fractures
that often are atrophic pluri-fragmentary mandibular fractures. The problems related to
these fractures are associated with patient’s age, medical comorbidities, poor bone quality,
and decreased vascularity, as well as reduced contact area between the fracture ends [7].
In addition, mandibular atrophy is often the result of complete edentulism: this condition
determines the loss of the occlusal reference, which is the guide for the correct reduction of
these fractures [6,7,11]. In the literature, the possible treatments for atrophic edentulous
mandibular fractures are:

(1) Observation: in case of not dislocated fractures in patients with severe anesthetic
risk. The most frequent complication is the non-union of the bone stumps [1];

(2) Closed reduction (mandibulomaxillary fixation—MMF): in case of edentulous
atrophic fractures in patients with high anesthetic risk; postoperative malunions and
nonunions were very frequent [12];

(3) Gunning splints: the use of gunning splints is preferred in case of edentulous
atrophic patients because the open reduction is not helpful due to compromised medical
condition of these patients. However, as Dharaskar et al. have shown, there is the possibility
of ankylosis, induced by joint blockage (5–6%) [13];

(4) External fixation: it is indicated as a temporary fixation when the patient needs
earlier medical treatment. External fixators do not guarantee permanent stability, so
malunion and nonunion are common [14];

(5) Open Reduction Internal Fixation (ORIF): with titanium mesh, locking miniplate,
or 2.4-reconstruction plate, with or without simultaneous bone grafting. It is indicated for
all atrophic surgical mandible fractures. In all cases, the aim of the treatment of edentulous

68



Appl. Sci. 2023, 13, 1474

atrophic mandibular fracture should be to improve patient’s quality of life with the minimal
risk, ensuring fracture stability [15,16].

Bruce and Ellis (1993) in their review concluded that the optimal treatment for this
kind of fractures is an open reduction and stable fixation with large osteosynthesis plates
(ORIF) [17]. Different types of techniques were used for this goal such as fixing the bone
stumps in occlusion with the patient’s dentures [18] or fixing miniplates to the inferior
mandibular border to temporarily maintain the fragments alignment before applying a
reconstruction plate to vestibular cortical bone [19]. Considering that the use of mini plates
can increase the operating times and, furthermore, the patient’s dentures are not always
available, using a pre-formed plate can become a useful resource both for guiding the
reduction in absence of occlusal guide and for reducing intraoperative times. In order to
pre-model a 2.4 reconstruction plate, we used Virtual Surgical Planning (VSP). The recent
scientific literature has revealed that VSP is a valid tool of assisting surgeons in various
procedures, ranging from orthognathic surgery to reconstructive surgery with free flaps,
correction of congenital malformations and craniosynostosis, cranio-facial traumatology,
distraction osteogenesis, and implantology. Although the use of VSP has been reported
in all cited fields, currently there is minimal evidence in elderly patients with atrophic
edentulous mandibular fractures [20,21]. In mentioned studies, the authors underlined the
importance of VSP to solve the problems related to intraoperative reduction of fragments
and to postoperative complications. In fact, without the use of VSP, different complications
have been reported: pseudarthrosis of the bone stumps, osteomyelitis, unstable reduction
of the fragments that did not allow prosthetic rehabilitation, facial asymmetry, and sensory
disturbances of the inferior alveolar nerve [22]. Moreover, the majority of the works in the
literature pave the way for the VSP treatment through case reports or case series, but there
are no randomized controlled trials on a large sample. [23,24] For this reason, new and
extensive contributions to the topic are supported to increase the collective experience in
this field. Thus, the aim of our study has been to provide our experience of an in-house
digital workflow to show the advantages of VSP in the management and treatment of
atrophic edentulous mandibular fractures, where the occlusal guide is absent.

The applied protocol aims to model a reconstruction plate based on the patient’s
anatomy. Indeed, the time spent for the design phase guarantees a reduction of the
operating times. The accuracy of the printing depends on the accuracy of the CT, which
must have slices of 1–2 mm. The Formlabs 3B+ 3D print allows to create details with
microscopic precision (resolution 25 micrometres); this is a fundamental characteristic for
printing instruments and devices in the medical and surgical fields. The thickness of each
layer can vary between 25–300 micrometres, for high precision of the anatomical details of
the model.

Regarding the surgical procedure, Brucoli et al. [7] in their paper confirmed that, for
the treatment of fractures in Luhr’s Class III mandibles, the cutaneous external surgical
approach is preferred. In fact, this access ensures adequate fragments exposure and,
consequently, a more careful surgical procedure. It reduces the risk of contamination by
oral microbes and prevents any injury to the inferior alveolar nerve, usually located on
top of the alveolar crest in atrophic mandibles [25]. In accordance with the literature,
we applied this approach in all patients: thanks to the pre-formed plate, we avoided a
cervicotomy to expose the bone fragments, but we used a small sub-mental access. In fact,
starting from a minimal sub-mental access, we exposed all the fractures stumps moving
the retractors according to the surgical phase.

Recent studies [26] have showed that the use of a pre-formed reconstruction plate can
reduce both the time of the manual plate modeling during the surgery and the time for
finding the correct position of the plate on the mandibular fragments.

In our cases, we firstly positioned the pre-formed plate on the resin model to calculate
the correct position and to estimate the correct screws’ number to insert on each mandibular
stump. During the surgical procedure, we found that the plate fits perfectly on the bone
surfaces, and no further manipulation of the plate was required. Finally, the other fragments
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were reduced and fixed to the plate as the pre-operative program. At the end of procedure,
the surgical time was significantly reduced compared to our standard time, and the accuracy
of the treatment was greatly improved.

The success of the treatment was confirmed by the comparison between the virtual
surgical planned CT and the post-operative CT. In fact, the overlapping of the two CT
images showed that the discrepancies in mm were in all cases less than 1,5 mm. In particular,
to verify where the outcome was more predictable, we calculated the discrepancies in eleven
bone cephalometric points. The analysis showed that the front portion of mandible (B
point and Menton) presented the lower discrepancy, while the higher discrepancy was
obtained in the posterior section (condyles and Lingula). This result seems to confirm
that the position in the space of the anterior fragments is more easily predictable than the
posterior sections. This is probably due to the action/force of the applied plate to the bone
that stabilizes the bony portion compared to other areas which are more unstable.

These results were confirmed by the good clinical outcomes in all four cases in terms of
facial symmetry restoration, absence of sensory disturbance and possibility of a prosthetic
rehabilitation. Furthermore, it is a very low-cost method. If we exclude the initial invest-
ment for the purchase of the printer and the dedicated software (around 15,000.00 Euros),
the cost for single case is estimated to be around 6.3 Euros. A patient specific plate (PSP)
has a commercial cost of around 5000.00 Euros. Therefore, the described in-house workflow
allows to amortize initial set-up expenses after a few performed cases.

One of the limitations of the study is certainly the sample size. This is a small sample
enrolled in a single center. Further studies or larger case studies with the involvement of
other structures are necessary to confirm the results obtained. Other limits are represented
by the long learning curve and the time consuming. In fact, the procedure requires specific
staff with a background in CAD CAM technologies. This method is reproducible in other
clinics by having the medical software and the three-dimensional printer. Another limit of
the study is the possible reduction in the plate resistance compared with a custom-made
plate, which must not be modeled. However, this reduction of resistance is lower than the
conventional method because the plate is subject to less stress, given that it is modeled on
a template.

We suggest that future studies could focus on this protocol for other types of fractures,
such as comminuted maxillo-mandibular fractures.

5. Conclusions

Within the limits of the study, the Virtual Surgical Planning could be a helpful instru-
ment in the management of the complex fractures in atrophic edentulous mandibles both
to reduce the fracture and to decrease the surgical times. The bone repositioning accuracy
of our in-house digital workflow is high because all the obtained discrepancy values have
been less than 1.5 mm. Nevertheless, the virtual reduction of atrophic mandible fractures is
more predictable in the anterior portion.
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Featured Application: Machine learning is becoming one of the major platforms for advances in

all fields of dentistry. Their further exploration in automating the diagnostic process is of great

importance to the field. The aim of this study is to assess the effectiveness of machine learning

(ML) in assessing the diagnostic quality of bitewing (BW) radiographs at contact areas between

teeth, which can help the oral radiologists in providing better radiographic qualities.

Abstract: Background: Identifying the diagnostic value of bitewing radiographs (BW) is highly
dependent on the operator’s knowledge and experience. The aim of this study is to assess the
effectiveness of machine learning (ML) to classify the BW according to their diagnostic quality.
Methods: 864 BW radiographs from records of 100 patients presented at King Abdulaziz University
Dental Hospital, Jeddah, Saudi Arabia were assessed. The radiographic errors in representing
proximal contact areas (n = 1951) were categorized into diagnostic and non-diagnostic. Labeling
and training of the BW were done using Roboflow. Data were divided into validation, training, and
testing sets to train the pre-trained model Efficientdet-d0 using TensorFlow. The model’s performance
was assessed by calculating recall, precision, F1 score, and log loss value. Results: The model excelled
at detecting “overlap within enamel” and “overlap within restoration (clear margins) with F1 score
of 0.89 and 0.76, respectively. The overall system errors made by the built model showed a log loss
value of 0.15 indicating high accuracy of the model. Conclusions: The model is a “proof of concept”
for the effectiveness of ML in diagnosing the quality of the BW radiographs based on the contact
areas. More dataset specification and optimization are needed to overcome the class imbalance.

Keywords: artificial intelligence; bitewing radiographs; contact areas; machine learning; radiographic errors

1. Introduction

Bitewing radiographs are a vital adjunct to clinical examination for diagnosis and
treatment planning of dental and supporting tissue diseases [1]. A balance between risks
and benefits of acquiring radiographs, following standards of justification for radiation dose
protection, optimizing, and restricting radiation dose, should be achieved [2]. Reducing
the radiation dose could be partly achieved by ensuring the acquisition of diagnostically
acceptable radiographic images from the first attempt. However, bitewing radiographs are
sometimes re-taken for diagnostic purposes. Indeed, Yeung et al., 2021, demonstrated in
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a systematic review that the rejection rate of bitewings because of its limited diagnostic
value was 9%. The most common reasons for rejection were positional errors and cone cuts.
It was further suggested that reject rates were higher with digital imagining, specifically
when using intraoral sensors [3].

The decision-making process involved in identifying the diagnostic value of bitewing
images is complex and is highly dependent on the operator’s/technician’s knowledge
and experience. In general, bitewing images should equally capture both maxillary and
mandibular crowns and crestal bone. The premolar bitewings should capture the distal
surfaces of both maxillary and mandibular canines, while molar bitewings should capture
the distal surface of the second premolar and the distal surface of the last standing molar
in the mouth. Additionally, there should be no overlap of proximal surfaces in contact
areas [4]. One possible adjunct that may improve this decision-making process could be
the use of Artificial Intelligence (AI) programs in the field.

AI refers to any computer or technology capable of mimicking human thought pro-
cesses such as problem-solving. Additionally, it can refer to the capacity of computers
that can learn from data and represent their own intelligence so that issues can be solved
from this learning [5]. This science was first developed by John McCarthy, who established
the first AI laboratory in 1957 [6]. AI varies in types and classifications depending on its
complexity in performance. Machine learning (ML) is a type of AI that makes software
application more accurate in predicting outcomes without programming. Deep Learning
(DL) is another type of AI defined as “computational systems that learn over time based on
experience” [7–10].

Both ML and DL are considered as implementations of computational methods (i.e.,
algorithms) through which models can be generated from any given data, and those models
can then be used for further prediction of new data sets with similar properties [11]. The
differentiation between ML and DL can be made based on the complexity of the network
used to extract features from the data. It is also related to the complexity of the data itself.
ML is usually appropriate for regression or classification of simple numerical data. DL is
recommended for the analysis of large collections of images or other complex data [8–11].

Clinical decision–support systems (CDSS) are software-based AI programs. They can
be based on either ML or so-called rules-based expert systems [7,12]. CDSS are designed
to provide the health care providers with specialist assistance in their daily activities,
helping with tasks that depend on data and information exploitation [7]. There are many
types of CDSS systems, such as artificial neural networks (ANNs), fuzzy expert systems,
evolutionary computation, and hybrid intelligent systems. They vary in methods of
handling data and the complexity of the analysis process [7,10].

Nowadays, the application of AI is increasing in multiple dental and medical appli-
cations with promising results [7,10]. Radiographic images are considered an important
source of data for developing AI models in the health professional fields. Therefore, it
is important to consider the factors in the quality of radiographic images that can affect
the appearance of structures [7]. AI application in dentistry was assessed for three main
purposes: (1) as a triage tool for optimizing the clinical workflow, (2) as a diagnostic tool for
the separation of normal from abnormal conditions, and (3) as a treatment decision-making
tool for the detection of specific diseases [7].

Studies in the literature about the value of AI from bitewing radiographs in assist-
ing dentists in decision-making are plentiful. In general, these studies demonstrate the
utility of AI algorithms in diagnosing dental caries, periodontal disease, and classifying
restorations [13–15]. Most of these studies investigated the effectiveness of AI models from
bitewings in diagnosing dental caries. These studies demonstrated that deep learning-based
AI algorithms increased the accuracy of diagnosing proximal dental caries [13,16–18]. A
few studies investigated the utility of AI from bitewings in diagnosing periodontal disease.
Overall, AI models for diagnosing periodontitis are still developing but might be useful
adjunctive tools [16].

74



Appl. Sci. 2022, 12, 9588

In one study, Mertens et al., 2021, demonstrated that deep learning-based CNNs from
periapical and bitewing radiographs was a potentially beneficial technique in detecting
and differentiating restorations [14]. However, there are no studies in the literature that
investigate the development or utility of AI algorithms to classify bitewings based on
their diagnostic value. Accordingly, the aim of this study is to develop and assess the
effectiveness of machine learning-based AI algorithm to classify bitewing radiographs
according to their diagnostic quality.

2. Materials and Methods

2.1. Study Design

This is a laboratory study approved by the ethical committee at King Abdulaziz
University, Faculty of Dentistry, Jeddah, Saudi Arabia (Ethical no.: 172-12-20). The study
was conducted in collaboration with the Faculty of Computing and Information Technology
at the same institute.

2.2. Data Collection

A research account was created for the investigators to access the patients’ records
through the University Dental Hospital health record system (CareStream R4 Clinical+
software, Jeddah, Saudi Arabia), and to retrieve the required BW radiographs. The inclusion
criteria for the BW radiographs were: (1) for patients under treatment at the University
Dental Hospital with fully erupted permanent dentition, and (2) the BW was either premolar
or molar view. The exclusion criteria included: (1) records with findings that might affect
the machine learning process such as severe periodontitis that cannot be assessed by
a horizontal BW, removable partial dentures components, fixed retainers, provisional
crowns, and defective direct/indirect restorations that hinder the contacts assessment, and
(2) certain acquisition errors such as double exposure, patient movement, or extremely
low/high kVp that resulted in non-distinguishable enamel, dentin, or pulp, and cannot be
corrected. The R4 Clinical+ system was searched for patients’ records from 2017–2021 that
fulfilled the study inclusion criteria.

2.3. Data Preprocessing and Entry

Two investigators, who were general dental practitioners, were trained and calibrated to
perform labeling under the supervision of an experienced Oral and Maxillofacial Radiologist.

The selected BW radiographs were reviewed and had the rotation and contrast manu-
ally adjusted, if needed, to an acceptable level of differentiation between enamel, dentin,
pulp, and air; to aid the model in the machine learning process, then exported as TIFF
format with dimensions of 1920 × 1440 pixels.

For each patient, two categories of data were collected: demographic data and ra-
diographic data. The demographic data included: patient’s file number, date of birth,
nationality, ethnicity, and number of bitewings taken.

The radiographic data included the following datasets:

1. Radiographic ID: Each BW image was renamed with ten digits. The last seven digits
referred to the patient’s file number on the R4 Clinical+ software, while the first three
numbers represented the BW radiograph number for each specific patient.

2. Acquisition date: the date when the BW radiograph was taken in MM/DD/YYYY format.
3. Machine type: the type of machine used to acquire the BW radiographs, either sensor

or digitalized plates.
4. Radiograph view side: which side of the dentition was included in the BW radiograph

(right or left).
5. Score: the scoring system for each proximal surface and contact area between two

teeth was established based on tooth structure, amount of contact overlap, and the
field of the taken radiograph. The scores ranged from 0 to 11.
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2.4. Dataset

After scoring all selected bitewing radiographs, feature selection was performed to
identify prominent features leading to successful classification results. Accordingly, the
labels that were included in the model training process were the following:

1. Overlap within enamel.
2. Overlap within a restoration (clear margin).
3. Overlap at DEJ.
4. Overlap within dentin.
5. Overlap within a restoration (unclear margin).

Since the machine learning task is an object detection task, the “out-of-field” label had
to be excluded, as the contacts in this case are not present in the images and thus cannot be
identified using bounding boxes. In addition, labels that were not errors, such as missing
tooth/surface, and open contacts have also been excluded to avoid misclassification.

Images were converted from TIFF to JPG format then manually labeled using Roboflow,
a tool created by for-profit Roboflow company that facilitates collaborative image annota-
tion and allows for easy split, augmentation, and exportation. The resulting dataset was
then split into three sets: training set (583 images), validation set (167 images), and test set
(84 images).

It seems that since the data were randomly collected, and some labels of more common
errors are over-represented in the dataset, as shown in Table 1. Hence, the model would
probably excel at detecting these labels more than it would with others. On the other
hand, we can see that “overlap with restoration -unclear margin-”, “overlap within dentin”,
“overlap at DEJ”, are all under-represented, thus it is expected from the model to not be as
efficient at detecting these classes.

Table 1. Contact areas label distribution.

Class
Contact Area Count (%) in

the Whole Dataset
Contact Area Count (%) in

the Training Set

Overlap within enamel 1124 (57.6) 555 (52.8)
Overlap within restoration

(clear margins) 352 (18.0) 226 (21.5)

Overlap at DEJ 162 (8.3) 83 (7.9)
Overlap within dentin 109 (5.6) 64 (6.1)

Overlap within restoration
(unclear margins) 204 (10.5) 123 (11.7)

Total 1951 (100) 1051 (100)

To overcome the imbalance issue, oversampling and under sampling techniques were
applied for over-represented labels, and randomly selected images were removed. To
increase under-represented labels image augmentation was performed, where we increased
the number of images that contained these labels by using shift, flip, brightness, and zoom
image data augmentation.

2.5. Model Training

The model was created using TensorFlow Object Detection API “Application Pro-
gramming Interface”, an open-source platform with a preceding software library that was
developed by Google Brain team. It allows the use and customization of many saved
networks termed as pre-trained models. They were previously trained on a large general
dataset, which meant that a pre-trained model could be taken advantage of to effectively
work as a learned generic model, which aids in reducing the amount of data needed to
train a model from scratch [19].

Several pre-trained models were experimented with. These models are: ssd_mob-
ilenet_v2, RetinaNet, and EfficientDet-D0, which were all pre-trained on coco_2018 dataset.
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Among the three different object detection model architectures, EfficientDet achieved
the best performance, as it required the lowest number of training epochs with similar
accuracy. Accordingly, the EfficientDet-D0 model was chosen for this study, which is a light
and small version of EfficientDet (Figure 1) [20].

Figure 1. EfficientDet architecture that consists of EfficientNet backbone, BiFPN as feature network
neck, and output head.

In this study, a fine-tuning approach was used for pre-trained model customization.
This is done by unfreezing then training the last layers of the frozen model base, together
with the newly added classifier layers. This allows us to modify the representations
needed in the model for feature detection and make them more relevant for the specified
task [19]. Training of the model to identify errors was done using the training set within an
open-source product from Google Research, called Google Colab, using GPU “Graphics
Processing Unit” runtime. The initial learning rate was chosen as 0.001 with further
exponential decay. There were 7000 training steps, with a batch size of 16 [21].

2.6. Model Assessment

To evaluate inference performance, each radiograph was compared to the ground
truth labeling provided previously, using the data of the testing set that was not seen by
the system during the training phase.

2.7. Statistical Analysis

Cohen’s kappa coefficient was calculated to assess intra-rater and inter-rated relia-
bility. The performance of the machine learning model was evaluated by the following
classification metrics.

1. Log loss: represents the summation of system errors.
2. Recall: quantifies the number of correct positive predictions made from all positive

predictions that could have been made.
3. Precision: quantifies the number of correct positive predictions made by the model.
4. F1 score: combines recall and precision into a single score by calculating the harmonic

mean of precision and recall, which is the measure that is used to evaluate this
model’s performance.

3. Results

3.1. Data Analysis

Cohen’s kappa coefficient for intra-rater and inter-rater reliability were 0.95 and 0.96,
respectively, indicating excellent agreement.
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A total of 834 randomly chosen BW radiographs of 100 patients presented to King
Abdulaziz University Dental Hospital were collected with a minimum number of one
BW and a maximum of 33 BW per patient (mean ± SD; 15.08 ± 9.553). The final dataset
consisted of 583 images for the training set, 167 for the validation set, and 84 for the test
set. Details of numbers of labeled contact area within the assessed dataset and training set
radiographs are presented in Table 1.

Results revealed class imbalance, which means over-representation of some labels,
such as for “overlap within enamel”, while others were under-represented, such as “overlap
at DEJ” and “overlap within dentin” (Table 1, Figure 2).

 
Figure 2. Representative samples of assessed contact area overlap; Cyan box: within enamel, White
box: at DEJ, Off-white box: within dentin, Green box: within restoration (clear margins), Blue box:
within restoration (unclear margins).

3.2. Machine Learning Performance Assessment

To obtain evaluation metrics, a confusion matrix was constructed for each error label (X):

• “True positives (TP) of “X” are all X instances that are classified as X;
• “True negatives (TN) of “X” are all non-X instances that are not classified as X;
• “False positives (FP) of “X” are all non-X instances that are classified as X;
• “False negatives (FN) of “X” are all X instances that are not classified as X.

True negative (TN) metric is not useful for object detection. Therefore, it was ignored.
The following metrics were calculated as seen in Table 2 using the confusion matrix: recall
(sensitivity) = TP/TP + FN, precision = TP/TP + FP, and F1 score = (2 × Precision × Re-
call)/(Precision + Recall), where TP, FP, FN represent true-positive, false-positive, and
false-negative results, respectively.
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Table 2. Precision, recall, and F1 score per class.

Overlap within
Enamel

Overlap within
Restoration

(Clear Margin)
Overlap at DEJ

Overlap within
Dentin

Overlap within
Restoration

(Unclear Margin)

TP 133 13 7 3 2
FP 16 0 5 2 0
FN 15 8 5 11 4

Precision 0.893 (1no FP) 0.583 0.600 (1no FP)
Recall 0.899 0.619 0.583 0.214 0.333

F1 score 0.896 0.764 0.583 0.316 0.499

Results showed that the model excelled in detecting the following two classes: “overlap
within enamel” (Precision: 0.893, Recall: 0.899, F1 score: 0.896) and “overlap within restora-
tion “clear margins)” (Precision: 0.893, Recall: 0.619, F1 score: 0.764) (Table 2). However,
for the other classes, the evaluation metrics were unreliable due to under-representation of
those classes (Table 2). The overall system errors made by this built model was represented
by the log loss value, which had a value of 0.15.

3.3. Web App

As an additional step, a preliminary trial of building a web app was done to check
the compatibility with the system used at King Abdulaziz University Dental Hospital.
The app was built using Html and CSS for front-end, Flask framework for back-end, and
Google App Engine for hosting. App Engine was used because it allows for creating custom
deployment environments which is necessary for such applications (34.122.82.96, the link
is protected by a password). The app was then tested on a number of images and showed
promising results in detecting the classes at contact areas, as shown in Figure 3. However,
this was not part of the main objective of the study, and thus will need further assessment
on a larger sample size.

 
Figure 3. The model’s interface (an unseen radiograph was uploaded through the interface and the
model detected three errors of different classes: within enamel, within dentin, and within restoration
(clear margins)).
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4. Discussion

The aim of the current study was to assess the effectiveness of ML in detecting the
diagnostic quality of BW radiographs so it can be used as a decision–support tool to help
technicians check the quality of the taken radiographs faster and with less effort [6,16]. The
diagnostic quality of the BW depends on many factors and features, however, this study
focused on the assessment of the contact areas as an important feature of the quality of the
BW images. The detection of different radiographic errors regarding the contact area is
subject to the discriminatory skills of examiners which varies significantly and is heavily
related to examiner experience. Therefore, the application of ML to detect radiographic
errors will aid in reducing this variation significantly.

Scoring proximal contact areas were developed through stages—from a comprehensive
list to a more compact encompassing one—in this project. The objective was to identify
prominent features in bitewing radiographs for a successful classification of diagnostic and
non-diagnostic images and to yield a less complex model for the AI program. Initially, we
identified eleven possible proximal contact area presentations based on tooth structure,
amount of proximal contact overlap, and the acquired radiographic field. Then, to facilitate
cross-tabulation and coding of proximal contact areas, these scores were further grouped in
terms of diagnostic value into four basic groups. Finally, images were labeled based on the
most prominent proximal contact area features to aid in identifying the diagnostic value.
This included proximal contact overlap within tooth (enamel, DEJ, and dentin) or within
restoration (with or without clear margins).

In this study, Python and Python-friendly environments were used to build the model,
which is a popular and powerful interpreted IT language. The descriptive analysis of the
dataset revealed class imbalance, which means over-representation of some labels while
others were under-represented. The class “overlap within enamel” was over-represented
and the class “overlap within restoration (clear margin) was adequately represented in the
dataset, while the classes “overlap within restoration (unclear margin), “overlap within
dentin”, and “overlap at DEJ” were all under-represented in the dataset. Thus, it is expected
that the model will be more efficient at detecting the well-represented classes compared to
the under-represented classes.

Additionally, most of the assessed proximal contact areas, if they had errors, were still
of diagnostic value (overlap within enamel or within restoration with clear margin). This
could partly be because all assessed radiographs in this study were taken with the holder
technique. Indeed, it was reported that bitewing radiographs that were acquired by the
holder technique (Rinn XCP film positioning devices) had fewer horizontal errors than
those that were taken by the loop technique (conventional method) [22].

As for ML performance analysis, recall, precision, and F1 score are all highly affected
by the class imbalance and thus are not suitable evaluation metrics for the current model.
Thus, log loss was the best evaluation metric to indicate our model accuracy. The loss is
calculated on training and validation and its interpretation is how well the model is doing
for these two sets. Unlike other accuracy metrics, loss is not a percentage. It is a summation
of the errors made for each example in training or validation sets. The lower the loss, the
better the accuracy of the model. Log loss nearer to 0 indicates high accuracy, whereas if
the log loss was away from 0 then it indicates low accuracy. The built model in the current
study had a training loss of 0.15, which indicates high accuracy.

The current findings have several impacts in the field of dentistry. The availability
of a machine learning model to assess the quality of radiographs will reduce the errors
of misreading the radiographs from both the unskilled technicians and dentists. It will
also help the radiology department in a busy dental practice to have efficient outcomes by
reading large number of radiographs more efficiently and in less time.

This study has several limitations. For instance, the resulting model is a “proof of
concept” model; it is not by any means ready for production. Many different adaptations,
tests, and experiments still need to be conducted. The model is yet to be deployed and inte-
grated with the web-app. However, to enhance the accuracy of the model, class imbalance
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needs to be managed by collecting more label specific data instead of random data. Despite
such limitation, the model has proven that ML could be used to help identify errors within
contacts in BW radiographs, with the ability to be continuously reinforced by new data to
increase the precision level. The results of the current study add to other findings in the
literature about the promising efficacy of AI and ML application in dentistry [5,7,12,23–28].

5. Conclusions

The model is a “proof of concept” for the effectiveness of ML in diagnosing the quality
of the BW radiographs based on the contact areas. More dataset specification, optimization,
and reinforced learning are needed to overcome the class imbalance.
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Deep-learning approach for caries detection and segmentation on dental bitewing radiographs. Oral Radiol. 2021, 22, 468–479.
[CrossRef] [PubMed]

17. Mertens, S.; Krois, J.; Cantu, A.G.; Arsiwala, L.T.; Schwendicke, F. Artificial intelligence for caries detection: Randomized trial. J.
Dent. 2021, 115, 103849. [CrossRef] [PubMed]

18. Devlin, H.; Williams, T.; Graham, J.; Ashley, M. The ADEPT study: A comparative study of dentists’ ability to detect enamel-only
proximal caries in bitewing radiographs with and without the use of AssistDent artificial intelligence software. Br. Dent. J. 2021,
231, 481–485. [CrossRef]

19. TensorFlow. Transfer Learning and Fine-Tuning|TensorFlow Core. 2021. Available online: https://www.tensorflow.org/
(accessed on 1 November 2021).

20. Tan, M.; Pang, R.; Le, Q.V. Efficientdet: Scalable and efficient object detection. In Proceedings of the IEEE/CVF Conference on
Computer Vision and Pattern Recognition, Seattle, WA, USA, 13–19 June 2020; pp. 10781–10790.

21. Google Colab Notebook. Available online: https://colab.research.google.com (accessed on 1 November 2021).
22. Potter, B.J.; Shrout, M.K.; Harrell, J.C. Reproducibility of beam alignment using different bite-wing radiographic techniques. Oral

Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 1995, 79, 532–535. [CrossRef]
23. Saghiri, M.A.; Garcia-Godoy, F.; Gutmann, J.L.; Lotfi, M.; Asgar, K. The reliability of artificial neural network in locating minor

apical foramen: A cadaver study. J. Endod. 2012, 38, 1130–1134. [CrossRef]
24. Devito, K.L.; de Souza Barbosa, F.; Felippe Filho, W.N. An artificial multilayer perceptron neural network for diagnosis of

proximal dental caries. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2008, 106, 879–884. [CrossRef]
25. Johari, M.; Esmaeili, F.; Andalib, A.; Garjani, S.; Saberkari, H. Detection of vertical root fractures in intact and endodontically

treated premolar teeth by designing a probabilistic neural network: An ex vivo study. Dentomaxillofac. Radiol. 2017, 46, 20160107.
[CrossRef] [PubMed]

26. Lee, J.H.; Kim, D.H.; Jeong, S.N.; Choi, S.H. Diagnosis and prediction of periodontally compromised teeth using a deep
learning-based convolutional neural network algorithm. J. Periodontal. Implant. Sci. 2018, 48, 114–123. [CrossRef] [PubMed]

27. Aubreville, M.; Knipfer, C.; Oetter, N.; Jaremenko, C.; Rodner, E.; Denzler, J.; Bohr, C.; Neumann, H.; Stelzle, F.; Maier, A.
Automatic classification of cancerous tissue in laser endomicroscopy images of the oral cavity using deep learning. Sci. Rep. 2017,
7, 11979. [CrossRef] [PubMed]

28. Yasa, Y.; Çelik, Ö.; Bayrakdar, I.S.; Pekince, A.; Orhan, K.; Akarsu, S.; Atasoy, S.; Bilgir, E.; Odabaş, A.; Aslan, A.F. An artificial
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Abstract: This study intends to investigate the relationship between otologic symptoms, in particu-
lar, tinnitus, and temporomandibular disorders (TMD). The literature studies during the previous
20 years had focused on the treatment and alleviation of the otologic symptoms and were limited to
randomized clinical trials, case reports, and prospective studies. The following Boolean keywords,
(tinnitus) AND (temporomandibular disorders OR temporomandibular therapy), were used in the
databases of PubMed, Scopus, and Web of Science between 2003 and 9 May 2023 with an English
language restriction. Results: The computerized search turned up 693 articles in total, and after
eliminating duplicates, reviewing them, and determining their eligibility, 20 papers were included.
Conclusion: The connections between temporomandibular TMD and tinnitus are numerous and
intricate. It is unclear whether TMD could be the source of tinnitus or only its symptoms. Tinnitus
may not always occur in persons with TMD, indicating that additional causes may potentially be
involved in its occurrence. The precise mechanisms behind the link between TMD and tinnitus need
to be clarified by additional study.

Keywords: tinnitus; craniomandibular disorders; craniomandibular disorders treatments;
temporomandibular disorders; temporomandibular joint

1. Introduction

The joint connecting the temporal bone and the mandible is known as the temporo-
mandibular joint (TMJ), and it consists of two components separated by an articular disc [1].
The TMJ plays a fundamental role in facilitating various jaw movements, including propul-
sion, lateral motion, and opening and closing of the mouth [1]. Temporomandibular
disorders (TMD) represent a group of musculoskeletal conditions that affect the mastica-
tory muscles, the temporomandibular joint, and related structures [1]. These disorders
manifest through symptoms such as pain in the temporomandibular joint area or nearby,
audible joint noises during mandibular movements, alterations in mandibular kinematics
(such as deviations in opening, closing, laterality, and protrusion), and other related is-
sues [1]. Tinnitus, a condition characterized by the perception of sound without an external
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source, and TMD are two complex medical issues that can interact in significant ways.
Tinnitus, also known as “ringing in the ears”, represents a subjective symptom, while
temporomandibular disorders involve the complex musculoskeletal system of the jaw and
surrounding structures [2].

In a study on the relationship between TMD otological symptoms, the data indicate
that the prevalence of otologic symptoms (tinnitus, labyrinthitis, dizziness, loss of balance,
and deafness) is 87% [3,4]. Tinnitus is the most common symptom and it is associated with
25–65% of TMD cases according to the scientific literature [5–11]. Tinnitus can sometimes
be associated with somatic issues, even in the absence of hearing loss. This condition is
known as “somatic tinnitus” (ST) or somatosensory tinnitus [7,12,13]. Among the common
causes of ST are TMJ and head and neck diseases [7,12,14–18]. In cases of ST, the patient
experiences altered somatosensory input from the temporomandibular joint or cervical
spine [19]. Some studies have explored the connections between the cochlear nuclei (CN)
and the somatosensory system in the cervical or temporomandibular region, providing a
physiological basis for ST [20–22]. Afferent fibers from the dorsal root ganglia or trigeminal
ganglion convey cervical somatosensory or temporomandibular information to the brain
and central auditory system. ST may be suspected when at least one of the following is
present in the patient’s medical history: (a) history of head or neck trauma; (b) tinnitus
associated with dental, jaw, or cervical spine manipulation; (c) recurrent pain episodes in
the head, neck, or shoulder girdle; (d) temporal coincidence of the appearance or increase
of both pain and tinnitus; (e) tinnitus worsening during inadequate postures while resting,
walking, working, or sleeping; and (f) intense bruxism episodes during the day or night [23].

Simons et al. additionally suggested that tight myofascial trigger point bands in the
deep masseter and lateral pterygoid muscles might be linked to middle ear injury [24].

Other authors claimed that the existence of this somatic modulation, as demonstrated
by voluntary movements or particular resistance tests, is a key factor in the diagnosis of
ST, if not the key factor [15,25]. The best way to identify ST is unclear because there are no
established guidelines for clinical evaluation [19].

TMDs can cause various symptoms related to the ears and auditory system due to the
anatomical proximity of the TMJ to these structures [26,27]. Sensations of closed ears and
referred pain can be attributed to the malfunctioning of the Eustachian tube and tensor
muscles [28,29]. Additionally, both the tensor muscles of the tympanic and palatine veil are
innervated by the trigeminal; therefore, deep pain affecting the structures of this nerve can
cause otological symptoms due to the brain stimulation [30–36].

It is unclear and still up for debate if craniomandibular problems and auditory symp-
toms relate to one another [37–39]. Some research indicates a decrease in otologic symptoms
after receiving TMD treatments [8,37,40–46], while other studies do not support this associ-
ation [47].

The aim of this study is to conduct a scoping review of the literature about the
correlation between tinnitus and temporomandibular problems.

2. Materials and Methods

2.1. Protocol and Registration

This scoping review was conducted according to the standards of Preferred Reporting
Items for Systematic Reviews and Meta-Analyses Extension for Scoping Reviews (PRISMA-
ScR) [48].

2.2. Search Processing

A search on PubMed, Scopus, and Web of Science was performed (Table 1) to find
papers that matched the topic of the relationship between tinnitus and TMD, dating from
1 January 2003 to 9 May 2023. The search strategy used the Boolean keywords:
(tinnitus OR acuphen* OR acufen*) AND (“temporo mandibular disorder” OR
“temporomandibular joint”).
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Table 1. Database search indicators.

Articles Screening Strategy

KEYWORDS: A: tinnitus; B: acuphen*; C:
acufen*; D: temporo mandibular disorder; E:

temporomandibular joint

Boolean Indicators: (A OR B OR C) AND (D
OR E)

Timespan: from 1 January 2003 to 9 May 2023

Electronic databases: PubMed; Scopus; WOS

2.3. Inclusion Criteria

The following inclusion criteria were considered: (1) studies that investigated the
relationship between tinnitus and temporomandibular disorder, (2) randomized clinical
trials, retrospective and observational studies, (3) English language, (4) full text available.

Papers that did not match the above criteria were excluded.
The review was conducted using the PCC criteria:

• Population: adults, male and female, with tinnitus and TMD,
• Concept: correlation between tinnitus and TMD,
• Context: public health care.

2.4. Exclusion Criteria

The exclusion criteria were as follows: (1) animal studies; (2) in vitro studies; (3) off-
topic; (4) reviews, letters, or comments to editors; (5) no English language.

2.5. Data Processing

Five reviewers (N.D.L., G.G., V.S., M.C., and S.B.) independently consulted the
databases to collect the studies and rated their quality based on selection criteria. The
selected articles were downloaded into Zotero (version 6.0.15). Any divergence between
the reviewers was settled by a discussion with a senior reviewer (F.I.).

3. Results

Study Selection and Characteristics

The electronic database search identified a total of 693 articles (Scopus N = 355,
PubMed N = 191, Web of Science N = 147), and no articles were included through the
hand search.

After the deletion of duplicates, 376 studies were screened by evaluating the title and
abstract, focusing on the association between tinnitus and TMD.

There were 323 articles that did not meet the inclusion criteria (316 off topic, 33 review,
four not in English) and two reports not retrieved, leading to 21 records being selected.
After an eligibility check, one record was eliminated and 20 records were selected for
qualitative analysis. The selection process and the summary of selected records were
shown in Figure 1 and Table 2, respectively.

Among the included studies, eight papers examined the correlation between tin-
nitus and TMD, suggesting a causal role of TMDs in the onset and maintenance of
tinnitus [1,14,15,49–53].

One study investigated the relationship between tinnitus and subtypes of TMD in
patients with TMD. Patients with TMD might have a higher incidence of tinnitus when
they present with PTF (type 1) [54].
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Figure 1. Literature search Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) flow diagram and database search indicators.

Another study, on the other hand, indicated a higher incidence of tinnitus among
patients with TMD, potentially related to a reduction in glenoid fossa depth [55].

Four studies have evaluated the treatment effect of temporomandibular joint disorders
when tinnitus is found, showing improvement after therapy [3,56–58].

Several authors have highlighted the psychological implications of TMDs and tin-
nitus, evaluating the incidence of stress on the onset of these pathologies and the im-
pact on treatment. In addition, the incidence of depression in these patients has been
discussed [50–53,59–62].

Two studies explored gender differences in the onset of TMD [52,61]. Female patients
with TMD had a higher incidence of risk than male patients with TMD [52].

One paper described two cases of TMJ herniation that had tinnitus as an initial symp-
tom and were treated differently [63].

Finally, a paper in 2020 described a rare case of tinnitus induced by chewing [64].
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Table 2. Descriptive summary of item selection.

Authors Type of Study Study Design Conclusion

Sobhy et al., 2004 [56] A case-control
study

Fifteen patients with
dysfunctional myofascial
pain syndrome and ear

symptoms make up
group (A).

Fifteen patients in group
(B) with disc dislocation,
click, otalgia, or tinnitus.
Occlusal splints, muscle

relaxants, and
anti-inflammatory

medications were used to
alleviate jerks when

opening or closing the
mouth as well as otalgia

or tinnitus.

Before starting
treatment, all of the

patients in group (A)
experienced otalgia.
Ten patients were

pain-free following
therapy, five of whom

saw a significant
reduction in pain

from severe to mild.
Eight patients in

group (B) no longer
had pain, and seven
saw a reduction in
pain from severe to

mild.

Webster et al., 2011
[57]

A prospective
cohort study

The patients’ age, gender,
and tinnitus

characteristics—the
location of the symptom

and the duration of
time—were examined

and an audiometric
assessment was

performed. Tinnitus
intensity was assessed by
a digital analogue scale
before and after TMD

treatment.

There was a
significant decrease in
tinnitus recognition

by patients
undergoing treatment

for
temporomandibular

dysfunction.

Vielsmeier et al., 2011
[49]

A case-control
study

In this study, the
investigators compared

61 tinnitus patients
without subjective

complaints to a group of
30 patients with TMJ and
tinnitus. With relation to
demographic and clinical
parameters, 61 patients

with tinnitus but no
subjective complaints

were studied for
mandibular joint

dysfunction.

Patients with tinnitus
who also had TMD
had better hearing
and tended to be

female. In the sample
that was looked at,
28% of the patients

had TMD, while 72%
did not.

Hilgenberg et al.,
2012 [51]

An observational
study

By assigning a score
ranging from 0 to 100, the
Mann–Whitney test was

performed to examine the
correlation between the

severity of otological
symptoms, the level of

depression, and tinnitus.

In the tinnitus group,
40% of patients had
severe depression,
30% had moderate

depression, and 58%
had typical levels of

the illness.
High tinnitus severity

levels were
substantially

correlated with pain
intensity.
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Table 2. Cont.

Authors Type of Study Study Design Conclusion

Vielsmeier et al., 2012
[14]

A retrospective
study

The demographic,
tinnitus, and audiological

traits of 1204 tinnitus
patients from the Tinnitus
Research Initiative (TRI)

Database with and
without subjective TMJ

symptoms were collected
and compared using
questionnaires and
numerical ratings.

In tinnitus patients
with TMD, traditional

risk factors for
tinnitus such as older
age and male gender

are less important.
Tinnitus with TMD

represents a subgroup
of tinnitus that is
most frequently

masked by somatic
maneuvers and music
or sound stimulation

Akhter et al., 2013
[50]

A randomized
clinic trial

Students with TMD
symptoms were divided

into seven groups:
clicking only, TMJ pain
only, difficulty opening
the mouth only, clicking
and pain, clicking and
difficulty opening the

mouth, difficulty opening
the mouth and pain, and

combination of three
symptoms. The

participants in the control
group did not have any

TMD symptoms.

TMD symptoms were
shown to be

substantially linked
to auditory symptoms

and headache.

Fernandes et al., 2013
[60]

A cross-sectional,
clinically based

study

The Temporomandibular
Disorders Research

Diagnostic Criteria TMD
was classified using Axis

I, while self-reported
tinnitus and depression
levels were scored using

Axis II.

Painful
temporomandibular

problems, severe
depression, and

self-reported tinnitus
are all strongly

linked.

Ward et al., 2015 [15] A prospective
cohort study

A questionnaire with a
series of questions was

used to gather
information about

somatic tinnitus, and a
score from 0 to 100 was
assigned based on how

severe it was.

In the questionnaire,
108 out of the

671 individuals
claimed they could

control their tinnitus
using somatic

exercises. Therefore,
16.1% of the

population had
tinnitus.

Lee et al., 2016 [52]
A retrospective

population-based
cohort study

Patients with TMJ
disorder suffered from

hearing loss, and
degenerative and

vascular ear disorders
were compared with the

control patients.

Higher age, hearing
loss, and male gender

have all been
identified as risk

factors for tinnitus.
Female TMD patients

had a greater risk
incidence than male

TMD patients.
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Table 2. Cont.

Authors Type of Study Study Design Conclusion

Çakur et al., 2016 [54] A comparative
study

CBCT pictures were
examined based on PTF

subtype diagnosis.

PTF (type 1) might be
associated with an

increased incidence of
tinnitus in patients

with TMD.

Kusdra et al., 2018 [1] A retrospective
study

A number of 485 medical
records and data (gender,

age, and otologic
symptoms) were

collected and analyzed.

A high prevalence of
otological symptoms
(in particular tinnitus)

was found in TMD
patients.

Lim, et al., 2019 [63] A clinical case

The authors describe two
cases of TMJ herniation

through IF that presented
with tinnitus and
received different

treatments.

In the case of surgery,
the bone can be

obliterated using
tragal cartilage or the

patient can be
observed closely on
an outpatient basis.

Edvall et al., 2019 [62] An observational
study

The online survey
consisted of a

combination of
standardized

questionnaires.

Stress and the
patients’

psychophysical state
is an important risk
factor in the increase
of TMD—tinnitus.

Choi et al., 2020 [64] A clinical case

Case of a 75-year-old
patient who complained

of chewing-induced
popping tinnitus on the

left side and
echoendoscope

examination revealed
that the left tympanic

membrane was
protruding outwards due

to
due to the clenching of

the teeth.

Mastitication-
induced tinnitus is
one of the probable

signs of spontaneous
ejection of TMJ tissue

into the middle ear
through a prolonged

tympanic hole.
Clenching the

patient’s teeth causes
outward bulging of
the TMJ, which is
accompanied with
clicking tinnitus.

Van der Wal et al.,
2022 [3]

A randomized
clinical trial

A total of 80 patients with
TMD were enrolled from
a tinnitus clinic. Patients
were randomly assigned

to either the physical
therapy with occlusal
splints group or the

control group.

A treatment of TMD
pain that allows for a

reduction in
tinnitus severity in

patients with somatic
tinnitus attributed to

the TMJ.
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Table 2. Cont.

Authors Type of Study Study Design Conclusion

Lavinsky et al., 2020
[53]

A comparative
study

A number of 53 adult
patients with bilateral or

unilateral TMD
participated in the study,
30 of whom had tinnitus
and 23 of whom did not.

The most frequent
finding in both

groups
(24 individuals with

tinnitus versus
15 without) was

displacement of the
articular disc.

Van der Wal et al.,
2020 [61]

A retrospective
study

Treatments used:
HD-tDCS over 3 weeks’

time in six sessions,
psychological therapies
were provided with a

TRT +CBT combination
and a maximum of

18 sessions of orofacial
therapy in 9 weeks.

Males improved in
the TRT +CBT group.
Females improved in

the HD-tDCS
(p = 0.0009) and
orofacial therapy

group.

Plaza-Manzano et al.,
2021 [58]

Randomized
clinic trial

A secondary analysis of a
clinical study was

performed in 61 subjects
with TMD-related

tinnitus to determine the
efficacy of incorporating

cervico-mandibular
manual treatment into

exercise coupled with an
education program.

In people with
TMD-related tinnitus

who received
physical treatment,

baseline tinnitus
severity, and localized

pressure pain
threshold (PPT) over
the temporalis muscle

were predictive of
clinical results.

Koparal et al., 2022
[55]

An observational
study

TC was used to assess
82 patients with

temporomandibular
disorders (TMD)

(40 patients without
tinnitus and 42 patients

with tinnitus).

The study revealed
that decreased

glenoid fossa depth
may be associated

with a higher
incidence of tinnitus

in TMD patients.

Kong et al., 2022 [59] A cross-sectional
study

Participants were divided
into four groups: those
with no TMD and no

tinnitus, those with TMD
but no tinnitus, those

with TMD but no
tinnitus, and those with
both TMD and tinnitus.

TMD and tinnitus
both have a

significant influence
on HRQoL in the

Korean population.

4. Discussion

Some studies have investigated the correlation between TMD and tinnitus by evaluat-
ing whether treatment of TMD could benefit otological symptoms.

4.1. Association between TMD and Tinnitus

Vielsmeier et al. (2011) investigated the association between TMD and tinnitus by
comparing patients with tinnitus and proven TMJ dysfunction to people with tinnitus
but no subjective symptoms of TMJ dysfunction [49]. The results showed that tinnitus
patients with TMJ disorder had better hearing function, were younger, experienced tinnitus
at a younger age, and were more frequently female. Additionally, their perceived tinnitus
loudness was lower, and more of them could modulate their tinnitus by moving their jaw
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or neck. This suggests that TMJ dysfunction might play a causal role in the generation
and persistence of tinnitus. Therefore, the treatment of TMJ disorder could be a promising
strategy for addressing tinnitus from a causal perspective [49].

In another piece of research conducted by the same authors, individuals with tinnitus
and TMD were more likely to be female (with TMD: 54%; without: 33%), significantly
younger, and with an earlier onset of tinnitus than those without TMD [49]. In addition,
patients with tinnitus and TMD were more often able to mask tinnitus with sounds or
music (with TMJ disorder: 85%; without: 74%) and could more often modulate tinnitus
with somatic maneuvers (with TMJ disorder: 48%; without: 30%) [14].

Kusdra et al. (2018) investigated the prevalence of ear-related symptoms in patients
with temporomandibular disorders (TMD) [1]. The researchers examined medical records
of 485 patients at a specialized center and found that 87% of TMD cases reported otological
symptoms, including tinnitus and ear fullness. The study provided evidence supporting
the connection between TMD and otological symptoms, despite the symptoms not being
directly caused by the ear [1]. A different study by Ward et al. investigated somatic tinnitus,
which involves modulating tinnitus through somatic maneuvers, and showed a higher
proportion of individuals with pulsatile tinnitus (not related to the heartbeat), under the
age of 40, experiencing variations in tinnitus loudness, and having temporomandibular
joint (TMJ) disorder [15].

Based on the data obtained from the studies examined, the prevalence of tinnitus
among TMD patients is estimated to be 37.4% [15,49,53,55].

4.2. Factors Influencing TMD and Tinnitus Association

Some authors identified specific factors influencing the TMD and tinnitus association.
Çakur et al. (2016) suggested that a certain type of TMD (PTF type 1) might be associated
with an increased incidence of tinnitus. The authors employed a tac cone beam (CBCT) to
assess the relationship between PTF subtype and tinnitus in TMD patients [54]. The study
of Kijak et al. aimed to investigate the relationship between the displacement of the condyle
in the temporomandibular joint (TMJ), the structure and position of the petrotympanic
fissure (PTF), and comorbid tinnitus in patients with temporomandibular joint and muscle
disorder (TMD) [65]. The researchers enrolled 331 TMD patients (268 women and 63 men),
with an average age of approximately 40 years for women and 38 years for men. They used
imaging studies of the facial part of the skull to analyze the TMJ and PTF configurations;
around 10% of the TMD patients reported having tinnitus [65].

Lavinsky et al. (2020), using magnetic resonance imaging, found that patients with TMJ
dysfunction and tinnitus presented a displacement of the joint disc with greater reduction
than those with TMD but without tinnitus [53]. Furthermore, in the study of Jin Woo Choi
et al. in 2020, the authors described a rare condition of chewing-induced tinnitus that
occurs because of a defect in the normal ossification of the tympanic portion of the temporal
bone that creates a communication pathway between the external auditory canal and the
infratemporal fossa [64]. Instead, Koparal et al. aimed to use computed tomography
(CT) to evaluate glenoid fossa depth and the horizontal angle of the ramus mandible
in patients with TMD with tinnitus and without tinnitus to determine the association
between TMD and tinnitus [55]. It was found that the glenoid fossa depth was decreased in
patients with TMD and tinnitus compared to those with TMD only. This suggests a possible
link between TMD and tinnitus due to the close anatomical relationship between the
temporomandibular joint and the ear. Further research is needed to explore this association
in more detail [55]. Another factor considered is the tympanic foramen or foramen of
Huschke (FH), which is closed during the first five years of life [66]. The persistence of
this defect can cause spontaneous herniation of the retrodiscal tissue of the TMJ in the
middle ear with consequent mandibular clicking and tinnitus enlargement of the tympanic
foramen, which can increase with age, resulting in tinnitus and hearing loss, as assessed by
Lim et al. [63]. Assessment by high-resolution TBCT of the external auditory canal may be

91



Appl. Sci. 2023, 13, 8997

useful for diagnosis. Treatment in these cases requires surgery to correct the defect, which
can be obliterated using tragus cartilage [67].

4.3. Study on Socio-Economic Factors and Psychological Variables

The study by Edvall et al. explored socio-economic factors, phenotypic characteris-
tics, and psychological variables in tinnitus patients with or without TMJ complaints [62].
TMJ issues were more common in severe tinnitus cases, indicating a strong link. Sub-
jects with TMJ complaints, mainly females, often attributed stress as the cause of their
tinnitus. They experienced more severe tinnitus symptoms, poorer psychological well-
being, and lower quality of life. This author uses TSCHQ (tinnitus sample case history
questionnaire) [62]. They also reported difficulty tolerating sounds, headaches, vertigo,
dizziness, and neck pain. These individuals often had pulsating or tonal tinnitus and
somatic modulation, which worsened with loud sounds and stress. Stress was suggested
to contribute to the co-occurrence and development of severe tinnitus, emphasizing dental
care and stress management in comprehensive treatment [62]. In 2013, Fernandes et al.,
in their study, already demonstrated a strong link between tinnitus self-report, chronic
severe TMD, and severe depression. The RDC/TMD questionnaire (research diagnostic
criteria for temporomandibular disorders) was the test used [60]. These authors agree
with Kong et al. (2022), who investigated the relationships between TMD, tinnitus, and
quality of life in adults (nineteen years or older) using a nationally representative sam-
ple [59]. Participants were assigned to four groups: those with no TMD and no tinnitus,
those with TMD but no tinnitus, those with TMD but no tinnitus, and those with TMD
and tinnitus. The TMD and tinnitus group referred to the major number of concerns in
the normal activity, pain/discomfort, and anxiety/depression aspects [59]. Clinicians
should comprehend the idea that tinnitus is a complicated, multidimensional developmen-
tal process encompassing numerous physical, psychosocial, and environmental compo-
nents to avoid using overly simplified techniques when diagnosing and treating tinnitus
patients [59,60]. Another study by Akhter et al. (2013) aimed to explore the connections be-
tween aural symptoms, headache, and depression with temporomandibular disorder (TMD)
symptoms through a survey involving university students [50]. Finally, they reported that
clicking-only TMD symptoms were linked to otalgia and depression and suggested the
importance of considering a functional assessment of the stomatognathic system in indi-
viduals experiencing unexplained aural symptoms and headache [50]. Hilgenberg et al.
(2012) investigated the prevalence of temporomandibular disorders (TMD) and otologic
symptoms in individuals with and without tinnitus while also examining the impact of
depression levels comparing a tinnitus group with a control group [51]. The study revealed
that 85% of tinnitus patients showed signs of TMD, compared to 55% in the control group,
and found a positive association between tinnitus severity, higher depression levels, and
TMD [51].

4.4. Tinnitus Treatment

In 2020, Van der Wal et al. discovered significant gender differences in the treatment
results of numerous tinnitus care approaches [61]. Women in this study population have
demonstrated a better response to treatment after receiving successive HDtDCS (high-
definition transcranial direct current stimulation) sessions. HD-tDCS is a unique non-
invasive brain stimulation technology based on the idea that mild intensity electric currents
applied to locations of the scalp generate underlying cerebral activity [61]. These findings
are consistent with those of Frank et al. (2012), who found greater benefits from frontal
tDCS in women [68]. Chun-Feng Lee et al. (2016) conducted retrospective cohort research
in 2016 on patients aged 20 years and older who had recently been diagnosed with TMJ
dysfunction [52]. The authors suggested that TMD may increase the risk of tinnitus, but
they found age, sex, and comorbidities of hearing loss, noise impacts on the inner ear, and
degenerative and vascular ear illnesses as demographic characteristics and comorbidities
that may be related to tinnitus [52]. The incidence of tinnitus was greater in the TMJ disease
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cohort than in the control patient, and female TMD patients have a higher risk incidence
than male TMD patients [52]. Sobhy et al. (2004) conducted a case-control study aiming
to assess the aural manifestations in patients with TMD and the effect of TMD treatment
on tinnitus. Thirty patients were divided into two groups: Group (A) with myofascial
pain dysfunction syndrome, and Group (B) with disc displacement with reduction. In
conclusion, this study highlights the importance of evaluating aural manifestations in TMD
patients. The results suggest that conservative treatment of TMD can effectively alleviate ear
symptoms and improve the overall condition in these patients. In fact, the incidence of ear
symptoms (otalgia and tinnitus) significantly decreased after therapy in both groups [56].
The same results were obtained by Webster et al. (2011), who found a significant decrease
in tinnitus symptoms after treating temporomandibular dysfunction [57]. The researchers
conducted a prospective cohort study involving individuals with TMD and tinnitus, and
after dental treatment for TMD, there was a significant decrease in the intensity of tinnitus.
Notably, tinnitus completely disappeared in four (26.6%) patients [57]. Van der Wal et al.
(2020) conducted a randomized clinical trial, demonstrating that treating TMD pain reduced
tinnitus severity in patients with somatic tinnitus attributed to the temporomandibular joint.
The same results were obtained by Webster et al. (2011), who found a significant decrease
in tinnitus recognition after treating temporomandibular dysfunction. The researchers
conducted a prospective cohort study involving individuals with TMD and tinnitus, and
after dental treatment for TMD, there was a significant decrease in the intensity of tinnitus.
Notably, tinnitus completely disappeared in four (26.6%) patients [57]. In 2020, Plaza-
Manzano et al. evaluated the impact of physical, clinical, psychological, and psychophysical
factors on treatment results following the use of cervico-mandibular manual therapy,
education, and exercise in patients with TMD and tinnitus [58]. The study highlighted
the importance of baseline tinnitus severity and localized PPT over the temporalis muscle
as significant factors in predicting treatment outcomes for individuals with TMD-related
tinnitus undergoing physical therapy. Other predictors, such as sex and quality of life, also
played a role but were less influential in the treatment outcomes [58].

5. Conclusions

In conclusion, there are numerous and complex relationships between TMD and
tinnitus. Even while some writers have questioned whether an issue with the TMJ is the
actual cause of tinnitus or just one of its symptoms, research shows that there is a strong
correlation between the two illnesses. This study reveals that not all patients with TMD
will develop tinnitus, indicating that other factors may also contribute. Tinnitus is known
to be associated with advanced age, male gender, and hearing loss.

Numerous alternative processes have been used to explain the connection between
tinnitus and TMD. Tinnitus can be caused by the trigeminal nerve, which innervates the
TMJ, modulating the activity of the central auditory pathway. Tinnitus development may
also be influenced by structural anomalies, such as a shallower glenoid fossa or flaws in the
ossification of the temporal bone. Additionally, there is evidence that stress and bruxism
may share a same ethology with tinnitus and TMD.

Physical therapy, manual therapy, exercise, education, and surgical intervention are
some of the different treatment modalities for TMJ-related tinnitus. Studies have demon-
strated that a multidisciplinary strategy that incorporates several medicines can enhance
clinical results. With some encouraging results, repetitive transcranial magnetic stimulation
(rTMS) has also been researched as a potential treatment option for tinnitus.

According to data in the literature, occlusal splints do not contribute to the improve-
ment of tinnitus symptoms.

Tinnitus has an impact on patients’ quality of life, so a multidisciplinary treatment
approach is necessary. A thorough approach to diagnosis and treatment is essential be-
cause both illnesses have been linked to significant levels of depression. Tinnitus is a
complex condition and treating it effectively and enhancing patients’ wellbeing requires an
understanding of how it interacts with TMD.
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To create more specialized and individualized treatment modalities, additional study
is required to clarify the precise mechanisms behind the association between TMD and
tinnitus. Large-scale, national-level investigations that take the influence on quality of life
into consideration are especially necessary. To effectively serve patients with TMD and
tinnitus and ultimately improve their quality of life, healthcare providers must increase
our understanding of this complex link.
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Abstract: Artificial intelligence (AI) is a contemporary, information-driven innovative technology.
Prosthetic dentistry, also known as prosthodontics, is the restoration and reconstruction of missing
teeth utilizing implants for permanent and removable prostheses. It enhances healthy soft and hard
tissues, promoting oral health. This study examined the use of artificial intelligence in prosthodontics
to diagnose abnormalities and create patient-specific prostheses. Two researchers searched Google
Scholar, Scopus, PubMed/MEDLINE, EBSCO host, Science Direct, and Web of Science (MEDLINE,
WOS, and KJD). Articles on AI in English were reviewed. We also collected the following broad article
aspects: research and control groups, assessment methodology, outcomes, and quality rankings. This
methodological study examined AI use in prosthodontics using the latest scientific findings. The
findings were statistically evaluated using ANOVA. Titles and abstracts revealed 172 AI-related den-
tistry studies, which were analyzed in this research. Thirty-eight papers were eliminated. According
to the evaluation, AI was found to have significantly increased in prosthodontics. Despite the vast
number of studies documenting AI applications, the description of the data illustrated the latest
breakthroughs in AI in prosthodontics, highlighting its use in automatically produced diagnostics,
predicting analytics, and classification or verification tools.

Keywords: artificial intelligence; prosthodontics; ANOVA variance

1. Introduction

Prosthodontics is a branch of dentistry that is considered both an art and a science. It is
the art and science of diagnosing, planning, rehabilitating, and preserving the function, com-
fort, appearance, and health of the oral structures of patients with clinical problems caused
by missing or deficient teeth and oral and maxillofacial tissues. It fulfils this purpose mostly
by replacing missing teeth and associated structures with artificial ones [1–7]. Prosthodon-
tics focuses on the treatment and construction of removable and fixed dental prostheses, as
well as the preparation of finishing margins along the tooth for better extension and fitting
of the crowns, implant surgery, and the construction of a maxillofacial prosthesis. It is also
used to develop and maintain the relationship between the upper and lower jaws for a
stable prosthesis [8–10]. AI can be very helpful in many different kinds of therapy.

Prosthodontics, or the study of dental prostheses, is an important subject that has a
broad influence on different phases of a dentist’s life. Advancements in digital dentistry
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positively influenced prosthodontics and led to exponential development in the field of
materials used, diagnosis and treatment planning, and even in prosthesis fabrication.
Several factors can contribute to the fabrication of dental prostheses.

First, it was suggested that the deterioration in dental morphology poses a threat to a
person’s physical, mental, and behavioral health [1,2]. Due to difficulty in biting (or breaking
down food), the patient starts shifting the food choices to a softer one or even try to avoid food.

Second, tooth loss makes people more isolated because of concerns regarding social
approval [3]. Arguably, having beautiful teeth helps you socialize more since people
generally want their entire body to look good. Finally, having a tooth in the oral cavity
helps to keep the tongue, lips, and cheeks in the right positions, giving the facial features a
proper shape [4]. In prosthodontics, the replacement of missing teeth is possible with the
help of implants and crowns [5–10].

Advancements in digital dentistry positively influenced prosthodontics and led to
exponential development in the field of materials used, diagnosis and treatment planning,
and even in prosthesis fabrication. Several factors can contribute to the fabrication of dental
prostheses. When there is a loss of teeth, the construction of prostheses such as removable
partial dentures, fixed dental prosthesis or implants provides an alternative [11–13]. The type
of implant utilized, and the health of the remaining residual alveolar ridge, determine how
rehabilitation can be carried out. Multiple techniques are required during this rehabilitative
procedure [14,15].

Artificial intelligence (AI) applications are widely used in digitized daily life [16–19],
such as in the form of online companions such as “Alexa” or “Siri”, and they are used in
many technical disciplines. AI algorithms are widely used in the medical field to analyze
images by extracting features and performing target studies [20,21]. Over the past five
years, there was an increase in studies on the usefulness and use of AI in radiology to
enhance workflow and alleviate some of the radiologist’s workload. Although dental
technology is improving, it is still behind medical technology [22–31]. In conventional treat-
ment, standardized digital dental methods are used. The desktop design and CAD/CAM
fabrication became standard in healthcare and labs. AI application is a new concept that is
starting to emerge as dental digitization advances [32]. Dentures for edentulous patients
are difficult to create because of the high aesthetic and functional criteria that must be
satisfied. The CAD/CAM software’s machine learning can realign the teeth to restore
the inter-maxillary connections. Artificial intelligence (AI) might help with precise color
matching in difficult aesthetic circumstances involving a single central incisor or several
front teeth. In implant prosthodontics, implant locations may be identified with the use of
intraoral detectors, and this information can then be inputted into the CAD program in
real-time. Artificial intelligence (AI) has the capacity to improve dental implant design and
fabrication [32].

AI (artificial intelligence) applications are used in many parts of our digital lives [16–19],
such as online assistants like “Alexa” and “Siri”, and in many technical fields. In the
medical field, AI algorithms are often used to analyze images by pulling out features and
doing target studies [20,21]. In the past five years, there have been more studies on how
AI can be used in radiology to improve workflow and make the radiologist’s job easier.
Dental technology is getting better, but it is still not as good as medical technology [22–31].
Standardized digital dental methods are used in traditional dental care.

In labs, CAD/CAM fabrication is now the norm. AI application is a new idea that
is starting to take shape as digital dentistry gets better [32]. Dentures for people with no
teeth are technique sensitive because and they have to meet strict aesthetic and functional
standards. Machine learning in the CAD/CAM software can realign the teeth to fabricate
complete dentures with accuracy. Artificial intelligence (AI) could help match colours
exactly in case of missing central incisors or adjust the colour with remaining natural teeth.
In implant prosthodontics, an intraoral detector can be used to find the location of implants.
This information can then be put into a CAD program in real-time. AI has the potential to
make it easier to design and make better dental implant prosthetics [32].
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The present review is novel and very specific to the field of dentistry, specifically
prosthetic dentistry. It fills the gap in the literature in a way that there are various reviews
pertaining to the use of AI in dentistry, endodontics, and oral medicine, but there is a need
to provide a review in prosthetic dentistry which is lacking in the literature. This lacuna is
filled by this review, as it explains the use and enhances the value of AI in field of dentistry
and, more specifically, to prosthetic dentistry. This review will help in explaining the use
and working of AI in different fields of prosthodontics, which would ultimately help the
patients and improve satisfaction with the prosthesis.

Humans are increasingly demanding, and always ready for more detailed and thor-
ough medical/dental care; therefore, relying on artificial intelligence can improve the
standard of care for patients. AI provides cutting-edge decision-supporting technologies
in the discipline of prosthodontics. Therefore, this review aimed to explore and identify
the various filed in prosthodontics where AI is used and how it is useful in providing
prosthodontic care.

2. Methodology

With the advancement in the field of technology, AI plays an important role not only
in our day-to-day life but also in the field of dentistry, as well as in enhancing prosthetic
rehabilitation. The present review was conducted with the same purpose of exploring
and identifying AI use in prosthodontics. This review was filed and registered in the
International Database to Register Systematic Reviews (INPLASY) dated 24 December
2022. The DOI registration no. is 10.37766/inplasy 2022.12.0096. It followed the PRISMA
2020 [33,34] and Cochrane criteria [35]. Figure 1 represents the flow chart depicting the
methodology used in this review.

 

Figure 1. The flow of review methodology.

This systematic review followed PRISMA guidelines [33]. For the PICO question, the
following statements were formulated:

1. What kinds of AI methods are currently being employed in the prosthodontic field?
2. How does AI enhance clinical decision-making and outcomes in prosthodontics?
3. What are the current clinical uses of AI in prosthodontics, and how well does it work

as a diagnostic tool during the determination of the type of prosthesis required for a
particular patient?

P—population: images of patients’ and simulators’ faces in two and three dimensions,
as well as a variety of radiographs used during the prosthodontic rehabilitation procedure
(including periapical, OPG, and cone-beam computed tomography). I—intervention: ma-
chine learning, natural language processing, and robots are used for the diagnosis, man-
agement, and prognosis assessment of prosthodontic procedures. C—comparison: image
analysis, testing models, and automation algorithms involved in prosthodontic steps while
using the digitalized method of prosthetic rehabilitation. O—outcome: several areas of pros-
thetic dentistry may benefit from the use of artificial intelligence, including performance,
accuracy, precision, sensitivity, and clinical decision support (CDS).

Study design: English-language publications of both observational research (such as
case–control and cohort studies) and experimental research (such as randomized controlled
trials) were included in this analysis, which was basically concerned with the prosthodon-
tic workflow.
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2.1. Data Collection

Google Scholar, Scopus, PubMed/MEDLINE, Science Direct, EBSCO host, and Web of
Science (MEDLINE, WOS, and KJD) provided scientific studies on AI in prosthodontics
(WOS, KJD, MEDLINE, RSCI). Only prosthodontic papers were extensively collected. Each
category was a mix of MeSH keywords and free-text words (Prosthodontics [Mesh]). The
following parameters for inclusion and exclusion were followed: English-language articles,
all evidence-based studies except expert opinions, and content from the previous four
years (from 2017–18 to 30 September 2021–22). The following descriptions of studies were
excluded: case reports with less than ten patients, editorials, reviews with no access to or
full text of the document, and research articles on animal models.

Data Extraction

To choose studies and report AI in prosthetic dentistry, several publications were
reviewed. The judgment of two review writers (S.C. and R.S.S., both prosthodontists)
independently was considered to select and finalize the publications. Two steps were
used to do this: first, matching was carried out for the titles and abstracts of all studies
according to the inclusion criteria; next, the full texts of the publications that were deemed
good from the first round of screening were examined. Information extraction: the two
reviewers (L.A. and F.H.) performed their data extraction work independently at first, and
then, compared and revised their results. The following information was gathered from
different sources: details of the author(s), publication year and nationality, aim of the study,
patient records, application of AI, test datasets, and outcome.

2.2. Study Selection

Based on the primary search keywords and phrases, 172 articles were identified. A
total of 35 duplicates were eliminated, and 90 papers were screened based on their titles and
abstracts, of which 21 were excluded. So, 69 reports were sought for retrieval. Eight items
that could not be retrieved from the search were excluded. The eligibility of the remaining
61 studies was evaluated. A total of 32 reports were also excluded due to various reasons
as described in the flow chart presented in Figure 2. Finally, 24 articles were included and
examined. Figure 2 shows the PRISMA flow diagram of the literature review.

2.3. Study Characteristics

The studies included in the review were mainly systematic reviews, retrospective
studies, and meta-analyses. (Table 1). Most of the research (66%) was published in the
previous four years.

Table 1. Description of the study characteristic.

Study Title, Author Name and
Publishing Year [Citation]

Country Study Design Journal Aim of the Study

Artificial intelligence for fast and
accurate 3-dimensional tooth
segmentation on cone-beam

computed tomography
(EzEldeen et al. [36])

Belgium CBCT Journal of Endodontic

The purpose of this research was to
create and verify an AI-driven
instrument for automatic teeth
segmentation using cone beam
computed tomography (CBCT).

Machine learning and intelligent
diagnostics in dental and orofacial

pain management
(Farook et al. [37])

Malaysia Saudi
Arabia Systematic review Pain Research and

Management

Machine learning was investigated to
determine its clinical impact, efficacy,

limitations, and results when
compared to human diagnostics for
identifying the root causes of dental
and orofacial pain, and (6) bone and

temporomandibular joint.
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Table 1. Cont.

Study Title, Author Name and
Publishing Year [Citation]

Country Study Design Journal Aim of the Study

Uses of Different Machine
Learning Algorithms for

Diagnosis of Dental Carie
(Talpur et al. [38])

Pakistan DDC Journal of Healthcare
Engineering

The primary goal of this research was
to systematically examine existing

literature on the topic of how machine
learning can affect dental caries. The

PICO criteria will be used as a
framework for this study’s design.

Outcome measurements and
quality of randomized controlled
clinical trials of tooth-supported

fixed dental prostheses
(Limones et al. [39])

Spain Systematic review The Journal of
Prosthetic Dentistry

This systematic review aimed to
identify all primary and secondary

outcome metrics in tooth-supported
FDP RCTs. Secondary aims were to
assess methodological quality using
the Cochrane Collaboration’s risk of

bias instrument (RoB, v2.0) and
reporting quality using a 16-item

CONSORT evaluation tool through
published reports.

Robot technology in dentistry
(Van Riet et al. [40]) Netherlands Systematic review Dental Materials

The goal of this evidence-based review
was to give dentists and researchers a
bird’s-seeing view of the features of the

literature surrounding dental
robotics projects.

A risk of bias tool and guideline to
support reporting of pre-clinical

dental materials research and
assessment of systematic reviews

(Delgado et al. [41])

Spain, Brazil, etc. Systematic review Journal of Dentistry

The purpose of this study was to aid in
the reporting of future investigations

and to enhance the assessment in
systematic reviews.

Artificial Intelligence and Surgical
Education: A Systematic Scoping

Review of Interventions
(Kirubarajan et al. [42])

Canada Systematic review Journal of Surgical
Education

The purpose of this literature review
was to consolidate the available

research on the application of AI to
surgical education.

Accuracy of intraoral scanners
versus traditional impressions: A

rapid umbrella review
(Afrashtehfar et al. [43])

Switzerland RU review
Journal of

Evidence-Based
Dental Practice

The primary purpose of this research
was to (1) evaluate the reporting

quality of titles and abstracts of the
collected literature and (2) assess the

truthfulness and precision of intraoral
scanning (IOS) in dentistry based on

recent secondary sources.

Accuracy of Digital Dental
Implants Impression Taking with

Intraoral Scanners Compared with
Conventional Impression

Techniques: A Systematic Review
of In Vitro Studies

(Albanchez-González [44])

Spain Systematic
Review

International Journal
of Environmental

Research and
Public Health

This systematic study aimed to assess
the in vitro accuracy of dental implant

impressions produced with an
intraoral scanner to those taken with

more traditional methods.

Accuracy of removable partial
denture metal frameworks

fabricated by computer-aided
design/computer-aided

manufacturing method: A
systematic review and

meta-analysis (MAI et al. [45])

Republic of Korea Systematic
Review

Journal of Evidence
Based Dental Practice

The purpose of this systematic review
and meta-analysis was to evaluate the
precision of removable partial denture

(RPD) frameworks made with
CAD/CAM systems to those made
with traditional casting techniques.

Communication tools and patient
satisfaction: A scoping review

(Touati et al. [46])
Switzerland Scoping review Journal of Esthetic and

Restorative Dentistry

This exploratory research evaluated
aesthetic dentistry communication.
Various communication tools can

incorporate patients in SDM. Few know
how dental communication technology
improves patient satisfaction. Medline,
Embase, Cochrane, and World Science

were searched for patient
satisfaction research.
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Table 1. Cont.

Study Title, Author Name and
Publishing Year [Citation]

Country Study Design Journal Aim of the Study

Robotic applications in
orthodontics: Changing the face of

contemporary clinical care
(Adel et al. [47])

Egypt and India CFCC BioMed research
international

This review covered eight orthodontic
domains: (1) robotic dental assistants;
(2) robotics in orthodontic diagnosis

and simulation; (3) robotics in patient
education, teaching, and training;
(4) wire bending and customized

appliance robotics;
(5) nanorobots/microrobots for tooth
movement acceleration and remote

monitoring; (6) robotics in
maxillofacial surgeries and implant
placement; (7) automated aligner
production robotics; and (8) TMD

rehabilitative robotics.

A review of 3D printing in
dentistry: Technologies, affecting

factors, and applications
(Tian et al. [48])

China and
Republic of Korea

Technological
application Scanning

Three-dimensional printing has uses in
dentistry, including prosthodontics,

oral and maxillofacial surgery, and oral
implantology. The 3D printing review

is practical and scientific.

Economic Evaluations of
Preventive Interventions for

Dental Caries and Periodontitis: A
Systematic Review
(Nguyen et al. [49])

Australia Systematic
Review

Applied Health
Economics and
Health Policy

For the purpose of providing a critical
analysis of the techniques employed in
comprehensive economic assessments

of preventative therapies for dental
caries and periodontitis.

Rehabilitation with dental
prostheses and its influence on

brain activity: A systematic review
(Costa et al. [50])

Brazil Systematic
Review

The Journal of
Prosthetic Dentistry

The aim was to determine whether or
not oral prosthesis rehabilitation was

associated with an increase in regional
brain activity.

Detection of Caries under Fixed
Prosthodontic Restorations Using
Cone-beam CT: A Meta-analysis

(Sivaramakrishnan et al. [51])

Bahrain Meta-analysis
International Journal
of Prosthodontics and
Restorative Dentistry

This literature review sought to
synthesize the data on cone-beam
computed tomography’s (CBCT)

ability to identify caries under
fixed restorations.

Intraoral scanning devices applied
in fixed prosthodontics

(Abad-Coronel et al. [52])
Cuenca Dentistry Acta Sci Dent Sci

Intraoral scanning devices
applied in fixed prosthodontics

(Abad-Coronel et al. [52]).

Efficacy of deep convolutional
neural network algorithm for the
identification and classification of

dental implant systems, using
panoramic and periapical
radiographs: A pilot study

(Lee, 2020 [53])

Republic of Korea Retrospective
Cohort Study Medicine

The aim of the current study was to
evaluate the efficacy of deep CNN
algorithm for the identification and

classification of dental implant
systems.

Artificial intelligence in fixed
implant prosthodontics: A
retrospective study of 106

implant-supported monolithic
zirconia crowns inserted in the

posterior jaws of 90 patients
(Lerner et al., 2020 [54])

Germany Retrospective
Cohort Study BMC Oral Health

Purpose of this retrospective clinical
study is to present a protocol for the

use of AI to fabricate
implant-supported monolithic zirconia

crowns cemented on customized
hybrid abutments, via a full

digital workflow.

Predicting the debonding of
CAD/CAM composite
resin crowns with AI

(Yamaguchi et al., 2019 [55])

Japan Retrospective
Cohort Study J. Dent. Res.

The aim of this study was to assess the
validity of deep learning with a CNN

method to predict the debonding
probability of CAD/CAM composite

resins restorations from 2D images
captured from 3D STL models of a die

scanned by a 3D oral scanner.

Detection and diagnosis of dental
caries using a deep learning-based

convolutional neural network
algorithm (Lee et al., 2018 [56])

Republic of Korea Retrospective
Cohort Study J. Dent. Res.

The aim of the study was to evaluate
the efficacy of deep CNN algorithms
for detection and diagnosis of dental

caries on periapical radiographs.
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Table 1. Cont.

Study Title, Author Name and
Publishing Year [Citation]

Country Study Design Journal Aim of the Study

Diagnosis and prediction of
periodontally compromised teeth

using a deep learning-based
convolutional neural network
algorithm (Lee et al., 2018 [57])

Republic of Korea Retrospective
Cohort Study

Journal of Periodontal
Implant

The aim of the current study was to
develop a computer-assisted detection

system based on a deep CNN
algorithm and to evaluate the potential
usefulness and accuracy of this system

for the diagnosis and prediction of
periodontally compromised teeth.

Artificial Neural Networks as a
powerful numerical tool to classify

specific features of a tooth
based on 3D scan data
(Raith et al., 2017 [58])

Germany Retrospective
Cohort Study Comput. Bio. Med.

The hypothesis was that tooth
classification algorithms based on

ANNs are capable of classifying teeth
with sufficient accuracy for potential

use in clinical practice in order to
improve digital workflow in

dental prosthetics.

Evaluation of a Novel Computer
Color Matching System Based on
the Improved BackPropagation

Neural Network Model. J. P
(Wei et al., 2018 [59])

China Retrospective
Cohort Study J. Prosthodont.

[The aim of this study was] to explore
the feasibility of a novel computer

color-matching system based on the
improved back-propagation neural

network model by comparing it with
the traditional method.

Figure 2. Flowchart of the Prisma.

Assessment of the Risk of Bias in Included Studies

The papers that were included had their bias risk evaluated separately by the two
researchers. The research was considered to have a low risk of bias if it provided thorough
information on 80% or more of the relevant parameters. There was a moderate probability
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of bias in studies if the supplied information corresponded to less than 50–70% of the
relevant parameters and a high risk of bias if more than 50% of the relevant parameters
were left unanswered [60,61].

2.4. Statistical Analysis

Prosthodontics AI research evaluation employed ANOVA [62]. This demonstrates
the use of the AI model and its impact on how prosthodontics is impacted, sustained, and
upgraded. The standard A-statistic for ANOVA was determined by dividing the sum of
the squared averages of the void sample with the anthropocentric principle by the entire
model. Each variance was considered equally when determining the parameters using the
approach of reducing squared errors.

3. Result

3.1. Descriptive Analysis

Eight publications showed various applications of AI within the discipline of prosthodon-
tics, despite their varied origins. Eight studies investigated the development and use of
various AI systems [63–71]. Two studies investigated the use of a particular CAD program’s
built-in AI system for creating prostheses [66]. This review employed a descriptive method
to analyze the data supplied by the included research. Table 1 provides a synopsis of
the data extraction procedure. Each one of the included studies used a non-randomized,
retrospective cohort design. Four of these publications focused on CBCT [64,68,69]. In
total, there were four studies that examined neural network models, one that employed a
forecasting model, and one that made use of the built-in AI and algorithms of a widely used
analytical CAD program. Prosthodontics is a discipline where AI is steadily making inroads
and will keep doing so. Development was made in the field, with a focus on CBCT (cone
beam computed tomography) and 3D scans for more accurate implant prosthodontic diag-
nosis. Excellent outcomes were achieved by using AI to precisely create surgical templates
and assess bone integrity. This section examines how AI may affect prosthodontics.

3.2. Statistical Analysis by ANOVA

The impact of AI deployment on prosthodontics was examined using ANOVA. The
ANOVA test results for the AI application in prosthodontics are shown in Table 2.

Table 2. ANOVA test of the AI application on prosthodontics.

Features p-Value

Diagnostic accuracy 0.022
Error reduction 0.027

All data that could be obtained from the articles were tallied. All papers that met
the inclusion criteria were evaluated for potential bias using the quality of evidence scale
(Table 3).

Table 3. Study bias assessment. (* shows the presence of the factor checked.)

Stars

Lerner, H.;
Mouhyi, J.;

Admakin, O.;
Mangano, F. [54]

Lee, J.-H.;
Jeong, S.-N. [53]

Lee, J.-H.;
Kim, D.-H.;
Jeong, S.-N.;

Choi, S.-H. [56]

Yamaguchi, S.;
Lee, C.; Karaer, O.;
Ban, S.; Mine, A.;
Imazato, S. [55]

Raith, S.; Vogel, E.P.;
Anees, N.; Keul, C.;

Güth, J.-F.;
Edelhoff, D.;

Fischer, H. [58]

Lee, J.-H.;
Kim, D.-h.;

Jeong, S.-N.;
Choi, S.-H. [57]

Wei, J.;
Peng, M.;

Li, Q.;
Wang, Y. [59]

Determination
(Max. 4 Stars) *** ** ** *** ** ** *

Comparison
(Max. 2 Stars) - - - * - - -

Outcome
(Max. 4 Stars) * * * * * * *
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3.3. Diagnostic Accuracy

All subsequent therapies and suggestions were based on the results of the diagnostic
accuracy examination. A thorough evaluation of the patient’s teeth, musculature, and
associated tissues are required. Challenges with missing teeth, complications with replace-
ment, and arch diagnosis for implant surgery are necessary. AI significantly increases
diagnosis accuracy.

The improvement in diagnostic accuracy explains the improvement in diagnosis
during prosthodontic rehabilitation and showed that the use of AI was directly proportional
to accuracy. Here, diagnosis includes the determination of the problem, the decision on
the type of prosthesis, and finalizing the design and related components in removable and
fixed prostheses.

AI and machine learning emerged as powerful tools for assisting diagnosis, determi-
nation of the type of prosthesis requirement, the development and positioning of clasps
in RPD, designing of connectors and pontics, etc. Given this vast amount of data being
generated, dentists/prosthodontists today are faced with an overwhelming amount of
information when working to rehabilitate even a single patient. AI has the potential to
provide these professionals with the ability to speed up and improve their rehabilitative
capabilities by helping to extract clinically relevant insights from the wealth of information
available. AI technologies are making great strides in medical imaging. Studies showed
that the use of AI may be able to enable earlier disease detection, while also enhancing
the workflows. AI can review r vast numbers of images and then, quickly and regularly
identify patterns, including variations that humans cannot. This may improve patient
rehabilitative treatment outcomes. This adds to the huge potential of AI to support clinical
decisions in time-critical situations or when there is a lack of expert knowledge available.
AI has incredible potential for analysis and diagnosis. Most of the time and effort in a lab is
spent on pre- and post-analytical processes. AI could help bring significant improvements
to the workflow and operations, saving time, labor, and costs.

3.4. Error Reduction

Similarly, error reduction was enhanced with the use of AI in prosthodontics. When
using traditional dental methods, there may be several issues when cementing implant
prostheses, postural mistakes, directional errors, cementation faults, and occlusal or inter-
proximal errors that might occur. With the use of AI, the possibility of errors was reduced
to a minimum and the development of satisfactory functional and aesthetic prostheses
was increased.

4. Discussion

In this comprehensive assessment of AI technologies utilized in prosthodontics, the
predictive power and identification potential of AI for application in automated diagnos-
tics were proven [72–74]. Due to the rapid evolution of digital technologies, in the past
2–3 years, the time frame for this investigation was set to the last four years. This systematic
study was not intended to serve as a comprehensive history of AI in dentistry but rather
to highlight applications for prosthetic AI. The findings demonstrated that CAD/CAM
systems, implant prostheses, and studies of orofacial anatomy were just a few examples of
the ways AI was used in prosthodontics. The application of AI in prosthodontics was the
subject of only 24 qualifying studies. Although dynamic caries detection was the focus of
artificial intelligence dental image analysis diagnosis for some time, the discipline moved
to other areas of interest, demonstrating the utilization of AI technology in prosthodontics,
and the large and complex field of prosthodontics in dentistry may profit from routine AI
technology application [75–77].

For a prosthetic reconstruction to be effective, it must have a synoptic treatment idea,
sufficient backward planning, and clean practical execution, including dental laboratory
processes. Using prosthetic AI, it was possible to diagnose periodontal deficient premolars
and molars with 90% and 95% accuracy, respectively [78–81]. However, because of the
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redundancy of the imaging characteristics and the visual field of periapical radiographs,
this method cannot distinguish between early lesions or offer a conclusive diagnosis of
periodontal disease.

4.1. Application of AI in Prosthodontics

Artificial intelligence (AI) uses machine-learning models to simulate human intellect
and behavior. This model is based on the statistical analysis of past data and was trained
using previously gathered data [82–86]. Digital data are generated at an exponential rate,
which helps to train AI systems to produce more precise results. With the introduction
of artificial intelligence-based technologies in prosthodontics, fundamental shifts were
witnessed in their application to automatic diagnoses, predictive measurements, and
classification or diagnostic tools [63]. All aspects of modern dental technology are used
in prosthodontics. The digital impression with an intraoral scanner replaced the more
traditional methods of impression-making. Intraoral scanners are reliable enough for
everyday use, especially when only a single crown or short-span FPD is to be fabricated [64].
However, advancements in the scanning field led to its use in complete denture fabrication
and maxillofacial intraoral scans.

In fixed prosthodontics, margin detection was completed using AI following an
intraoral scan [65]. CAD/CAM, a common acronym for “computer-aided design/computer-
aided manufacturing”, is used in the creation of both permanent and removable dental
prostheses [34]. An ideal crown design for a variety of circumstances may be provided by
this technique using data from many actual crowns.

In recent times, many different areas of dentistry used digital tools to help patients
obtain the beautiful new smiles they always wanted. These include 3D face tracking and
affordable virtual 3D data hybrids such as fragmented cone beam computed tomography
(CBCT), intraoral scans, and face scans. Any therapeutic action that changes a patient’s
smile is predicated on the virtualization of their anatomy [67]. The initial grin designs
were created using simple sheet drawings made from two-dimensional printed pictures of
patients [68].

Various applications of AI in prosthetic dentistry and its combination with other
branches of dentistry led to a wide variety of innovative opportunities, such as the genera-
tion of occlusal morphology in crown contemplation of the opposing teeth, even in cases of
wear or fracture, programmed teeth setting for dentures, or automatic framework designs
for removable dental prostheses [41]. Ultimately, AI, when used as an educational tool,
guides new students, graduates, and even postgraduates. AI also provides the opportunity
to support less-experienced undergraduate students in their professional development [42].

4.2. Use of AI in Implant Prosthodontics

In the field of prosthodontics, both the patient and doctor need the greatest caliber of
prostheses. A faultless result requires much equipment and work; however, it occasionally
falls short [69]. A developing and manufacturing unit built into a computer enabled us to
develop, grind, or print according to a patient’s preferences while simultaneously conserv-
ing time and materials [70]. The abundance of information available on dental anatomy
is frequently considered when evaluating aesthetics. This was in comparison to using a
typical framework [71]. The best treatment strategy for dental implants incorporates both
intraoral scanning and CBCT. AI’s use of AI in implant dentistry presents the opportunity
to merge the two and produce next-generation prosthetics [87]. The treatment of temporary
and removable dental prostheses, the design of completing margins next to the teeth for im-
proved longevity and alignment of the prosthesis, implant surgery, creation of maxillofacial
prostheses, maintenance of ideal maxillo-mandibular relationships, and selection of teeth
color for improved appearance are the primary areas of attention in prosthodontics [88]. AI
has several benefits and can be applied to many treatment procedures [89]. In research by
Lee J et al. [53], panoramic and periapical radiography were utilized to classify implants
using convolutional neural networks (CNNs) based on AI [90,91]. Based on the results
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of this study, it can be said that the AI-CNN system is virtually as effective as humans in
classifying implant methods [91]. Potential causes of errors include incorrect positioning,
poor cementation, occlusion, and interproximal repair. An AI model was proposed by
Lerner et al. [54] to lessen the likelihood of these errors. A systematic study was carried out
by Takahashi et al. [92] to develop an AI framework that would categorize dental arches
and utilize CNN to assist in denture manufacturing. Using computer-based autonomous
learning approaches, the training dataset was categorized [93–95]. AI augmented reality
reduced dental fear and improved patient satisfaction. AI will improve in organizing
appointments, playing patients’ favorite music and entertainment, and even in helping
them to relax in their surroundings [15].

4.3. CAD/CAM and AI

Patients and clinicians anticipate high-quality prostheses in prosthodontics. Perfect
output requires a lot of personnel and equipment. Computers have built-in creating and
producing units that allow us to design, mill, or print custom medical prostheses for
patients. The capacity of AI to evaluate and understand prostheses in the database is a
significant advantage, especially when considering that new instances are added to the
web on a mass scale. Dental anatomy data were used to assess aesthetics [55,82].

4.4. Maxillofacial Prostheses and AI

AI employs convolutional neural networks (CNNs) that mimic human neurons.
Twelve patients with vision impairments previously tried the prosthetic eye, which was
created in the United States. These AI-powered gadgets can help individuals see without
surgery. AI and certain designing tools help dentists build the most beautiful prosthesis for
patients, considering anthropological calculations, face dimensions, ethnicity, and patient
preference. There are smart reading glasses available for the blind and visually challenged.
It is an innovative voice-activated gadget that can be attached to almost any pair of glasses.
It is designed primarily to help blind and visually challenged people. It can quickly read
text from a book, smartphone screen, or any other surface, identify faces, work more
effectively, and help its user lead an independent life [75].

The audio output can be heard using the normal microphones used in mobile phones.
Skin tissue engineering is a contemporary medical practice that aims to create bioprinter
biomaterial-based synthetic skin grafts. This cutting-edge approach to wound regeneration
attempts to create skin replacements that work as bioactive dressings, improving the
wound’s functionality.

As a result, the primary functions of tissue-engineered skin grafts are to give oxygen,
prevent the wound from becoming dehydrated, promote healing, and guard against in-
fections. Artificial skin grafts can serve as temporary wound coverings or as long-term
skin replacements. Artificial olfaction played a crucial role in mimicking the human olfac-
tory structure for around 40 years; artificial olfactory systems have captivated scientists.
According to research, four chemical sensors with overlapping selection patterns may
differ between various odors. The categorization, identification, and recognition of scents
are all based on the signal combination pattern that emerges in the ensemble of each re-
ceptor. As an example of an artificial olfactory system, the electronic nose model, which
mimics the human olfactory detection system utilizing a variety of electronic sensors, was
developed [35].

The bionic eye was made in the United States, and a dozen people who had lost their
sight tried it. AI is used in these technologies, which can help people see without having to
have surgery. With this method, a smart camera on special glasses lets the user read text
or recognize faces. An expert observes the data from the camera and turns it into sound.
This sound is then sent to the blind person’s ears through a wireless earpiece. People
who have had limbs cut off may lose the ability to feel in those places. Researchers at the
Federal Polytechnic School of Zurich in Zurich, Switzerland, and the California Institute of
Technology in Pasadena, CA, USA, made artificial skin that changed this picture. The tissue,
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made of a thin, see-through layer of water and pectin, can sense changes in temperature
between 5 and 50 ◦C [19]. Artificial olfaction is important in robotics because it mimics the
human olfactory system, which can recognize different smells in a wide range of sectors,
such as disease diagnosis, environmental monitoring, public safety issues, the food industry,
and agricultural production [22].

4.5. Limitations of AI

The impact of artificial intelligence on society is already significant and is expected to
grow as technology improves. There is always a chance that a badly spelt symbol in the
algorithm may cause a major error in the operation, or that overloaded mechanisms will
simply cause the system to crash. Additionally, as prosthodontics is entrusting artificial
intelligence technologies with more and more crucial tasks, the results of such failures may
have unanticipated and highly unfavourable effects.

There is no agreement among contemporary scholars on how to categorize the out-
comes of artificial intelligence’s acts and whether they produce harm. There are three key
ideas: first, identifying the person who used artificial intelligence responsibly; second,
identifying the programmer (software developer), if the error was caused by a mistake
or failure; and third, identifying the person who owns the rights to artificial intelligence.
Today, artificial intelligence technologies are still not fully understood due to the complexity
of their systems, and their ability to learn by themselves and change their behaviour.

The information provided to the AI algorithms is the only way they can learn. How-
ever, if the software is given faulty or untrustworthy data, the findings may be biased. As a
result, the intelligence or effectiveness of AI is only as good as the data provided.

A machine executes an algorithm, which may or may not be programmed by a person.
However, flawed algorithms will provide unfair outcomes. AI is known for learning from
massive datasets, finding patterns, and making data-driven judgments. Despite its speed
and accuracy, the AI system cannot explain how it reached its conclusions, and there may
be substantial initial investment as well as regular maintenance and repair costs associated
with this new technology. Keeping up with the ever-changing demands of prosthodontics
requires that AI software receives regular updates.

4.6. Ethical Considerations with AI

AI development should ensure that these programs do not damage people while
retaining the morality of computers [74]. There is great potential for the use of AI in clinical
practice to advance healthcare, but this potential comes with serious ethical concerns
that need to be addressed. Some of today’s most powerful companies in the IT sector
think that AI should be used more broadly. However, there are numerous ethical and risk
assessment considerations to consider before this becomes a reality. Four fundamental
ethical challenges must be solved to maximize AI in healthcare: data privacy, informed
permission to use data, safety and transparency, and algorithmic fairness and biases. The
use of AI may render us unable to hold anyone liable for any harm caused. Machines will
restrict our capacity to assign blame and take responsibility for decisions, and the threat is
unclear. Healthcare AI must adapt to a constantly changing environment with frequent
interruptions while upholding ethical standards to protect patients [75].

4.7. Future Scope

AI is changing everything from space research to dentistry. Biomedical diagnosis,
therapy planning, patient recording, and management have several benefits. AI aids
physicians and patients in every profession, and in the future, AI will produce a forecast
that can be merged with human diagnosis to increase the chances of appropriate diagnostics,
leading to a higher rate of correct diagnoses.

Despite the encouraging outcomes, it is still important to validate the generalizability
and reliability of the provided AI models using adequate external data acquired from newly
enrolled patients or gathered from other dental facilities. One of the long-term goals of
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AI research in dentistry is to improve AI models to the point where they can detect early
abnormalities that are undetectable to the naked eye. There will be a significant need for
AI-enabled algorithms as CAD/CAM technology advances and prosthodontic implant
procedures require more accuracy.

At all stages of AI development, including pre-modelling, model creation, and post-
modelling, explainability can be taken into account. The majority of the research on AI
explainability describes post-modelling explainability and seeks to explain an existing black-
box model version [96], even though explaining decisions made by artificial intelligence
systems can help provide transparency on how the model arrives at its decision. However,
at the level of the dentist and specific prosthodontist, the applications of AI is concerned
with prosthesis fabrication, the success of which will be tested and determined only when
it is placed in the oral cavity and so, if the explainability of AI is not known to us as a
prosthodontist, the ultimate effect will be negligible. Despite this, we accept that if it is
known it will be beneficial to both the prosthodontist and patient, then it will be beyond
the scope of the present review. It is recommended to involve this aspect of AI in future
studies and reviews.

AI will improve the clinical and dental patient experience. To improve patient ex-
perience, the system will learn preferences. Improved dental patient experiences will
increase appropriate oral health care, enhancing systemic health. The software will offer
RPD designs for partial edentulism. Research-based, clinically proven technologies and
approaches will modernize dental implant therapy. The software will assist with partial
denture design in cases of incomplete edentulism. Dental implant therapy can become
standardized via the use of tried-and-true technology and procedures backed by years of
scientific study.

5. Conclusions

It can be concluded that the use of AI is increasing in prosthodontics and its use is
enhancing the prosthodontic-driven rehabilitation of patients. AI is helpful in removable,
fixed, maxillofacial, and implant prosthodontics. The functionality and acceptance of
prosthodontic treatment are enhanced with the use of AI and chances of human error are
reduced. It was also revealed that prosthodontic implant applications benefit the most from
artificial intelligence. In addition, researchers were found to use AI to create systems for
dentistry and overall health.
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18. Granulo, E.; Bećar, L.; Gurbeta, L.; Badnjević, A. Telemetry system for diagnosis of asthma and chronical obstructive pulmonary
disease (COPD). In Lecture Notes of the Institute for Computer Sciences, Social-Informatics and Telecommunications Engineering, LNICST;
Springer International Publishing: Cham, Switzerland, 2016. [CrossRef]

19. Shajahan, P.A.; Raghavan, R.; Joe, N. Application of artificial intelligence in prosthodontics. Int. J. Sci. Health Care Res. 2021, 6, 57–60.
20. Saghiri, M.A.; Vakhnovetsky, J.; Nadershahi, N. Scoping review of artificial intelligence and immersive digital tools in dental

education. J. Dent. Educ. 2022, 86, 736–750. [CrossRef] [PubMed]
21. Cicciù, M.; Fiorillo, L.; D’Amico, C.; Gambino, D.; Amantia, E.M.; Laino, L.; Crimi, S.; Campagna, P.; Bianchi, A.; Herford, A.S.;

et al. 3D Digital Impression Systems Compared with Traditional Techniques in Dentistry: A Recent Data Systematic Review.
Materials 2020, 13, 1982. [CrossRef]

22. Agrawal, P.; Nikhade, P. Artificial Intelligence in Dentistry: Past, Present, and Future. Cureus 2022, 14, e27405. [CrossRef]
23. Ametrano, G.; D’Antò, V.; di Caprio, M.P.; Simeone, M.; Rengo, S.; Spagnuolo, G. Effects of sodium hypochlorite and ethylene-

diaminetetraacetic acid on rotary nickel-titanium instruments evaluated using atomic force microscopy. Int. Endod. J. 2011, 44,
203–209. [CrossRef]

111



Appl. Sci. 2023, 13, 5004

24. Krifka, S.; Petzel, C.; Bolay, C.; Hiller, K.-A.; Spagnuolo, G.; Schmalz, G.; Schweikl, H. Activation of stress-regulated transcription
factors by triethylene glycol dimethacrylate monomer. Biomaterials 2011, 32, 1787–1795. [CrossRef] [PubMed]

25. Chakraborty, T.; Jamal, R.F.; Battineni, G.; Teja, K.V.; Marto, C.M.; Spagnuolo, G. A review of prolonged post-COVID-19 symptoms
and their implications on dental management. Int. J. Environ. Res. Public Health 2021, 18, 5131. [CrossRef] [PubMed]

26. Rengo, C.; Goracci, C.; Ametrano, G.; Chieffi, N.; Spagnuolo, G.; Rengo, S.; Ferrari, M. Marginal leakage of class v composite
restorations assessed using microcomputed tomography and scanning electron microscope. Oper. Dent. 2015, 40, 440–448.
[CrossRef] [PubMed]

27. Spagnuolo, G.; Sorrentino, R. The Role of Digital Devices in Dentistry: Clinical Trends and Scientific Evidences. J. Clin. Med. 2020,
9, 1692. [CrossRef] [PubMed]

28. Kochhar, A.S.; Sidhu, M.S.; Prabhakar, M.; Bhasin, R.; Kochhar, G.K.; Dadlani, H.; Spagnuolo, G.; Mehta, V.V. Intra- and
Interobserver Reliability of Bone Volume Estimation Using OsiriX Software in Patients with Cleft Lip and Palate Using Cone
Beam Computed Tomography. Dent. J. 2021, 9, 14. [CrossRef]

29. Abdinian, M.; Moshkforoush, S.; Hemati, H.; Soltani, P.; Moshkforoushan, M.; Spagnuolo, G. Comparison of Cone Beam
Computed Tomography and Digital Radiography in Detecting Separated Endodontic Files and Strip Perforation. Appl. Sci. 2020,
10, 8726. [CrossRef]

30. Spagnuolo, G. Cone-Beam Computed Tomography and the Related Scientific Evidence. Appl. Sci. 2022, 12, 7140. [CrossRef]
31. Rengo, C.; Spagnuolo, G.; Ametrano, G.; Juloski, J.; Rengo, S.; Ferrari, M. Micro-computerized tomographic analysis of premolars

restored with oval and circular posts. Clin. Oral Investig. 2014, 18, 571–578. [CrossRef]
32. Bernauer, S.A.; Zitzmann, N.U.; Joda, T. The Use and Performance of Artificial Intelligence in Prosthodontics: A Systematic

Review. Sensors 2021, 21, 6628. [CrossRef]
33. Thurzo, A.; Urbanová, W.; Novák, B.; Czako, L.; Siebert, T.; Stano, P.; Mareková, S.; Fountoulaki, G.; Kosnáčová, H.; Varga, I.
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Abstract: For a world that is constantly trying to speed up every procedure while obtaining the
maximum result, traditional orthodontics have the biological limitation of using light and constant
forces that allow tooth movement in a time frame that is only sometimes short. The treatment
time could be lengthened if surgical procedures are programmed in the plan. Methods to accel-
erate tooth movement and reduce the duration of treatment while minimising complications are
investigated and reported in the dental literature (e.g., low-level laser therapy, corticotomy, and
micro-osteoperforations). This systematic review aims to analyse and summarise the strategies for
quickening orthodontic movement during extraction orthodontic treatment, including any potential
drawbacks or adverse consequences. The review will evaluate each approach’s effectiveness, safety,
and evidence quality, compare their benefits and disadvantages, and analyse the implications for
clinical practice and future research. Pubmed, Science Direct, Scopus, and Web of Science were
searched using the keywords “acceleration” AND “dental movement” AND “orthodontic” between
1 April 2003 and 1 April 2023. After carefully scanning the study findings, forty-four publications
were chosen for the systematic review. Most therapies discussed and provided in the literature seem
promising and successful in enhancing orthodontic treatments. The success of operations like cortico-
tomies, piezo-incisions, micro-osteoperforations, osteogenic distraction, low-level laser therapy, the
administration of pharmacological treatments, and infiltrations with PRF and PRP were statistically
significant and appear to be promising and effective in optimising orthodontic treatments. These
strategies expedite treatment and enhance the patient experience, potentially broadening orthodontic
appeal and minimising issues like cavities and enamel demineralisation. Further studies, with larger
samples and standardised treatment protocols, are needed to investigate the efficacy of these tooth
movement acceleration modalities.

Keywords: orthodontic dental movement; acceleration tooth movement; corticotomies; low-level
laser therapy; osteogenic distraction; micro-osteoperforation; piezoincision; canine retraction;
extractive treatment

1. Introduction

Orthodontics is a fundamental speciality of dentistry that deals with diagnosing,
preventing, and treating dental and facial abnormalities. Orthodontic treatment aims to
improve patients’ aesthetics, function, and oral health by aligning teeth and correcting
skeletal discrepancies. However, traditional orthodontic treatments can take considerable
time, often between 1 and 3 years, depending on the case’s complexity. This long duration
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of therapy may discourage some patients from seeking orthodontic intervention and expose
patients to possible complications, such as enamel demineralisation, caries, and gingival
recession [1–3].

In recent years, there has been a growing interest in researching methods to accelerate
orthodontic tooth movement (OTM) and reduce the duration of treatment. Several ap-
proaches have been proposed and studied, including corticotomies, micro-osteoperforations
(MOPs), vibration therapy (VT), low-level pulsed light therapy (LLLT), platelet-rich plasma
(PRP) and platelet-rich fibrinogen (PRF), drug therapy, and dentoalveolar distraction (DAD).
Despite the growing body of literature, there is still no clear consensus on which methods
are most effective, safe, and feasible in the clinical setting [4–7].

This systematic review aims to examine and synthesise the evidence regarding differ-
ent methods of accelerating OTM in extractive orthodontic treatment. A fixed orthodontic
procedure lasts two to three years, and canine retraction is a crucial and time-consuming
step in fixed orthodontic treatment for individuals who have had their premolars extracted.
The canine retraction process uses traditional techniques at an average rate of 0.5 to 1 mm
monthly. As a result, canine retraction alone requires 5 to 9 months and raises the risk of
caries, external root resorption, and decreased patient participation. Therefore, making
an effort to accelerate OTM and reduce the duration of treatment can be very helpful for
improving future orthodontic treatment [8,9].

This review will evaluate the efficacy, safety, and quality of the evidence for each
approach, compare the advantages and disadvantages of the various methods, and discuss
the implications for clinical practice and future research. Through this analysis, we aim
to provide a solid foundation for orthodontists and researchers to improve orthodontic
treatments further and increase patient satisfaction.

It is important to note that not all methods are suitable for all patients and should be
carefully evaluated and discussed with the orthodontist before proceeding. Some of the
most used methods of accelerating OTM include:

• Corticotomy is the execution of small incisions in the alveolar bone surrounding the
teeth to facilitate their movement (Figure 1) [1], using several different techniques
(chisel and hammer, piezosurgery, etc.) [4]. The goal is to stimulate local biological
response and bone remodelling without damaging the surrounding tissues.

• MOPs are small perforations in the alveolar bone around the teeth, obtained using
miniscrews or fine needles [8]. The drilling process stimulates the local inflammatory
response and accelerates bone remodelling, allowing for faster and more efficient OTM
(Figure 1B) [5]. MOPs can be performed safely and with minor patient morbidity,
reducing orthodontic TT [8,10].

 

Figure 1. (A) Corticotomies; (B) MOPs; (C) combination of both techniques.

• VT devices use low-frequency vibrations to stimulate bone remodelling, reduce TT [11],
reduce pain and discomfort, and improve the overall patient experience [6]. Applica-
tion time is around 20 min per day [12].

• LLLT uses low-level pulsed light to stimulate tissue healing and bone remodelling by
penetrating soft tissue without causing thermal damage [13]. This can help reduce
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TT and improve patient comfort, promoting faster recovery and reducing the risk of
complications [14].

• PRP and PRF are autologous platelet concentrates derived from the patient’s blood [15],
applied locally during orthodontic procedures to accelerate healing and bone remod-
elling [16].

• In some cases, nonsteroidal anti-inflammatory drugs (NSAIDs) or drugs-modulating
calcium and phosphorus metabolism can also facilitate OTM and reduce pain [17].

• DAD involves a device constantly forcing the teeth to stimulate bone remodelling [18].
Osteogenic distraction is often used to treat severe skeletal discrepancies and requires
close collaboration between the orthodontist and the oral-maxillofacial surgeon [19,20].
The process creates a controlled fracture in the bone, followed by applying a distraction
device to lengthen the bone over time, forming new bone. This allows significant
corrections of skeletal deformities and functional and aesthetic improvements [18].
Although this technique can be highly effective, it is associated with an increased risk
of complications and requires careful patient management throughout the treatment
process [21].

2. Materials and Methods

2.1. Protocol

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines were used in this systematic review (PROSPERO registration code ID 446071) [22].

2.2. Information Sources and Search Strategy

The qualifying criteria were developed using the PICOS (population, intervention,
comparison, outcomes, and study design) framework. Pubmed, Science Direct, Scopus,
and Web of Science databases were searched from 1 April 2003 up to 1 April 2023, using
the keywords “acceleration” AND “dental movement” AND “orthodontic”(Table 1).

Table 1. Database search indicator.

Articles
screening
strategy

(Keywords: acceleration) AND (dental movement) AND (orthodontic)
Boolean Indicators: (“A” AND “B”)
Timespan: from 1 April 2003 to 1 April 2023
Electronic Database: Pubmed, Science Direct, Scopus, and Web of Science

2.3. Eligibility Criteria

This research studies the dental movement acceleration strategies in extractive or-
thodontic treatment. Articles that met several criteria were included: (1) the study design
selected was Randomised Clinical Trials (RCT), a case series with more than 5 case reports,
clinical trials (CT), retrospective studies (R), and prospective studies (P); (2) participants
were young adult and adult patients with permanent dentition; (3) patients were treated via
extraction of the 1st or 2nd premolars in the upper or lower jaw; (4) extractive orthodontic
treatment used included one strategy of dental movement acceleration (corticotomies,
MOPs, VT, LLLT, drug therapy, and DAD); (5) the language selected was English; (6) only
full-text was available.

Studies characterised by one of the following exclusion criteria were excluded: (1) the
study design excluded was reviews, letters, or comments; case series with less than five
case reports; case reports; in vivo and in vitro studies; (2) participants were animal models
or dry skulls studies; (3) no-extractive orthodontic treatment; (4) the acceleration of the
dental movement was facilitated using orthodontic miniscrews.

2.4. Synthesis Methods

The study data was selected by analysing the study design, number of patients,
average age, dental acceleration technique employed, type of orthodontic treatment, and
outcomes (Table 2).
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3. Results

The electronic database search generated 1672 results. Following duplication elim-
ination, 1350 studies were screened for titles and abstracts. After the abstract screening,
1252 papers were rejected, and 82 articles were chosen for the eligibility evaluation. Follow-
ing the full-text examination, 37 manuscripts were eliminated: 21 were off-topic, six had
wrong settings, and 10 had no outcome of interest. Finally, 44 papers were chosen for the
systematic review, divided for each acceleration technique into:

• Corticotomy, 15 articles
• PRF/PRP, 4 articles
• LLLT, 13 articles
• MOPs, 4 articles
• Vibration, 5 articles
• DAD, 1 article
• LLLT + corticotomy, 1 article
• Drugs, 1 article

Figure 2 summarises the selection procedure.

Figure 2. The literature search’s Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) flow diagram.
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4. Discussion

This systematic review examines different methods for accelerating OTM. In recent
years, several techniques have been introduced that promise to speed up OTM, thereby
reducing treatment duration. However, it is necessary to evaluate the effectiveness of these
techniques via high-level randomised controlled studies to determine whether such devices
can accelerate OTM.

4.1. Corticotomies

First introduced in 1892, corticotomy is a surgical technique involving a cortical bone
cut, perforated or mechanically altered, with minimal involvement of the bone marrow [33].
It differs from osteotomy, where the cut involves bone and marrow. Regional Accleratory
Phenomena (RAP) is based following corticotomy surgery on the principle that rapid bone
remodelling and increased cell turnover occur following any trauma to bone tissue. There
is a 4–5-month window during which the bone physiology changes, where the trabecular
bone loses density and selectively offers less resistance to OTM. In AOO (Accelerated
Osteogenic Orthodontics), non-activated teeth provide a relative anchorage for activated
teeth that move faster (Figure 3) [33,65,66].

Figure 3. Corticotomies technique, as shows the red dashes.

Several studies have been conducted to investigate the efficacy of this strategy. Bhat-
tacharya et al. (2014) evaluated the impact of corticotomy on a sample of 20 patients [33]. In
the group of ten patients who underwent surgery, after lifting a full-thickness flap, a 2 mm
round bur was used to make incisions between the inter radicular spaces from premolar
to premolar, starting 2 mm apical from the bone crest and ending more than 2 mm from
the root apex. The cuts for horizontal corticotomy involved both labial and palatal sides,
and demineralised freeze-dried bone was applied before flap closure and suturing. Once
compared to the CGr, the ExGr TT was significantly shorter(131 ± 7.5 days vs. 234 ± 9) [33].
Chandran et al. (2018) compared corticotomy versus the control in a split-mouth study [34].
Two vertical incisions were made, one on the canine distal line angle and the other on the
second premolar mesial line angle, and full-thickness mucoperiosteal flaps were reflected.
Selective decortication was performed on the buccal and lingual cortical plates using a
fissure bur (#556) in a high-speed handpiece. To standardise all corticotomy operations,
decortication was conducted at three sites: the buccal plate, the crest of the alveolar ridge,
and the palatal plate (Figure 1). The study concludes that corticotomy accelerates OTM
by 40% [34,67]. Sakthi et al. (2014), which analysed bur decortication via 701 slit burs and
number 2 round burs attached on a micromotor handpiece, reached a similar conclusion,
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as it measures the average space closure velocity in the maxilla as 1.8 mm/month, and
in the lower jaw, as 1.57 mm/month, compared to 1.02 mm/month in the maxilla and
0.87 mm/month in the CGr [54].

Addanki et al. (2017) inserted an additional variable in the split mouth RCT study, as it
compared bur corticotomy performed only on the buccal side with corticotomy performed
on both the buccal and palatal side and came to the conclusion that there are no statistically
notable differences within the two populations [24].

Dibart pioneered piezocision as a minimally invasive approach for accelerating OTM.
Piezocision is a potentially minimally invasive tooth acceleration procedure because of
its numerous periodontal, cosmetic, and orthodontic benefits [57]. Incisions are made in
the buccal mucosa under local anaesthetic 2–3 mm below the interproximal papilla’s base.
To decorticate the alveolar bone, the tip of the piezotome is placed at a depth of 3 mm.
Subrahmanya’s study (2020) states that piezocision accelerates canine retraction movement
by 1.5 times [57].

In an RCT study, Simre et al. (2021) compared traditional corticotomy with bur using
piezocision. Buccal 1 cm transmucosal incisions were made distal to the canine and mesial
to the second premolar area in both groups [55]. The incisions were made 5 mm apical
to the papillae, and the vertical guideline bur holes were drilled and joined on the buccal
cortex using a No.8 tungsten carbide round bur mounted on a straight handpiece and
rotated at 30,000 rpm. At a depth of 2 mm, the groove went through the cortical bone,
barely entering the spongiosa. The piezo group employed the OT7 (Mectron®, Carasco,
Italy) piezo tip to produce a vertical groove over the buccal cortex.

This study assessed that corticotomy with bur was 1.5–2 times more rapid, whereas
piezocision was 1.5 times faster; both are effective therapeutic options [55].

The Gibreal (2019) RCT study compared piezocision with traditional orthodontics in
the mandible in 36 patients [38]. Radiographic-guided micro piezoelectric corticotomies
on the labial surfaces of the alveolar bone between the six anterior teeth were performed
on patients in the ExGr to accelerate alignment. Compared to traditional therapy, this
approach required 59% less TT to correct highly crowded lower anterior teeth [38].

Aksakalli (2015) compared two minimally invasive techniques: in a split-mouth
study on ten patients, he performed traditional corticision with a number 15 blade in the
mesiobuccal and distobuccal area of the maxillary canines on one side; on the contralateral
side, he performed piezocisions of a depth of 3 mm [7]. The superimposition of the
3D models, carried out using the third palatine wrinkle as a reference point revealed
approximately twice as fast movement on the piezocision side as on the C Side, especially
during the first month of treatment [7].

Sultana et al. (2022) evaluated the effectiveness of piezocision compared to conven-
tional orthodontics [58]. The piezocision group completed the levelling and alignment
phase substantially faster than the CGr (mean difference = 31.5 days, 95% CI 6.5, 56.5;
p = 0.018). The alignment rate in the piezocision group was quicker in the first two months
than in the CGr [58].

The Abbas study (2015) compared piezocision and control versus corticotomy and
control [23]. They assessed that orthodontics supported via corticotomies are 1.5 to 2 times
faster than traditional orthodontics, and piezocision was 1.5 more rapid than conventional
orthodontics [23].

Also, Al Imam (2019) compared piezocision with traditional orthodontics: the ExGr
with piezocision significantly improved the rate of incisor retraction by 53%, while the
retraction time was significantly reduced by 27% [25].

Gibreal et al. (2022) used a new technique, with 3D-guided piezo-assisted orthodontic
treatment, compared to conventional orthodontic [39]. In ExGr 5, incisions were made in
the labial cortical between the anterior teeth. The study revealed an OAT reduced 48% in
this group compared to the CGr. Through a slight incision, this procedure might enable the
creation of a simple, precise, predictable, and safe localised alveolar decortication. As a
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result, no harm would be inflicted on any surrounding anatomical structures if a flap was
not raised [39].

The RCT study by Mahmoudzadeh (2020) that analyses the influence of lasercision on
OTM is exciting. Lasercision corticotomy (Er, Cr: YSGG 3.5 W, 30 Hz, 40% air, 80% water)
in one maxillary quadrant required 59% less TT to correct highly crowded lower anterior
teeth than traditional therapy [49].

Alfawal (2018) analysed laser-assisted flapless corticotomy (LAFC) with ER: YAG laser
and piezocision [26]. In both groups, the rate of canine retraction was two-fold higher in the
ExGr than in the CGr in the first month and 1.5-fold higher in the second month (p < 0.001).
In addition, the total canine retraction time was decreased by nearly 25% in both groups
when comparing the experimental and C Sides [26].

Baeshen (2020) conducted a partial buccal plate corticotomy distal to the lingual
vertical and subapical incisions, and the lingual flap was not raised [30]. This technique
revealed that the rate of canine retraction on the corticotomy side was substantially greater
than on the C Side [30].

The literature [26,38,68] confirms the efficacy of corticotomy, which reduces treatment
time by 40 per cent; bur corticotomy is 1.5–2 times faster, and piezocision is 1.5 times faster,
with both being effective. Piezocision accelerates canine retraction by 1.5 times. Lasercision
requires 59% less TT for crowded anterior teeth. Corticotomy can be used in different
clinical contexts and with different types of orthodontic treatment, providing a customised
acceleration solution. However, it also has some disadvantages and risks associated with
surgery. It is a technique that requires a learning curve on the part of the clinician, and it
can still cause discomfort with oedema and pain for the patient.

4.2. Micro-Osteo-Perforations (MOPs)

Bajaj et al. (2022) compared the effects of photobiomodulation (PBM) and micro-osteo
perforations (MOPs) on the speed of canine retraction in a study group of 30 patients [31].
The extraction of the premolars was followed by a waiting period of 3 months to allow
trabecular bone formation. Three vertical MOPs (approximately 19-gauge diameter) were
performed distal to the canine root using Propel contra-angle perforation screws in the
MOPs group. In the PBM group, the canine was stimulated using a Gallium Aluminium
Arsenide (GaAlAs) semiconductor diode laser for 10 s at ten different points of the canine
root. The retraction rate was approximately 1.1-fold higher in patients treated with MOPs
than in comparison patients [31].

Feizbakhsh et al. (2018) analysed accelerated canine distalisation using MOPs
(Figure 4) [37]. After 28 days, the movement was assessed by analysing the digital models
of the two arches using the canine and second premolar at three locations as retrievals.
MOPs increased OTM over twice as much as the C Side [37].

In the study by Attri et al. (2018), the retraction was activated immediately after the
MOPs were executed. MOPs were carried out using a manual screwdriver (Propel device)
and drilling screws. Each patient received three perforations (1.5 mm in diameter and
2–3 mm deep) in the extraction space at an equal distance from the canine and second
premolar at the level of the bony cortical performed every 28 days until the space was
closed entirely. When MOP patients were compared to the control individuals, there was
an increase in OTM. Therefore, the authors suggest its use after carefully evaluating the
risk–benefits, as there is an increase in costs and initial discomfort during the procedure [29].
Kundi et al. (2020) compared the extent of canine distalisation in patients undergoing
cortical perforations without flaps or MOPs.

Patients were divided into an intervention group and a CGr. In one session, three
MOPs (diameter 1.5 mm, depth 2.5 mm) were executed distal to the canine on both sides
using the Propel device at the buccal cortical level. The mesial movement of the molar
associated with canine retraction was also investigated using the median palatine line and
the most prominent part of the palatine wrinkles as references.
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Figure 4. Mechanism of action of MOPs.

The orthodontic movement was accelerated 2–3 times in the MOPs group compared
to the CGr [45]. Compared to the other articles used in this section of the discussion,
Bajaj’s work did not compare the improvement in the speed of canine retraction with a
CGr treated only with fixed therapy. Still, it compared with a group exposed to PBM [31].
It can be deduced, however, that MOPs are a valid aid in increasing the speed of tooth
retraction, although particular attention must be paid to reducing pain when performing
this procedure.

MOPs have shown promise in accelerating orthodontic movement [8,69,70]. These are
simple and minimally invasive procedures; however, they may cause temporary discomfort,
swelling, or slight pain at the treated site.

4.3. Vibration Therapy

Several trials suggest that mechanical vibratory devices, in their current setting, do
not offer significant advantages for orthodontic OTM. In the study by Khera et al. (2022),
the effect of a customised vibratory device on the speed of OTM, particularly during canine
retraction, was analysed [43]. The canine retraction was initiated at least four months
after the first maxillary premolars extraction to eliminate any effects due to post-extraction
regional acceleratory phenomena. Additionally, a customised vibratory device was used to
reduce cost, which was economically advantageous compared to commercial devices and
maintained a frequency of 30 Hz and a force of 0.25 N.

The study’s primary objective was to evaluate the effect of low-frequency vibrations
(30 Hz) on the speed of OTM through the customised vibratory device by comparing canine
retraction between the vibrated and non-vibrated sides. The present study concluded that
low-frequency vibratory stimulation (30 Hz) applied for 20 min per day using a customised
vibratory device does not significantly accelerate the rate of canine retraction [43]. The trial
conducted by Taha et al. (2020) aimed to compare two groups of adolescents undergoing
complete orthodontic treatment with and without using the AcceleDent Aura device [59,71].
The study results showed that the total amount of OTM did not show statistically significant
differences between the groups at any of the three time intervals. The study attempted to
minimise bias and observed an average monthly OTM rate of 1.21 ± 0.32 mm in the CGr
and 1.12 ± 0.20 mm in the ExGr.

128



Appl. Sci. 2023, 13, 9159

In conclusion, using the AcceleDent Aura device did not significantly affect accel-
erating maxillary canine retraction or reducing perceived pain during orthodontic treat-
ment [59]. Liao et al. (2017) investigated the effects of vibration-enhanced OTM and the
underlying mechanisms [48]. The vibration was applied to the buccal surface of canines
for 10 min daily for 28 days, using an Oral B (USA) Hamming Bird vibrating unit. The
amplitude of the vibrating force was measured at approximately 0.2 N (20 g), and the
frequency of the vibrations was 50 Hz.

The results showed that the total space closure and distalisation of canines were
significantly more significant on the vibration side than on the non-vibration side. The
research concluded that applying low to medium-frequency vibration, such as 50 Hz
in this study, can accelerate OTM without causing adverse effects like tissue necrosis
or other undesirable outcomes [72]. The study suggested that the mechanism for OTM
acceleration may be more biologically based than mechanically based, as the short duration
of vibration application seems to stimulate OTM-related cells and factors via temporarily
sustained and dynamic amplification of the pressure levels within the periodontal ligament
(PDL). Therefore, applying mechanical vibrations could increase the speed of OTM and
may be considered a promising method for accelerating extraction-based orthodontic
treatments [48]. Kumar et al. (2020) evaluated the rate of orthodontic movement in
adolescent patients combined with low-frequency mechanical vibrations in passive self-
ligating and conventional appliances [44].

The customised vibrating device used had a frequency of 30 Hz and was used by
patients for 20 min per day during the space closure phase. The primary objective was to
measure the space closure rate (mm/month). The results showed no statistically significant
differences regarding the space closure rate among the three groups.

Therefore, the null hypothesis was confirmed, namely that there was no difference in
the rate of orthodontic movement between passive self-ligating and conventional appli-
ances in patients with low-frequency vibrations [44,73]. Another method described is the
pulsed electromagnetic field (PEMF) used to reduce TT, as described in the study by Bhad
(Patil) and Karemore (2022) [32].

An electrical engineer designed a device to generate a weak PEMF of 0.5 mT (Tesla),
at 1 Hz. PEMF therapy was initiated on the same day as the application of the closed-coil
spring, and the PEMF device consisted of an integrated circuit powered via a battery and
embedded in a removable acrylic appliance. Patients were required to wear the appliance
for 8 h at night, and the device was checked at each appointment. The results showed
that the ExGr, exposed to the PEMF, experienced a 1.2-fold increase in the rate of OTM
compared to the CGr, translating to a 41% increase.

The average time for canine retraction in the ExGr was 4.5 months, while the CGr took
6–6.5 months. The study concludes that PEMF therapy can physiologically increase the rate
of OTM, thereby reducing overall TT. When used in combination with closed-coil springs,
1 Hz PEMFs were successful in increasing OTM. The study suggests that PEMF therapy
could be safely and routinely used during orthodontic treatment to shorten TT [32].

El-Angbawi et al. [74] analysed two studies that compared the use of OrthoAccel
and Tooth Masseuse devices with standard orthodontic mechanics during alignment and
canine retraction stages, respectively. The trials evaluated tooth mobility objectively, but
meta-analysis was hampered by varying outcome measures at various stages of treatment.
Additionally assessed were discomfort, pain, and negative consequences. There needed to
be a discussion of duration or how frequently to visit. Over ten weeks, the Tooth Masseuse
improved lower incisor alignment with minimal pain variations. The maxillary canine
movement was slightly faster with OrthoAccel, with no clinical significance.

In summary, although vibration therapy offers a non-invasive and user-friendly ap-
proach, its effectiveness for orthodontic tooth movement remains inconclusive [75–77].
Despite a customised device’s economic advantage, low-frequency (30 Hz) vibratory stimu-
lation for 20 min daily did not significantly accelerate canine retraction. Pulsed electromag-
netic field (PEMF) therapy increased the OTM rate by 1.2-fold, shortening treatment time.
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PEMF therapy, especially when combined with the other methods, offers the potential for
accelerated orthodontic treatment.

4.4. Low-Level Laser Therapy (LLLT)

LLLT has emerged as one of the most promising new supportive treatment techniques
in recent years since it is a non-intervention therapy that is easy to obtain and does not
require expensive equipment [47]. LLLT has been demonstrated to increase angiogenesis
by up-regulating chemical mediators such as the vascular endothelial growth factor, to
facilitate osteoclast and osteoblast cell proliferation and differentiation, and to accelerate
OTM [35]. Furthermore, low-level laser irradiation (LLLI) has been demonstrated to benefit
analgesics in various clinical and therapeutic applications.

LLLI reduces pain perception by preventing the release of arachidonic acid, which
lowers prostaglandin E2 levels. It also causes the production of an endogenous opi-
oid neuropeptide (beta-endorphin), which has powerful analgesic properties [52]. Sev-
eral studies have been conducted to evaluate the impact of LLLT on improving OTM.
Farhadian et al. worked an RCCT with 60 patients divided into three groups: 20 treated
with LLLT, 20 treated with LED biostimulation, and 20 in the CGr. The extraction site and
buccal surface of the canine were exposed to light using an intraoral LED device called
Biolight®, which is comparable to Ortho-Pulse® and has a wavelength of 640 nm, an energy
density of 10 j/cm2, and a power density of 40 mW/cm2 [35].

The patients were instructed to utilise the device for the maxillary dental arch for 5 min
daily at the commencement of canine retraction. A GaAlAs diode laser with a wavelength of
810 nm and a power of 100 mW was used to treat the LLLT group. According to Farhadian
et al., LLLT looked to help accelerate OTM by 60%, while the LED could not significantly
speed up the process. In addition, patient-centred outcomes showed that neither LLLT nor
LED impacted how painful the procedure was felt by the patient [35].

On a sample of 22 patients, Quamruddin et al. examined the effect of LLLI delivered
at 3-week intervals on OTM and pain related to OTM using self-ligating brackets [52].
According to Qamruddin et al., LLLT is a helpful technique that, if used at intervals of
three weeks, can double the rate of OTM [52]. To assess the utilisation of non-invasive
or minimally invasive techniques to expedite OTM, such as LLLT, Moradinejad et al.
conducted a split-mouth RCT [50]. Three parallel intervention groups were randomly
assigned to 64 quadrants in 32 patients: LLLT, LLLT with piezoincision, and CGr. A 940 nm
laser with 8 J and 0.5 W of power was utilised for 16 s at six sites to accomplish LLLT. This
was performed on the first day and then again after three and six weeks.

This study demonstrated that although LLLT statistically and significantly sped up ca-
nine retraction and slowed anchoring loss, its effects were, at best, mild or moderate [50,78].
Lam et al. evaluated the effectiveness of LLLT on 16 patients using a split-mouth RCT [47].
A GaAlAs diode laser with an output power of 100 mW and an 810 nm wavelength was
used to treat the LLLT group for 10 s on both the buccal and lingual surfaces. LLLT in
the conditions was used in our study. In orthodontic therapy, a GaAlAs diode laser with
a twice-monthly radiation dose of 5.1 J/cm2 positively impacted OTM speed [47]. Isola
et al. assessed the effects of LLLT after extracting the first upper premolars for orthodontic
purposes using a split-mouth RCT [42].

A diode laser operating in continuous wave mode at an 810 nm wavelength treated
the test side at three places on the buccal and palatal sides at baseline, at 3, 7, and 14 days,
and then every 15 days until the space closed. Only orthodontic traction was used on the
C Side to treat the opposing chosen canine. This study shows that applying LLLT therapy
successfully quickens OTM and lowers OTM-related discomfort levels [42]. In another
split-mouth RCT, Qamruddin et al. evaluated the effects of LLLT [51].

After removing the first bicuspid on day 21, each canine was retracted using a 6 mm
close coil NiTi spring stretched to 150 gm of force. Immediately following the spring instal-
lation on the experimental side, LLLT irradiation was used. A continuous, uninterrupted
beam of light at a wavelength of 940 nm from a GaAlAs diode laser was used. Qamruddin
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et al. claimed that LLLT during routine orthodontic appointments spaced three weeks
apart accelerates OTM and considerably lessens pain [51,79]. The combined impact of
corticotomy and LLLT on the speed of OTM was examined by Farid et al. [36].

The premolar extractions were performed on the same day a surgical corticotomy
was conducted. The laser was applied at the beginning of the four-month study period
or on the first day of full canine retraction, as well as one week, two weeks, three weeks,
and every two weeks after that. According to Farid et al., corticotomy and LLLT alone
could not increase the rate of canine retraction above that of the gold-standard corticotomy
approach [36]. Arumughan et al. evaluate whether the LLLT can accelerate OTM during
en-masse retraction [28]. The experimental side was subjected to biostimulation by using a
GaAlAs diode laser with a wavelength of 810 nm. Each site received ten irradiations for
10 s, five on the palatal side and ten on the buccal side of the tooth.

With a three-week interval between appointments, the total energy density at each
application was 10 J. It was found that the rate of extraction space closing can be accelerated
via biostimulation using an 810 nm diode laser. As a result, it can accelerate tooth mobility
during orthodontic treatment [28]. Hasan et al. examined if LLLT might hasten the
migration of crowded maxillary incisors during orthodontic treatment [40]. Patients in
the laser group obtained an LLLT dosage from a GaAlAs laser device with an energy of
2 J/point at an 830 nm wavelength just after the first archwire was inserted. Due to a
statistically significant difference in total TT between the two groups, Hasan et al. asserted
that LLLT is a valuable technique for quickening OTM [40].

In 2020, Impellizzeri et al. used a split-mouth RCT to assess the efficacy of photo-
biomodulation therapy in accelerating OTM [41]. Following the extraction of the first
premolar, canine retraction movement was monitored. Linear measurements of the canine’s
anteroposterior position were obtained at the onset of treatment and one month later, and
these values were contrasted with those from the non-irradiated side to determine the pace
of orthodontic therapy. GaAlAs PBM was administered four times to the experimental
segment. The results indicated a statistically significant disparity and a 32% acceleration in
OTM attributable to the biostimulatory agent [41].

Cruz et al.’s work (2004) also utilised LLLT to assess the speed difference between the
irradiated and C Sides of OTM [14]. The authors emphasised a notable acceleration of OTM
on the side that had been exposed to radiation, and they specifically demonstrated that
the laser group always experienced faster displacement with each spring activation. The
authors claimed that LLLT in that region increased the region’s receptivity to biochemical
alterations that help OTM [14]. Strniolo-Souza et al. (2020) monthly applied LLLT in both
the upper and lower arch [56].

The LLLT technique for the upper arch varied depending on whether the side was
buccal or palatal; the latter side required a larger dosage since the canine root was further
from the laser application site due to the greater bony thickness of the palate. However, they
discovered in their research that the LLLT procedure proved only helpful in the upper arch
in the first stages of canine retraction, with speed around the same as on the C Side. The
effectiveness of LLLT is correlated with both the dosage and frequency of laser application,
according to scientists, who speculated that variations in bone density between the maxilla
and mandible may have had differing effects on laser light absorption [56].

When LLLT photonic radiation enters the cell nucleus, it increases the production of
ribonucleic acid (RNA), deoxyribonucleic acid (DNA), and protein synthesis. Enhancing
the inflammatory response to specific stimuli produces biostimulating effects on the cellular
metabolic processes [41].

Inflammatory responses mediate orthodontic movement; some research has sought to
identify the primary inflammatory players responsible for increased OTM following LLLT.
With the use of the GaAlAs diode laser, Varella’s (2018) study intended to measure and
analyse the levels of IL-1β in gingival crevicular fluid during OTM [61]. In the split-mouth
experiment, the canine retraction on the irradiation side progressed faster than on the
C Side.
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Crevicular gingival fluid samples were examined using ELISA assays, and it was
discovered that the amount of IL-1β was more significant in the laser-irradiated region. The
scientists hypothesised that the dental acceleration was likely caused by the increased IL-1β
levels induced by LLLT [61]. In contrast, in a previous study, interleukin-6 was analysed as
potentially responsible for the acceleration of OTM after LLLT [63].

Patients underwent maxillary canine retraction to close the extraction space, in which
only one side had LLLT applied. During orthodontic treatment, gingival crevicular fluid
samples were taken to analyse the IL-6 levels. The results showed that LLLT indeed accel-
erated OTM. However, the difference in the mean IL-6 concentration was not statistically
significant, and it was impossible to attribute a major role to this cytokine [63].

LLLT is a non-invasive approach with potential benefits, including increased angio-
genesis, osteoblast/osteoclast activity, and analgesic effects. Studies have explored LLLT’s
impact on Orthodontic Tooth Movement (OTM), indicating accelerated movement. How-
ever, challenges exist, including varying outcomes, precision demands, cost, availability,
treatment duration, and frequency. Notably, LLLT’s mechanism involves cellular responses
and cytokine modulation, yet cytokine roles remain debated. While LLLT holds promise
for enhancing OTM, carefully considering its advantages, disadvantages, patient prefer-
ences, and further research is essential for informed treatment decisions in orthodontic
practice [80].

4.5. PRP and PRF

Leukocyte and platelet-rich fibrin (L-PRF) injections can accelerate OTM. The branchial
vein collects 20 mL of blood, which is then centrifuged once at 700× g rpm for 3 min to
obtain the L-PRF. To obtain PRF, which will subsequently be injected into the buccal and
palate mucosa to quicken orthodontic movement, the yellow–orange section of the animal
was employed [81]. Uday H. Barhate et al. (2022) evaluated the effect of L-PRF on the rate
of canine maxillary retraction [60]. A careful analysis of the study models observed some
correlation but is not statistically significant between canine retraction and the concentration
of cytokines such as IL-1β and TNF-α.

Acceleration mainly occurred in the first four weeks; after that, retraction between the
experimental and C sides was equal [60]. Zeitunlouian et al. (2021) performed a similar
split-mouth experimental study to evaluate the effect of PRF on accelerating OTM during
orthodontic treatment [64]. PRF was injected into the mucosa before canine retraction,
and the procedure was repeated one month later. Results show a statistically significant
acceleration occurred on the experimental side compared to the C Side [64].

On the other hand, Naji et al. (2022) compared the efficacy of PRF injection and PRP
during orthodontic canine retraction [53]. A significantly faster rate of canine retraction was
obtained with PRP infiltration in the first month. It was shown that PRP infiltration was
more impactful with accelerated canine movement than PRF infiltration [53]. Angel et al.
(2022) evaluated the effects of PRP on the acceleration of maxillary canine retraction [27,82].
The evaluation was performed by measuring the soluble receptor activator of nuclear factor
κb (sRANKL) and the osteoprotegerin (OPG) ligand in the gingival crevicular fluid (GCF).
After alignment, the premolar was extracted and then freshly prepared PRP was injected.
The motion was assessed using digital model superposition at T0, T1 (30 days), and T3
(60 days). Movement occurred 35% more on the PRP than on the C Side, altering the OPG
and sRANKL levels in GCF [27,83].

Therefore, the injection of PRF or PRP before a canine retraction in the post-extraction
space may occur faster in the first few weeks. The prolonged PRF injections may be needed
to achieve accelerated OTM, but this deserves more research.

Leukocyte and platelet-rich fibrin (L-PRF) injections show potential in hastening OTM
initiation, with studies reporting accelerated movement [64,81,84]. Platelet-rich plasma
(PRP) demonstrates initial superiority in canine retraction speed compared to PRF. Both in-
terventions hold promise for modulating biomarkers associated with enhanced movement.
Challenges encompass outcome variability, required treatment duration, and biomarker
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correlations. While early OTM acceleration with PRP and PRF is encouraging, a thorough
evaluation considering patient preferences, long-term effects, and cost-effectiveness re-
mains crucial. Ongoing research is vital for refining protocols and establishing sustained
orthodontic benefits.

4.6. Drugs Therapy

Among strategies for OTM using drugs, the effect of vitamin D on canine distalisation
and alveolar bone density using multi-slice spiral computed tomography (MSCT) has been
studied. An RCT [62] used an in situ gel containing 1.25 DHC (active vitamin D metabolite)
to evaluate its effect on OTM speed [85].

In the first month, the speed of canine movement was faster in the ExGr, but without a
statistically significant difference compared to the CGr. In the following months, the rate of
canine training in the ExGr was statistically significant. The effect of vitamin D was shown
to be more significant when administered at doses close to normal physiological levels.
In conclusion, the local administration of 1.25 DHC led to a significant increase in canine
distalisation and a reduction in bone density in the trabecular bone tissue, suggesting that
vitamin D may play a role in accelerating orthodontic movement [62].

4.7. Dentoalveolar Osteodistraction

The study by Kurt et al. (2017) aimed to evaluate the effects of the DAD device on
OTM compared to conventional methods in patients with Class II malocclusion [46]. Thirty-
three patients were divided into the DAD group and the Distalisation Group (DG). The
patients who underwent a DAD have applied a retraction force of approximately 800 g for
the upper canine. The rate of canine movement was measured in millimetres per month,
and the dentoskeletal effects were assessed via an analysis of panoramic and lateral skull
radiographs [86].

Furthermore, the dentoskeletal effects of DAD were limited to the treatment area, with
no adverse effects on the position of the other teeth. The DAD group showed significantly
faster canine movement (0.87 mm/month) concerning average speed experimented with
conventional orthodontic technique (0.35/month) and no significant changes in the other
maxillary and mandibular parameters except for maxillary canine retraction.

The DG group showed significant changes in the vertical dimension and mesial
movement of the maxillary first molars, indicating anchorage loss [46,87]. No significant
difference was found between the two groups in maxillomandibular measurement differ-
ence or root resorption. The study concludes that DAD can benefit patients with increased
skeletal vertical dimensions and may reduce anterior tooth retraction time during fixed
orthodontic therapy [46].

Osteodistraction, as exemplified via the DAD device, offers advantages in OTM for
patients with Class II malocclusion [88]. The DAD group exhibited notably faster canine
movement than conventional methods, benefiting those with increased skeletal vertical
dimensions. Significantly, dentoskeletal effects were localised, avoiding negative impacts
on the neighbouring teeth. However, some limitations were observed, including altered
maxillary canine retraction and potential vertical dimension changes in the distalisation
group. Root resorption and maxillomandibular measurements remained unaffected. While
advantageous for specific cases, a careful consideration of possible anchorage loss and
anatomical factors is essential.

Furthermore, this work [89] asserts that the absence of periodontal defects or endodon-
tic lesions characterises the rapid distraction of the periodontal ligament during canine
retraction. So, it is possible to rapidly distract the periodontal ligament without complications.

5. Limitation

This study reviews numerous RCTs and CSs regarding OTM acceleration techniques
during extractive orthodontic treatments. However, orthodontic treatments that involved
only medium and minimal anchorage appliances were considered in the literature selection,
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excluding orthodontic treatments that used orthodontic miniscrews as the maximum
anchorage. Further studies will be needed to investigate this topic by considering this
additional variable.

6. Conclusions

Most orthodontic therapies discussed in the literature seem promising and effective:

• Techniques like corticotomies and micro-osteo perforations (MOPs) exhibit 1.5 to
2 times faster acceleration than traditional methods.

• Piezoincisions are effective with variable success rates, offering time benefits but
potential costs and discomfort.

• Vibrational therapy’s impact on tooth movement is debated.
• Pulsed electromagnetic field significantly shortens treatment times.
• Low-level laser therapy speeds up tooth movement and offers analgesic benefits.
• PRF, PRP, and Vitamin D treatments increase movement speed.
• Dentoalveolar distraction aids shorter treatment, particularly in patients with vertical

skeletal dimensions, minimizing anchoring loss.

These strategies expedite treatment, enhance patient experience, and minimise issues
like cavities and enamel demineralisation. Research is needed to assess their efficacy, con-
sidering compliance, complications, risks, benefits, and efficacy in specific clinical contexts.
Larger studies with standardised protocols can illuminate their impact on orthodontic care.
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C Side Control Side
CT Clinical trial
DAD Dentoalveolar Distraction
DG Distalisation group
DNA Deoxyribonucleic acid
ExGr Experimental Group
GaAlAs Gallium Aluminum Arsenide
GCF Gingival Crevicular Fluid
IL-1β: L’interleuchina-1 beta
LAFC Laser-assisted flapless corticotomy
LLLI Low-level Laser Irradiation
LLLT Low-level Laser Therapy
L-PRF: Leukocyte and Platelet-Rich Fibrin
MOPs Micro-osteoperforations
NiTi Nickel-Titanium
NSAIDs Nonsteroidal anti-inflammatory drugs
OPG Osteoprotegerin
OTM Orthodontic tooth movement
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P Prospective study
PBM Photobiomodulation
PEMF Pulsed Electromagnetic Field
PRF Platelet-rich fibrinogen
PRP Platelet-rich plasma
RAP Regional Accleratory Phenomena
RCT Randomised clinical trial
RNA Ribonucleic acid
sRANKL Soluble Receptor Activator of Nuclear factor κb
SW Straightwire
TNF-α: Tumor Necrosis Factor Alfa
TT Treatment Time
VT Vibration therapy
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Abstract: Class III Malocclusion presents a complex orthodontic challenge with various treatment op-
tions, including orthodontic camouflage and orthognathic surgery. Among these, mandibular molar
distalization stands as an orthodontic approach for treating Class III Malocclusion in adults. This
systematic review aims to evaluate the current evidence regarding mandibular molar distalization
techniques in the treatment of Class III. The search across PubMed, Scopus, Cochrane, and Web of
Science databases yielded 582 articles, from which eight met the inclusion criteria. These inclusion cri-
teria were as follows: English language, full text, studies randomized clinical trials, and retrospective
studies that evaluated various methods of mandibular distalization for Class III Malocclusion in adult
patients, from 2013 to May 2023. Lower molar distalization has gained attention as a non-surgical
alternative with effective and efficient outcomes. However, various treatment modalities have limita-
tions, including reliance upon malocclusion severity, diagnosis, patient cooperation, and operator
experience. From the studies analyzed, it was found that techniques using skeletal anchorage with
TADs, mini-plates, or ramal plates, offer stable anchorage and controlled tooth movement, they allow
unilateral action in cases of asymmetry, and they are the most effective methods for achieving distal
body displacement of the tooth. Despite the promising results, the relatively small number of studies
calls for more high-quality research to explore the efficacy and outcomes of different mandibular
molar distalization approaches. The lack of standardized protocols and guidelines for mandibular
molar distalization in Class III Malocclusion is also attributed to the limited available literature.

Keywords: distalization; lower molar; Class III; mandibular prognathism; mini-screw; ramal plate;
clear aligners; orthodontics

1. Introduction

Third Class Malocclusion (TCM), also known as mesiocclusion, is maxillofacial disor-
der, characterized by maxillary deficit and/or excess of the mandible, with lower molars
positioned mesial to the upper molars and an inverted relationship of the incisors [1].

In adult patients, TCM can involve the basal skeletal when dimensional problems
of maxillary bones or dentoalveolar structures occur due to the advanced position of the
mandible caused by an occlusal interference [2,3].

The prevalence of TCM differs across different populations, with estimates ranging
from 3% to 26% worldwide [4]. This condition poses significant functional, aesthetic, and
psychological challenges for affected individuals, making its correction a crucial goal in
orthodontic treatment [5–7] (Figure 1).
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Figure 1. Schematic features of a TCM.

The treatment of TCM traditionally involved either orthodontic camouflage or orthog-
nathic surgery, depending on the severity of the discrepancy [8–10].

Adult patients, who refuse to accept surgical therapy or who are satisfied with their
facial appearance, can be treated with dentoalveolar compensation without correcting
the underlying skeletal deformity [11–13]. Dentoalveolar compensation treatment offers
the non-invasive correction of TCM without surgery, providing aesthetic improvement,
enhanced function, and preventive benefits. It retains natural teeth, has a shorter recovery
period, and carries a lower risk of complications compared with orthognathic surgery.
The dentoalveolar Class III molar relationship can be corrected via differential extractions
between the arches (lower arch extractions) or via distalization of the lower molar [14,15].

Mandibular Molar Distalization (MMD) is an orthodontic approach for non-extraction
therapy, which aims to gain space in the mandibular arch by moving the mandibular molars
distally [16].

The evaluation of mandibular bone quality is of utmost importance in orthodontic
treatment planning, particularly when considering MMD. Sufficient space and good bone
quality is required to perform MMD. Indications for MMD are TCM, adult patient refusing
orthognathic surgery, good patient compliance, absence of third molars. The limitations of
MMD concern growing patients, where traditional interceptive treatment is preferred, and
patients with severe periodontal disease [17].

By evaluating the quality of the mandibular bone, clinicians can identify potential
challenges, develop appropriate treatment plans, and minimize the risk of complications
during the distalization process [18,19]. Several studies revealed that the success of this
procedure heavily relies on the assessment of the mandibular bone’s quality, as it directly
influences the stability and efficiency of the distalization process [8,20]. In particular,
assessing bone density and the architecture of retromolar trigone helps determine the
feasibility of planning MMD. The retromolar trigone is a triangular area located in the
jaw, posterior to the last molar, and it is used for the installation of devices that offer an
anchoring system for the movement of the lower molars [21].

Radiographic imaging techniques such as panoramic radiographs, lateral cephalo-
grams, and cone-beam computed tomography provide valuable information concerning
bone density, root morphology, and cortical thickness. These imaging modalities aid in
assessing the quantity and quality of bone, identifying anatomical variations, and limiting
factors that may affect the success of MMD [22].

The evaluation of the external oblique ridge, which is observed as the anterior bor-
der of the ramus on lateral cephalograms, can be useful for predicting the distalization
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distance [23]. The cortical contact with the mandibular second molar during MMD nega-
tively influences the process [24]. Orthodontists carefully assess bone quality before starting
treatment, as it directly affects treatment planning, mechanics, and appliance selection.
Patients with compromised bone quality may require different treatment approaches or
additional measures to safely achieve optimal results [22].

For MMD, bone quality must also be adequate because it improves treatment pre-
dictability, allowing better anchorage for orthodontic appliances, reducing treatment dura-
tion, and ensuring the long-term stability of orthodontic results [25].

This systematic review aims to investigate the various orthodontic methods of perform-
ing MMD in adult patients with TCM, and it provides insights into the clinical applicability
of MMD. The null hypothesis is that there is no significant difference between the effective-
ness of different methods of MMD in the treatment of TCM in adults.

2. Materials and Methods

In this paper, a systematic search was conducted in accordance with the PRISMA 2020
statement [26] to examine the clinical methods used to perform MMD for TCM resolution.
The review protocol was registered at PROSPERO under the unique number 443313.

The search string included a combination of keywords related to distal movement and
TCM (“Distalization” AND “Class III”). The search, conducted on 11 May 2023, set the
time range at 10 years and it specified that the articles needed to be in the English language;
the search retrieved 289 articles from PubMed, 88 from Scopus, 131 from Cochrane, and 74
from Web of Science (Table 1).

Table 1. Database search indicators.

Articles screening
strategy

Keywords: (“distalization”) AND (“Class III”)

Timespan: from January 2013 up to 11 May 2023

Electronic Databases: PubMed, Scopus, Cochrane, and Web of Science.

Duplicate studies were removed manually. Two researchers independently (D.A., C.L.)
performed the selection of articles. Initially, titles and abstracts were reviewed to exclude
articles that were clearly not relevant. Then, potentially relevant articles were reviewed in
their entirety to assess eligibility in accordance with the inclusion and exclusion criteria, and
each discrepancy was resolved by a third researcher (A.P). The following criteria needed to
be met by the studies to be included in the systematic review: randomized controlled trials,
retrospective studies, studies that had adult patients with TCM as their population, studies
in which the main intervention was to use orthodontic appliances to distalize the lower
molars, articles that provided data on malocclusion resolution (overjet, cephalometric mea-
surements), and English language publications. Studies with the following characteristics
were excluded from the systematic review: studies that were not available as a full text,
studies that were not in English, reviews, case reports, articles with patient populations
that included children or adolescents, articles that addressed upper molar distalization,
MMD achieved via invasive methods combined with orthognathic surgery, and papers that
do not provide sufficient or adequate data to evaluate the effectiveness of MMD.

The researchers created a data extraction form, which they then used to extract the
relevant data from the eligible studies.

Quality Assessment

Using the Cochrane risk-of-bias tool for randomized trials, Version 2, two reviewers
evaluated the articles’ bias risk (RoB 2). Any discrepancy was discussed with a third
reviewer until an agreement was achieved.
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3. Results

The search of the four electronic databases identified a total of 582 studies. After
removing duplicates, 468 studies were screened for titles and abstracts. In total, 357 articles
were not selected after abstract screening, and 111 were selected for an eligibility assessment.
Subsequently, 14 articles were removed because it was not possible to view the full text.
Out of the 97 remaining records, 31 articles were removed for research nonconformity,
21 studies focused on upper molar distalization, 5 articles addressed TCM resolution with
orthognathic surgery, 11 studies involved underage participants, and 21 articles were
excluded because they were case reports. Finally, eight articles were selected for the
systematic review. The selection process is summarized in Figure 2.

 

Figure 2. PRISMA flowchart diagram of the inclusion process. The literature search’s Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram.

The articles included are retrospective, and one observational article is included which
examines different methods of orthodontic MMD using fixed appliances, clear aligners, and
temporary anchorage devices (TADs). The patient samples vary in number and average
age, but the common theme concerns the comparison of different distalization methods for
the orthodontic treatment of TCM in adult patients.

The data extracted from the studies concerned research characteristics (author year of
publication, patient details, distalization method) (Table 2).

Table 2. Study characteristics and results.

Author (Year) Study Design Patient (Age) Distalization Method

He et al. (2022) [27] Retrospective Study 44 patients
(mean age 21 yrs) Comparison with TADs and fixed appliance

Guo et al. (2020) [28] Retrospective Study 22 patients
(mean age 21 yrs) Fixed appliance

Nakamura et al. (2017) [29] Retrospective Study 23 patients
(mean age 25 yrs) Comparison with TADs and fixed appliance
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Table 2. Cont.

Author (Year) Study Design Patient (Age) Distalization Method

Yeon et al. (2022) [30] Retrospective Study 40 patients
(mean age 26 yrs) Comparison with TADs and Ramal plates

Azeem et al. (2018) [31] Retrospective Study 60 patients
(mean age 18 yrs) Comparison with TADs and extraction

Rota et al. (2022) [32] Retrospective study 16 patients
(mean age 25 yrs) Clear aligners

Yu et al. (2016) [33] Retrospective study 22 patients
(mean age 23 yrs) Ramal plate and fixed appliance

Ye et al. (2013) [34] Observational study 19 patients
(mean age 20 yrs) TADs and fixed appliance

Quality Assessment and Risk of Bias

Using RoB 2, the risk of bias was estimated and reported in Figure 3. Regarding the
randomization process, 75% of the studies ensured a low risk of bias. However, 75% of the
studies excluded performance bias, 75% excluded bias in reported all outcome data, and
25% of the included studies adequately excluded bias in the selection of reported outcomes,
whereas 25% excluded bias in self-reported outcomes. Overall, all studies were shown to
have a low risk of incurring in bias (Figure 3).

Figure 3. Risk of bias domains of the included studies [27–34].
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4. Discussion

The purpose of this systematic review was to gather the most up-to-date scientific
evidence available on techniques so that MMD can be used as a nonsurgical treatment for
TCM in adult patients. The studies were divided in accordance with the type of method used.

4.1. MMD via a Fixed Appliance

In clinical practice, various mechanics with fixed orthodontic appliances can be used
to implement the MMD. The most frequent is the use of intermaxillary elastics. Another
technique involves the use of open spiral springs placed between specific brackets, which
exert a distal force on the molars [35].

Guo et al. describe the use of the Multiloop Edgewise Arch Wire (MEAW) technique
for dental compensation using MMD and the prevention of temporomandibular joint (TMJ)
disorders. The MEAW technique uses L-shaped bending forces on the teeth. By applying a
distal force to the L-shaped curve of the MEAW arch wire, the lower molars are tilted back
towards the distal center and repositioned, helping to correct the anterior crossbite. This
approach potentially reduces the risk of TMJ problems such as TMD symptoms or condyle
displacement [28]. we inserted the bibliographic reference number next to the names, but
unfortunately we could not make the zotero link in the numbers in this image

Hu et al. report a case of MMD with the use of fixed orthodontic appliances, intermax-
illary elastics and open coil springs. The treatment resulted in a satisfactory facial profile
and stable occlusion [36].

Hisano et al. describe the non-surgical treatment of a TCM with lateral deviation
via the distal movement of the mandibular arch and extraction of the third molars. The
mandibular molars were moved into an upright position and distalized using a light
continuous tip-back force and short Class III elastics [37].

In addition to elastics and springs, modifications to the archwire can be made to
incorporate distalizing components. For example, Oliveira et al. use a sliding jig (SJ)
combined with intermaxillary elastics. The use of SJ, a type of orthodontic mechanic,
allowed for efficient forces to be applied to individual teeth, promoting controlled molar
movement. Despite the challenges associated with patient cooperation, the treatment was
successful in achieving functional occlusion and dental aesthetics [38].

Nakamura compared the results of orthodontic treatment with TADs and Class III
elastics. TADs have been shown to cause the anti-clockwise rotation of the occlusal and
mandibular planes, whereas Class III elastics can lead to the clockwise rotation of the
mandible. The distalization achieved with TADs results in the body movement of the lower
incisors and distal tilting of the lower molars. The amount of distalization achieved with
TADs is generally greater than with Class III elastics. They declare that TADs offer a reliable
method of distalization for the treatment of TCM [29].

Is important to note that the success of MMD with fixed appliances depends on
several factors, including the severity of the malocclusion, the patient’s cooperation, and
the orthodontist’s expertise.

4.2. MMD with Skeletal Anchorage

Skeletal anchorage is highly effective for MMD in orthodontics. It eliminates the
need for patient compliance and relies on stable skeletal implants or mini-plates [39].
This approach allows for controlled and predictable tooth movement, while minimizing
unwanted side effects on adjacent teeth [25].

4.2.1. TADs

TADs are widely used as stable anchorage in orthodontic treatments in which signifi-
cant tooth movement is required. TADs in various applications have been demonstrated
to optimize orthodontic mechanics, they need very little cooperation from the patient,
and they reduce adverse side effects such as mesialization of the anterior anchorage teeth,
premolar tipping, molar extrusion, and protrusion of anterior teeth. Advantages of TADs
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include a decreased treatment period, simple surgical insertion and removal, and a lower
risk of potential morbidity [39,40]. Correction of an open bite in a TCM is more challenging
when approached nonsurgically, but it is made possible through orthodontic methods with
skeletal anchorage [41,42].

Several studies have reported that the total distalization of the mandibular dentition
was successful when using skeletal anchorage, and maximizing the distalization of the
mandibular arch was seen to reduce the effect of the increased concave profile; this is
characteristic of a TCM, given the counterclockwise rotation of the mandible [34,43].

The results of Yan Jin et al. in 2013 also suggest that the application of TADs in the
posterior area of the mandible is an effective systematic for nonsurgical TCM treatment [41]
(Figure 4A,B).

  

Figure 4. (A,B) TADSs application sites for MMD.

The application methods of TADs are varied. A study by Z. Zhi-he in 2013 showed
that the direct use of mini-screws in the retromolar area required less time and more body
movements to retract the mandibular arch without patient cooperation, and this was a
better choice for patients with the potential for TJM disorders [34].

Park at al. evaluated cases in which TADs were used for MMD as a function of different
force angulations to the mandibular occlusal plane, and for the camouflage treatment of
various types of skeletal TCMs. The use of TADs between the roots of premolar and
molar, coupled with a thorough knowledge of biomechanics and anatomic limitations, can
successfully produce a correct and controlled MMD treatment [44,45].

Generally, two TADs were inserted into the mandibular arch after leveling the plane;
one was inserted into the interradicular bone between the mandibular right second pre-
molar and first molar, and the other was inserted between the mandibular left second
premolar and first molar. The TADs were placed in different interradicular areas, such as
the mandibular left first and second molars, to prevent root damage during installation [46].

Ma et al. used two TADs that were 1.5 mm in diameter in the buccal alveolar bone,
one between the mandibular left second premolar and the first molar, and the other between
the maxillary right second premolar and the first molar, to provide anchorage in order to
correct of a case of TCM subdivision left [47]. TCM treated nonsurgically, with the help
of Class III elastics, led to an increase in the angle of the mandibular plane, as compared
with the use of TADs which decreased the angle [48]. Class III elastics were preferred for
patients with a low angle and short face, whereas TADs were preferred for patients with a
high angle and long face [29].

As the direction of the retraction force given to the mini-screws is above the center
of resistance of the mandibular arch, the occlusal plane flattens, and the mandibular arch
rotates counterclockwise during the distalization movement [49] (Figure 5). As the mini-
screws’ retraction force is delivered in a direction that is above the mandibular arch’s center
of resistance, the mandibular arch can be turned counterclockwise when distalized, creating
an occlusal plane that is flat [50,51]
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Figure 5. TADs’ retraction force.

The goal of a study sponsored by Muhammad Azem and colleagues in 2018 was
to compare the effectiveness of a TCM treatment with the removal of two mandibular
premolars and the MMD technique. However, regarding the treatment of MMD with
skeletal anchorage, it has been seen that the effectiveness of the two treatments when
compared is similar in terms of greater patient comfort and less stress [31].

Contextually, regarding the distalization of the lower dental elements, when the closure
of a TCM open bite occurs, due to two TADs, applied on the buccal and palatal surface of
the upper molars, an intrusive body movement of the maxillary molars is possible with the
help of elastic chains passing over the occlusal surface [52]. This system provides excellent
control of ‘molar inclination during intrusion by evenly distributing the force on the buccal
and palatal sides of the elements [41] (Figure 6).

Figure 6. Use of TADs on the vestibular and palatal oral surfaces, for the equal distribution of the
intrusive forces that occur with molar intrusions.

A further advantage of TADs is that they can be used monolaterally. In fact, Sha et al.
emphasize the use of TADs in cases where the TCM is asymmetric. One of the treatment
goals was to correct the mandibular asymmetry via MMD on the affected side. For this
purpose, mini-screws were placed in the left retromolar area and between the second
lower premolar and the first left molar. These mini-screws provided the anchorage for the
distalization of the mandibular dentition. The patient wore Class III elastics to facilitate the
desired tooth movement [53].

4.2.2. Mini-Plates

Mini-plates are very stable skeletal anchoring devices because they are held in place by
two or more mini-screws [54] (Figure 7). This allows them to be used with heavy forces, and
they have been used to good effect when performing distalization of the mandibular arch
in adult patients with TCM. As this is a modern approach, there are still few studies and
clinical cases in the literature [55]. These include Hakami et al. who published a case report
of a TCM treated with the distalization of the lower arch on a mini-plate [56]. The heads
of the mini-plates were placed between the first and second molars, and two elastomeric
chains, stretched from the canine and first premolar to the mini-plate, on both sides, exerted
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a force of about 250 g each; these were used to distalize. In this case, a significant MMD
of about 4 mm was achieved [56]. In addition, because the force vector passed above
the center of resistance of the mandibular arch, a moment was generated that produced
the counterclockwise rotation of the anterior teeth, which helped in the correction of the
anterior open bite [57].

Figure 7. Mini-plates with TADs.

4.2.3. Ramal Plates

The lower arch distalization technique with Ramal Plates (Figure 8) has been proposed
in several clinical studies that extoll its advantages.

Figure 8. Ramal plate in the retromolar area.

Yoon-Ah Kook et al. published case reports in which they used the ramal plates to
perform camouflage in adult patients with TCM who had refused orthodontic treatment
combined with surgery [57]. In the case reports proposed by the authors, the insertion
technique is described, as follows. The ramal plates were installed in the retromolar fossa,
which is located between the anterior border of the mandibular ramus and the temporal
crest. A flap was created in the retromolar area, and the L-shaped plate was fixed with
two screws, 5 mm long, and 2 mm wide. Then, the flap was sutured so that the anterior
hole of the plate was 3 mm lateral to the buccal surface of the second molar so that the
force vector was as parallel as possible to the functional occlusal plane [58]. On leveled
arches with steel posted arches, an elastic chain was applied between the last ring of the
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plate and the arch hook. During distalization, it is important to control mandibular anterior
tooth movements. As the force vector is above the center of resistance of the anterior teeth,
counterclockwise rotation, and thus, uncontrolled tipping of the anterior teeth, must be
prevented. To control the position of the root apices, third-order bending in the anterior
section of the arch might be useful [57].

The technique proved to be effective and efficient; it allowed the distalization of the
entire lower arch in the clinical cases mentioned, which were skeletal TCMs of medium
severity, treated without surgery [57,59].

Encouraging results also came from a study by Ye et al., who evaluated the effects of
distalization with ramal plates by analyzing the pre- and post-treatment latero-lateral telera-
diographs of 22 patients [34]. After the completion of alignment and leveling, 0.019 × 0.025
steel arch elastic tractions were applied and stretched between the last ring of the plate and
the bracket of the first molar, exerting 300 g of force per side. The tractions were replaced
every 3 weeks, and distalization ended when an acceptable overjet was reached. The valid
distalization of the mandibular arch was achieved with ramal plates, without significant
changes in the vertical position of the mandibular molars or the angle of the mandibular
plane; however, the amount of root distalization was not statistically significant. Therefore,
a branch plate can be considered a viable treatment option for the total distalization of the
lower arch in TCM patients who refuse surgical treatment or extractive treatments [34].

A clinical study by Byong Moo Yeon et al. made a comparison between distalization
performed with ramal plates and distalization performed with mini-screws [30]. The latero-
lateral radiographs of 40 patients with TCM, 20 of whom were treated with distalization
via mini-screws, and 20 were treated via distalization with ramal plates, were analyzed. It
was found that distalization on ramal plates is more effective, and it produces a clockwise
rotation of the mandible, unlike distalization with mini-screws which is less effective, but
produces greater molar intrusion and counterclockwise rotation of the occlusal plane [34].
Knowing these differences, one can be guided in the clinical choice of treatment, starting
with the patient’s verticality characteristics [30].

4.3. MMD with Clear Aligners

Currently, there is a shortage of research in the literature regarding MMD performed
with aligners, however, there is evidence of the effectiveness of aligners in distalizing the
upper molar by more than 2.7 mm with aligners. MMD requires significant force to move
the tooth backward, but aligners are primarily designed to apply light and controlled forces
for tooth movement [60–62].

In the study by Inchingolo et al., clinicians implemented a compensatory orthodontic
treatment for a patient with TCM who had refused orthognathic surgery. The sequential
distalization protocol was used, which consists of initially moving most distal teeth while
keeping the rest of the arch anchored. Subsequently, the mesial teeth were moved, and
the entire arch was repositioned distally (Figure 9). In this way, the distalization is guided
tooth by tooth; the patient’s cooperation in wearing the templates and the elastics of the
third is obviously essential for the resolution of the case [2].

In the study by Rota et al., the effectiveness of the Invisalign system regarding MMD
was analyzed. A standardized protocol of sequential MMD, like that used for the upper
arch, was also used in this study. The results showed that although the aligner-only method
is effective for MMD, the movement that is mainly achieved is not a body movement of
the tooth but a tipping movement [32]. This can be explained by the fact that the lower
molar has a complex root morphology and greater bone density, which makes it difficult to
achieve effective distalization with aligners alone [63].

In a recent study by Auladell, however, the authors described how they planned an
inferior distalization movement of more than 3 mm in two TCM patients using aligners and
the assistance of mini-implants in the retromolar area. In these patients, the distalization
method was proposed to resolve malocclusion and moderate crowding without premolar
extractions [64].
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Figure 9. Aligners for the movement of MMD.

The studies highlight the use of sequential distalization protocols and the potential
for incorporating mini-implants in the retromolar area to assist with distalization. Further
research is needed to explore the efficacy of aligners for MMD and to develop optimal
protocols that can achieve successful outcomes in these cases.

Comparing the methods, fixed appliances provide various mechanics with good out-
comes, but success relies on patient compliance and orthodontist expertise [36,37]. Skeletal
anchorage methods (TADs, mini-plates, and ramal plates) offer stable anchorage, elimi-
nating the need for patient cooperation, and have shown promising results in achieving
MMD in various TCM cases [27,29,30]. Clear aligners have limited evidence for MMD but
offer benefits like aesthetics and patient comfort; however, their effectiveness in significant
distalization remains a challenge [32].

This systematic review may have some limitations, even though MMD seems to be an
additional orthodontic strategy for treating TCM in adult patients. First, the validity and
representativeness of the results may be impacted by the small number of research papers
that are currently available for this topic. Furthermore, the lack of a control group in certain
studies makes it challenging to draw clear conclusions regarding the effectiveness of MMD
procedures in comparison to other therapies. Furthermore, different research designs and
treatment protocols may have been used in the numerous studies included in the review,
making it challenging to directly compare and analyze data uniformly. The possibility of
publication bias, wherein studies with positive results are more likely to be published than
those with negative or insignificant results, as well as the risk of bias and confounding factors
in specific studies, a lack of uniformity in reported data, among other issues, could also
be limitations. Finally, the variability in patient characteristics, treatments, and evaluation
criteria used in the included studies, could affect the generalizability of results for different
populations of patients with TCM. Limited data availability may make it difficult to draw
firm conclusions and make clinical recommendations based on solid evidence.

Future evidence is needed, such as long-term follow-up studies on the stability of
MMD outcomes assessing the degree of recurrence, randomized controlled trials with large
samples comparing different techniques to achieve MMD in TCM, and correlation studies
with patient-specific factors to identify factors predictive of MMD treatment success.

5. Conclusions

In conclusion, this review sheds light on the potential of MMD for treating TCM in adults.
However, it is important to recognize its limitations. Successful MMD depends on factors like
malocclusion severity, proper diagnosis, patient cooperation, and the orthodontist’s expertise.
Patient compliance is crucial, especially for treatments involving elastics, springs, or aligners.
Each method has pros and cons. Skeletal anchorage techniques (TADs, mini-plates, or ramus
plates) offer stable anchorage and controlled movement, but require further research. Fixed
appliances with springs or elastics are non-surgical but rely on patient compliance and have
limitations. Aligners mainly provide controlled tipping movements, but they are less effective
for significant molar movement. Overall, more research is needed to refine MMD approaches
and establish standardized protocols for TCM treatment.
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