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Preface

Dear Colleagues,

This Special Issue presents a comprehensive collection of studies showcasing the latest

innovations in dentistry, emphasizing the integration of multidisciplinary approaches and

technological advancements. With a focus on improving patient outcomes and advancing oral health

care, the contributions explore a range of topics, including the development of new biomaterials,

minimally invasive techniques, and novel treatment protocols. These innovations have broad

applications in restorative dentistry, prosthodontics, oral surgery, implantology, pediatric dentistry,

orthodontics, and the management of temporomandibular disorders. The research presented in this

reprint reflects the significant progress made in dental science and its application to clinical practice,

offering valuable insights for both researchers and clinicians. Special acknowledgment is given to

the contributing authors for their valuable insights, as well as to the editors and reviewers for their

guidance throughout the process.

Giuseppe Minervini and Stefania Moccia

Editors
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Dentistry: A Multidisciplinary Approach
Giuseppe Minervini 1,2

1 Saveetha Dental College and Hospitals, Saveetha Institute of Medical and Technical Sciences (SIMATS),
Saveetha University, Chennai 602105, Tamil Nadu, India; giuseppe.minervini@unicampania.it

2 Multidisciplinary Department of Medical-Surgical and Dental Specialties, University of Campania, Luigi
Vanvitelli, 80138 Naples, Italy

In this special issue of Medicina, we delve into the dynamic and ever-evolving world
of dentistry, highlighting the remarkable innovations that are shaping the future of oral
health and clinical dentistry practice. The articles featured in this issue underscore a critical
shift in the dental field: the movement towards a multidisciplinary, technology-driven
approach that touches upon various branches, including restorative dentistry, prosthodon-
tics, oral surgery, implantology, pediatric dentistry, orthodontics, and the management of
temporomandibular disorders.

The fusion of traditional dental practices with cutting-edge technology is not merely a
trend; it is a paradigm shift in how we approach oral health. The advent of new biomaterials,
digital modeling, and advanced surgical techniques has revolutionized the way dental
professionals diagnose, treat, and manage dental and oral conditions [1]. The articles
within this issue also emphasize the growing importance of personalized dental care.
Advancements in biomaterials and surgical techniques allow for treatments that are tailored
to the unique needs and conditions of each patient. This individualized approach is
crucial, especially in complex cases where a standardized treatment may not suffice [2].
Furthermore, the exploration of new frontiers, such as the use of ozonated water for the
treatment of Candida infections, represents a significant step towards finding more effective,
safer, and less invasive treatment options. This not only enhances patient comfort and
recovery but also opens up new avenues for treating a range of dental diseases [3].

Importantly, this issue highlights the critical role of ongoing research and education
in the field of dentistry. The advancements we witness today are the results of relentless
inquiry and learning [4]. As such, it is imperative for dental professionals to continue
engaging in lifelong learning and to remain abreast of the latest developments in their field.
This commitment to education and research is what will continue to drive the field forward,
ensuring that dental care remains at the forefront of medical science and technology [5,6].

In summary, “Dentistry: A Multidisciplinary Approach” offers a comprehensive
overview of the current state and future potential of dental care. It exemplifies how
embracing a multidisciplinary, technologically advanced, and patient-centric approach can
lead to significant advancements in all branches of dentistry. As we continue to expand
the boundaries of what is possible in dental care, it is these principles that will guide us
towards a future where oral health is integral to overall health and well-being. These
changes have been seen especially in the fields of digital dentistry, tele-dentistry, and
TMD treatment [7–10]. In the field of dentistry, recent advancements emphasize a holistic,
interdisciplinary approach to treatment, particularly in complex cases. Studies have shown
the efficacy of techniques like diagnostic mock-ups for crown lengthening, finite element
analysis for bone stress assessment, and innovative approaches for treating malocclusions
and cleft lip and palate.

The article “Soft Tissue Grafting Procedures before Restorations in the Esthetic Zone:
A Minimally Invasive Interdisciplinary Case Report” presents a case study of a 32-year-old
male patient with esthetic concerns regarding his anterior teeth. The patient exhibited gen-
eralized clinical attachment loss, gingival recessions, and cervical non-carious lesions. The

Medicina 2024, 60, 401. https://doi.org/10.3390/medicina60030401 https://www.mdpi.com/journal/medicina1
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treatment plan involved plastic mucogingival surgery using tunneling connective tissue
grafts and anterior ceramic laminate veneers. The surgical approach focused on improving
root coverage and gingival architecture, while the restorative phase aimed to enhance
dental esthetics with veneers. The case highlights the importance of an interdisciplinary
approach, combining periodontal and restorative treatments, to achieve satisfying esthetic
outcomes in complex cases [11]. “The Stability Guided Multidisciplinary Treatment of
Skeletal Class III Malocclusion Involving Impacted Canines and Thin Periodontal Biotype”
presents a case study of a 16-year-old female patient with dental and skeletal Class III
malocclusion, bilaterally impacted maxillary canines, and a thin gingival biotype. The
treatment involved orthognathic surgery, subepithelial connective tissue graft surgery, and
a segmental arch technique. The study emphasizes the importance of a multidisciplinary
approach to addressing complex dental and skeletal issues, highlighting the role of peri-
odontal management in ensuring long-term stability and aesthetic success [12]. The article
“Evaluation of the Sensitivity of Selected Candida Strains to Ozonated Water—An In Vitro
Study” investigates the sensitivity of Candida strains to ozonated water. The study evalu-
ated the impact of ozonated water at varying concentrations and exposure times on Candida
albicans, Candida glabrata, and Candida krusei strains. The findings indicated that all the
strains were sensitive to ozonated water, with increased sensitivity correlating with higher
concentrations and longer exposure times. The effectiveness of ozonated water against these
Candida strains was comparable to 0.2% chlorhexidine gluconate, suggesting its potential
as an effective alternative for oral candidiasis treatment [3]. “Diagnostic Mock-Up as a
Surgical Reduction Guide for Crown Lengthening: Technique Description and Case Report”
discusses a technique using a diagnostic mock-up as a guide for crown-lengthening surgery
to improve gingival architecture. This method was applied to a 30-year-old female patient
concerned about her “gummy smile” and short clinical crowns. The process involved a
diagnostic wax-up, a provisional overlay for surgical guidance, and final restorations with
ceramic crowns and veneers. The study highlights the advantages of this technique in
achieving desired aesthetic outcomes in complex dental cases [13]. The article “Injectable
Resin Technique as a Restorative Alternative in a Cleft Lip and Palate Patient: A Case
Report” details the treatment of a 21-year-old female patient with a unilateral left cleft
lip and palate. It focuses on the use of an injectable composite resin technique for dental
re-anatomization, offering a minimally invasive, efficient, and aesthetically pleasing option.
This technique allowed for the successful restoration of the patient’s teeth, improving her
dental anatomy and aesthetics, with positive results observed after one year [14]. The article
“Neural Basis of Etiopathogenesis and Treatment of Cervicogenic Orofacial Pain” discusses
the neuroanatomical and neurophysiological basis of cervicogenic pain in cervico-cranial
pain syndromes, with a focus on cervico-orofacial syndromes. It covers a wide range
of topics, including the clinical anatomy of the cervico-cranial junction, the role of the
temporomandibular joint, and the integrative function of the cervico-cranial complex. The
article emphasizes the importance of understanding neuroanatomical and neurophysio-
logical neuromuscular relations for effective therapeutic approaches, which are primarily
based on orthopedic manual and dental occlusal treatment [15]. The article “Cortical and
Trabecular Bone Stress Assessment during Periodontal Breakdown–A Comparative Finite
Element Analysis of Multiple Failure Criteria” by Radu Andrei Moga et al. [16] presents a
numerical analysis exploring the biomechanical behavior of the mandibular bone under
orthodontic forces during periodontal breakdown. It evaluates the appropriateness of
various failure criteria (Von Mises, Tresca, maximum/minimum principal stresses, and
hydrostatic pressure) for studying bone under these conditions. The study involves 405
simulations across 81 mandibular models with varying levels of bone loss and orthodontic
movements (intrusion, extrusion, tipping, rotation, and translation). The results show
that Tresca and Von Mises criteria are most suitable for bone stress analysis, displaying
a coherent pattern of increasing stress across all movements and levels of periodontal
breakdown. The study concludes that Tresca is better suited as a unified criterion for
the study of teeth and surrounding periodontium [16]. The article “Modular Digital and
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3D-Printed Dental Models with Applicability in Dental Education” explores the impact of
digitalization in dental education. It discusses the development and use of modular digital
dental models and 3D-printed models in teaching. The study assesses the opinions of
dental students regarding these methods, emphasizing their benefits in enhancing practical
skills and the understanding of dental procedures. This reflects a significant shift towards
integrating advanced technology in dental education, aiming to improve student learning
experiences and outcomes [17]. The article “Full-Mouth Rehabilitation of a Patient with
Gummy Smile—Multidisciplinary Approach: Case Report” in Medicina describes the com-
prehensive treatment of a 48-year-old female patient with aesthetic concerns and disturbed
masticatory function due to missing posterior teeth and a gummy smile. The treatment plan
involved advanced techniques such as diode laser and piezo-surgery, implant installation,
and the use of zirconia ceramic for final restorations. This multidisciplinary approach, span-
ning over two years, significantly improved the patient’s dental function and aesthetics.
This case underscores the importance of personalized, multifaceted treatment strategies in
complex dental cases [18]. The article “Evaluation of Clinical and Oral Findings in Patients
with Epidermolysis Bullosa” in Medicina focuses on the oral and dental manifestations
in patients with Epidermolysis Bullosa (EB), a genetic skin disorder. The study involves
an assessment of clinical and oral findings in 26 EB patients, highlighting various compli-
cations like dental caries, enamel hypoplasia, and oral lesions. It underscores the unique
dental care requirements of EB patients and suggests the need for specialized treatment
approaches [19]. The article “A Comparative Analysis of Dental Measurements in Physical
and Digital Orthodontic Case Study Models” by Elena-Raluca Baciu et al. [20] compares
manual and digital orthodontic measurements on both physical and digital models. The
study aims to determine the reliability of digital models in orthodontic analyses, focusing
on the reproducibility of dental arch characteristics. It involves a detailed comparison of
different measurement techniques applied to various types of models, including physical
models created through traditional pouring and additive manufacturing as well as digital
models obtained through scanning. The research concludes that both traditional and digital
models are effective for orthodontic teaching, with no significant differences in the mea-
surement results [20]. The article “The Impact of Simulated Bruxism Forces and Surface
Aging Treatments on Two Dental Nano-Biocomposites—A Radiographic and Tomographic
Analysis” by Amelia Anita Boitor et al. [21] investigates the effects of simulated bruxism
forces and aging treatments on two dental nano-biocomposites. It focuses on the radio-
graphic and tomographic analysis of these materials under stress. The study simulates
real-life conditions like the consumption of acidic beverages and the use of at-home dental
bleaching, aiming to assess the mechanical and functional behavior of these composites
under such circumstances. The results provide insights into the suitability of these materials
for dental restorations in patients with specific oral conditions, including bruxism [21].
The study “Different Designs of Deep Marginal Elevation and Its Influence on Fracture
Resistance of Teeth with Monolith Zirconia Full-Contour Crowns” by Ali Robaian et al. [22]
investigates the impact of deep marginal elevation (DME) on the fracture resistance of
teeth restored with monolithic zirconia crowns. Forty premolars were divided into four
groups, each undergoing different preparation and restoration procedures. The study
found that fracture resistance decreased with increasing tooth structure involvement, even
with monolithic zirconia crowns. However, DME up to 2 mm below the cemento-enamel
junction did not negatively influence fracture resistance, suggesting its viability in clinical
scenarios. The study emphasizes the importance of considering tooth preservation and ma-
terial choice in restorative dentistry [22]. The article “Cranial and Odontological Methods
for Sex Estimation—A Scoping Review” by Laura Maria Beschiu et al. [23] provides a com-
prehensive review of various methods used for sex estimation based on cranial and dental
records. The study covers articles published between January 2015 and July 2022, focusing
on morphometric, morphologic, and biochemical analyses in living populations, autopsy
cases, and archaeological records. The review highlights that cranial and odontological
sex estimation methods are highly population-specific and underscores the need for these
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methods to be applied to and verified in more populations. It also emphasizes the high
accuracy of DNA analysis while noting the limitations and challenges of other methods
for predicting sex from cranial or odontological records [23]. The article “Comparison of
Mechanical Properties of Three Tissue Conditioners: An Evaluation In Vitro Study” by
Marcin Mikulewicz et al. [24] compares the mechanical properties of three tissue condition-
ers (TC) used in dentistry. It focuses on various properties like Shore A hardness, ethanol
concentration, sorption, solubility, and adhesion to denture base, evaluated under specific
test conditions. The study concludes that materials containing non-phthalate plasticizers
showed higher solubility and increased hardness when stored in distilled water compared
to those containing phthalates. It emphasizes the importance of understanding the proper-
ties of commercial TC for optimal clinical performance and highlights the need for further
research to improve these materials, especially considering the use of phthalate-free al-
ternatives [24]. The article “Assessment and Correlation of Salivary Ca, Mg, and pH in
Smokers and Non-Smokers with Generalized Chronic Periodontitis” by Saad Mohammad
Alqahtani et al. [25] investigates the relationship between salivary calcium, magnesium,
pH levels, and periodontitis in smokers and non-smokers. The study, conducted on 210
individuals, reveals significant differences in salivary calcium levels between smokers and
non-smokers with periodontitis. It suggests that higher salivary calcium levels in smokers
could be a potential marker for periodontitis progression, emphasizing the role of saliva
as a diagnostic tool in periodontal diseases [25]. The article “Misfit of Implant-Supported
Zirconia (Y-TZP) CAD-CAM Framework Compared to Non-Zirconia Frameworks: A Sys-
tematic Review” by Hussain D. Alsayed [26] systematically reviews studies comparing
the misfit of yttria-stabilized zirconia (Y-TZP) CAD-CAM implant-supported frameworks
with other materials. It includes 11 articles and covers different methods like scanning
electron microscopy, one-screw tests, and 3D virtual assessment. The findings suggest
that Y-TZP CAD-CAM frameworks have comparable misfits to other materials. However,
due to methodological heterogeneity, the numerical misfit values are debatable, highlight-
ing the need for standardized and well-designed in vitro and clinical studies in order to
obtain definitive conclusions [26]. The article “Gaucher: A Systematic Review on Oral
and Radiological Aspects” by Giuseppe Minervini et al. [27] provides a systematic review
of Gaucher disease, particularly focusing on its oral and radiological manifestations. It
evaluates the principal findings in the jaw using cone-beam computed tomography and
X-ray orthopantomography. The study underlines the importance of dental professionals
in the early diagnosis and management of Gaucher disease, emphasizing the role of dental
radiographs in detecting jawbone involvement, a common feature in Gaucher patients [27].
The article “Identification of the Remains of an Adult Using DNA from Their Deciduous
Teeth as a Reference Sample” by María-de-Lourdes Chávez-Briones et al. [28] presents a
unique forensic case. It details the identification of an adult’s remains using DNA from
their deciduous teeth, kept by the mother. This innovative approach proved crucial in this
case, emphasizing the potential of using personal artifacts or saved biological samples
as reference DNA in forensic investigations, especially in scenarios where conventional
methods are insufficient [28]. The article “The Effect of Dentine Desensitizing Agents on
the Retention of Cemented Fixed Dental Prostheses: A Systematic Review” by Mohammed
E. Sayed [29] examines the impact of dentine desensitizing agents on the retention of
cemented fixed dental prostheses. This systematic review compiles and analyzes data
from various studies to determine how these agents affect retention. It evaluates multiple
types of desensitizing agents and their interactions with different luting cements. The
findings are crucial for clinical decision-making, offering guidance on selecting appropriate
desensitizing agents to ensure the optimal retention of dental prostheses [29]. The article
“The Impact of Anemia-Related Early Childhood Caries on Parents’ and Children’s Quality
of Life” by Dila Özyılkan et al. [30] explores the relationship between anemia-related dental
caries in children and their quality of life, as well as that of their parents. Utilizing the Early
Childhood Oral Health Impact Scale (ECOHIS) and the Parental-Caregivers Perceptions
Questionnaire (P-CPQ), the study assesses the impact of these dental issues on children and
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parents. The findings highlight the significant negative impact of anemia-related dental
caries on quality of life, underscoring the importance of prioritizing preventive measures
and timely dental treatments for affected children [30].
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Abstract: In many forensic cases, the identification of human remains is performed by comparing
their genetic profile with profiles from reference samples of relatives, usually the parents. Here, we
report, for the first time, the identification of the remains of an adult using DNA from the person’s
deciduous teeth as a reference sample. Fragments of a skeletonized and burned body were found,
and a short tandem repeat (STR) profile was obtained. A woman looking for her missing son went to
the authorities. When the DNA profile of the woman was compared to a database, a positive match
suggested a first-degree kinship with the person to whom the remains belonged. The woman had
kept three deciduous molars from her son for more than thirty years. DNA typing of dental pulp was
performed. The genetic profiles obtained from the molars and those from the remains coincided in all
alleles. The random match probability was 1 in 2.70 × 1021. Thus, the remains were fully identified.
In the routine identification of human remains, ambiguous STR results may occur due to the presence
of null alleles or other mutational events. In addition, erroneous results can be produced by false
matches with close family members or even with people who are completely unrelated to the victim,
such that, in some cases, a probability of paternity greater than 99.99% does not necessarily indicate
biological paternity. Whenever possible, it is preferable to use reference samples from the putative
victim as a source of DNA for identification.

Keywords: dental pulp; DNA analysis; human remains; reference sample; teeth; victim identification

1. Introduction

One of the main tasks of legal systems in the investigation of criminal cases is the
personal identification of unknown human remains. To achieve this purpose, collaboration
between forensic anthropologists, pathologists, and odontologists may be crucial. Also,
DNA profiling can be used in the identification of skeletonized or highly decomposed
human remains. Identification is usually carried out by comparing the genetic profile from
the remains with the genotypes of reference samples from relatives, most commonly the
parents of the victim. However, in these cases, ambiguous results may occur due to the
presence of null alleles or other mutational events, and erroneous results can be produced
by false matches with close family members or even with people who are completely
unrelated to the victim [1,2].

Thus, in the identification of human remains by DNA typing, it would be ideal to
use biological samples of the person from whom the remains are suspected to have come
as a reference. However, there are few reports in the literature on the successful use of
this strategy. Calacal et al. [3] identified the skeletal remains of two children by directly
comparing the genetic profiles derived from the remains with the profiles from children’s
umbilical tissues, which had been preserved by their mothers. Tanaka et al. [4] identified
two corpses in two criminal cases using the toothbrushes of the victims as DNA sources.
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Sweet et al. [5] identified a skeleton using a reference sample consisting of cytological
smears stained with the Papanicolaou method, obtained from the medical record of the
deceased. Other studies have analyzed the feasibility of using objects or samples from the
victim, such as cosmetic applicators [6] and archived tumor samples [7], to obtain DNA that
can be used to identify human remains; however, these strategies have not been applied in
actual criminal cases.

While bloodstains or buccal swabs would be the perfect reference samples from the
victim for the identification of unknown remains, they are often not available. Here, we
report, for the first time, the use of DNA isolated from deciduous teeth as a reference
sample to identify an adult victim in an actual criminal case.

2. Case Presentation

Fragments of a skeletonized and burned body were found on the slopes of a hill. Four
of the least damaged bone fragments were selected for DNA extraction. Given the physical
condition of the body, we could neither determine to which bones the analyzed fragments
belonged nor characteristics such as the sex or the approximate age of the deceased. The
outer surfaces of the fragments were cleaned by immersion in 50% commercial bleach for
15 min. Next, they were washed briefly with nuclease-free water (5 washes), then immersed
briefly in 100% ethanol and air-dried overnight in a sterile hood. The samples were frozen
with liquid nitrogen and pulverized with a pestle and mortar. The bone powder (0.5 g)
was decalcified by incubating it with a 0.5 M EDTA solution on a rocking platform at
37 ◦C for 5 days with three solution changes. Samples were centrifuged, and the pellets
were rinsed twice in double-distilled water. DNA extraction was performed using the
PrepFiler Express BTA™ Forensic DNA Extraction Kit (Applied Biosystems, Foster City,
CA, USA). Lysis buffer from the kit was added to the samples together with 1 M DTT and
Proteinase K (2 mg/mL). Samples were incubated overnight in a thermal shaker at 56 ◦C.
Finally, they were centrifuged, and the supernatant was subjected to DNA extraction in the
AutoMate™ Instrument (Applied Biosystems) following the manufacturer’s instructions.
The DNA samples were quantified on the 7500 ABI Real-Time PCR platform using the
Quantifiler Trio DNA quantification kit (Applied Biosystems). All samples had DNA
concentrations > 0.01 ng/µL and were therefore deemed suitable for DNA typing [8].

DNA typing was carried out using the commercially available multiplex kit AmpF`STR®

Identifiler Plus (Applied Biosystems), following the protocol provided by the manufacturer. In
an attempt to ensure the amplification of as many alleles as possible, the samples were also am-
plified by the AmpF`STR® MiniFiler kit (Applied Biosystems), which has nine loci in common
with the previous kit. Capillary electrophoresis was performed in an ABI PRISM® 310 genetic
analyzer (Applied Biosystems). Samples were run on a capillary containing POP-4 polymer;
allele assignment was determined by comparison with allelic ladders included in the kits, and
genotypes were generated using GeneMapper® IDX-v1.4 software (Applied Biosystems).

No alleles from bone fragment number 1 were amplified. Partial consensus profiles
(combining the results of both kits) were obtained from fragments 2 and 3. A complete
consensus profile was obtained from fragment 4. The genetic profile obtained was stored
in a database containing genotypes from unidentified cadavers.

Four years later, a woman looking for her missing son went to the authorities. A
saliva sample was obtained according to the usual protocol followed in these cases at our
institution. DNA was extracted from the sample using a Chelex protocol [9]. DNA typing
was performed as described above for the bone fragments, but only with the Identifiler kit.
When the woman’s DNA profile was compared to the database, a positive match suggested
a first-degree kinship with the person to whom the remains belonged. The woman was
asked about the existence of other first-degree relatives of her son, which could allow a
complete identification of the remains. She denied the availability of the father and other
first-degree relatives of her son. Later in the interview, she recalled that she had kept three
deciduous molars from her son in a plastic bag for more than thirty years (Figure 1). She
was asked for the molars to see whether they could serve as a reference sample.
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Figure 1. Deciduous molars submitted for DNA typing.

Dental pulp tissue was collected from each molar by sectioning using a carborundum
disc. DNA was isolated by Proteinase K digestion and phenol chloroform extraction meth-
ods [10] and quantified as described for the bone fragments. DNA typing was performed
with the Identifiler and MiniFiler kits as described above. A complete consensus profile
was obtained from molar 1. A partial consensus profile was obtained from molar 2. No
alleles from molar 3 were amplified.

All the genetic profiles generated are presented in Table 1. The genetic profiles obtained
from the bone fragments and the molars coincided in all the alleles. Every locus was
sequenced from the bone fragments, and the molars shared at least one allele with the
corresponding locus generated from the putative mother. The random match probability
and the probability of parentage were calculated using STR allele frequency data from our
population and PATPCR software version 2.0.2 [11,12]. The random match probability was
1 in 2.70 × 1021, and the probability of parentage was 99.9999%. Thus, the remains were
fully identified and returned to the victim’s biological mother.

Table 1. Comparison of short tandem repeats results of DNA recovered from bone fragments,
deciduous molars, and the alleged mother of the victim.

Locus Bone Fragments Deciduous Molars Alleged Mother

Amelogenin XY XY XX
D8S1179 14, 15 14, 15 12, 14
D21S11 32.2, 33.2 32.2, 33.2 29, 33.2
D7S820 10, 10 10, 10 10, 10
CSF1PO 10, 11 10, 11 11, 11
D3S1358 15, 18 15, 18 14, 15

TH01 6, 6 6, 6 6, 6
D13S317 9, 14 9, 14 9, 9
D16S539 11, 12 11, 12 11, 12
D2S1338 18, 25 18, 25 23, 25
D19S433 11.2, 13 11.2, 13 11.2, 15

vWA 16, 17 16, 17 16, 17
TPOX 9, 12 9, 12 8, 9

D18S51 12, 15 12, 15 15, 16
D5S818 11, 12 11, 12 11, 11

FGA 21, 24 21, 24 24, 24

3. Discussion

Dental pulp is a rich source of DNA amenable to genetic analysis; the latter can be used
for the positive identification of human remains, especially when soft tissue destruction has
occurred. DNA analysis is usually carried out by comparing the genetic profile of the teeth
from the remains with the genotypes of reference samples from relatives, most commonly
the parents of the victim. For purposes such as crime solving, missing-person cases, and
disaster victim identification, this approach has been used for decades [13]. However, to
our knowledge, this is the first report of the use of DNA isolated from teeth as a reference
sample to identify a victim in a criminal case.
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In the case presented here, unambiguous identification was achieved thanks to the
matching of DNA profiles generated from the bone fragments with those from the teeth.
The DNA profile from the mother served to reinforce the results.

Short tandem repeats (STRs) are the most widely used genetic markers for human
identity determination and paternity testing. Their use makes it possible to clarify most
legal and forensic cases with a generally very high degree of certainty [14]. As mentioned
above, the identification of human remains is generally performed by comparing the ge-
netic profile of the remains with that of first-degree relatives, usually the parents. However,
ambiguous STR results may occur due to the presence of null alleles or other mutational
events (for specific cases, see [15–28]; for studies in populations, see [29–37]). STRs have
mutation rates ranging from 0 to 7 × 10−3, with an average of 2 × 10−3 [33,34]. The
most frequent mechanism causing these mutations is the slippage of the DNA replication
complex during DNA synthesis [30]. In the most common mutations, an STR differs only
slightly in its size from its presumed predecessor. The gain or loss of tandem repeats
could lead to false maternal or paternal exclusions [30,32]. In addition, erroneous results
can be produced by false matches with close family members or even with people who
are completely unrelated to the victim, such that, in some cases, a probability of pater-
nity greater than 99.99% does not necessarily indicate biological paternity [30,31,38–41].
Poetsch et al. [31] investigated how many wrong paternity inclusions could be detected
when comparing 13-15 STRs between 336 children and 348 unrelated men. They found
that at least one and up to three “second father(s)” could be found for 23 children. In
general, the false inclusion rate ranges between 19% and 23% [40]. These problems are
being reported more frequently and are most common in cases where only one putative
parent is available [31,40,42]. The inclusion of additional autosomal STR loci may assist
in clarifying some ambiguous cases. Sometimes, however, the addition of more loci intro-
duces additional mismatches. Furthermore, it has been observed that the inclusion of more
loci does not compensate for the absence of genetic information from the mother or the
father [35,40,42–44]. The use of Y-chromosome STRs can help only when the victim is male,
and the possibility that a close relative of the putative father is the biological father cannot
be ruled out [45]. X-chromosome STRs must be analyzed along with other genetic markers
to obtain useful data and can only be used with accuracy when the victim is female, as there
are no X-chromosome alleles inherited by descent in a father-son relationship [46]. Other
typing systems that may be used to resolve ambiguous cases include the HV1 and HV2
hypervariable regions of mitochondrial DNA, single nucleotide polymorphisms (SNPs),
and next-generation sequencing (NGS). However, they are expensive and time-consuming
and are not available in most developing countries [47]. Even with these systems, the
lack of informative reference samples (first-degree relatives) is the most common problem
in identifying unknown corpses [41,48]. Thus, whenever possible, it is preferable to use
reference samples from the putative victim as a source of DNA for identification.

In this study, we analyzed three deciduous molars. A complete DNA profile was
obtained from only one molar. The efficiency of DNA typing from teeth subjected to various
experimental conditions, such as treatment with acids [49] and fire exposure [50,51], has
been reported in the literature. In addition, the effect of the duration of the postmortem and
postextraction periods in obtaining genetic profiles from the teeth has been analyzed [52,53].
From these and other studies, it can be concluded that the usefulness of teeth to obtain
a genetic profile not only depends on the conditions to which they are subjected before
analysis but also varies between individuals and even within the same individual. This
inter- and intra-individual variation may be due to a wide difference in the number of
cells present in each individual tooth, resulting in a different DNA yield. In turn, the
different number of cells is due to various factors, including the presence or absence of
disease and the age of the subject. Therefore, each identification case must be considered
individually [53,54].

It is important to note that the mother’s decision to keep some teeth from her son was
essential for the resolution of this case. This and similar practices [55] should be promoted,
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as teeth can be an alternative source of reference DNA for the identification of persons in,
for example, mass disasters or criminal cases. Other samples may also be considered for
this purpose, such as buccal swabs, hair, and blood spots. Instructions for their collection
and preservation, as well as the material required even in a domestic setting, can be easily
found on the Internet. However, in this regard, one must be very careful and sensitive and
respect the customs and beliefs of a particular society or individual.

Finally, although DNA profiling is an important element for the identification of
human remains, several factors can affect the results of this analysis, such as an insufficient
amount of extracted DNA or its degradation in cases of poorly preserved samples. In
such cases, a multidisciplinary approach may be necessary that considers the use of other
disciplines, including forensic anthropology and odontology [56,57].

4. Conclusions

This is the first reported case of the use of DNA isolated from teeth as a reference
sample to identify a victim in a criminal case. Whenever possible, it is preferable to use
reference samples from the putative victim as a source of DNA for identification.
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Abstract: Background and Objectives: This numerical analysis investigated the biomechanical behavior
of the mandibular bone as a structure subjected to 0.5 N of orthodontic force during periodontal
breakdown. Additionally, the suitability of the five most used failure criteria (Von Mises (VM), Tresca
(T), maximum principal (S1), minimum principal (S3), and hydrostatic pressure (HP)) for the study of
bone was assessed, and a single criterion was identified for the study of teeth and the surrounding
periodontium (by performing correlations with other FEA studies). Materials and Methods: The finite
element analysis (FEA) employed 405 simulations over eighty-one mandibular models with variable
levels of bone loss (0–8 mm) and five orthodontic movements (intrusion, extrusion, tipping, rotation,
and translation). For the numerical analysis of bone, the ductile failure criteria are suitable (T and
VM are adequate for the study of bone), with Tresca being more suited. S1, S3, and HP criteria, due
to their distinctive design dedicated to brittle materials and liquids/gas, only occasionally correctly
described the bone stress distribution. Results: Only T and VM displayed a coherent and correlated
gradual stress increase pattern for all five movements and levels of the periodontal breakdown. The
quantitative values provided by T and VM were the highest (for each movement and level of bone
loss) among all five criteria. The MHP (maximum physiological hydrostatic pressure) was exceeded
in all simulations since the mandibular bone is anatomically less vascularized, and the ischemic risks
are reduced. Only T and VM displayed a correlated (both qualitative and quantitative) stress increase
for all five movements. Both T and VM displayed rotation and translation, closely followed by
tipping, as stressful movements, while intrusion and extrusion were less stressful for the mandibular
bone. Conclusions: Based on correlations with earlier numerical studies on the same models and
boundary conditions, T seems better suited as a single unitary failure criterion for the study of teeth
and the surrounding periodontium.

Keywords: bone; bone loss; orthodontic force; finite element analysis; orthodontic movement

1. Introduction

The bone structure and periodontal ligament (PDL) are the supporting tissues of
the tooth and are subjected to various amounts and forms of stresses during orthodontic
treatment [1,2]. Two types of bone can be distinguished: the cortical and the trabecu-
lar/cancellous bone, which, biomechanically, should be analyzed as a continuum [1–8].
The trabecular component holds the bone marrow and vascular vessels and has a higher
regeneration potential than cortical bone [9]. Both components are anatomically anisotropic
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materials, with trabecular bone being a highly porous mineralized material while cortical
bone is a highly mineralized compact structure [1]. Cortical bone has the function of struc-
tural support for surrounding dental tissues and the protection of trabecular/cancellous
bone [5].

Bone as a continuum and as a single-stand structure possesses a high adaptation
ability to alter its geometry to provide the strongest structure possible with a minimum
amount of tissue [7]. The bone structure can also absorb and dissipate energy/stresses
and elastically deform, preventing fracture and/or destruction [7]. Its internal structural
micro-architecture allows for microcracks/damage (i.e., linear, and diffuse microcracks,
and microfractures) and time to heal [7]. Linear microcracks appear as a response to
compressive stresses (older age, more brittleness), the diffuse microdamage as a response
to tensile stresses (younger age, more ductileness), while microfractures as a response to
shear stresses (older age, mixed ductile brittleness, mostly in trabecular bone) [7]. Thus,
from a biomechanical engineering perspective, the bone structural behavior depends on
the applied loads acting as a ductile material with a certain brittle flow mode [2,7,10–12].

The orthodontic stresses from the tooth are transmitted through the PDL to the bone,
while the display areas are also influenced by the tissular anatomy and integrity [8]. Peri-
odontal breakdown is found in orthodontic patients, affecting the biomechanical behavior
of the tooth and surrounding support tissues, with higher tissular amounts of stress appear-
ing along with bone loss [2,10–12]. In the bone structure, Burr et al. [7] reported microcracks
and microdamage near the resorption and remodeling areas and a decrease in fracture
risks in their presence (due to internal micro-architectural changes), which influence the
structural stress display. It must be emphasized that the biomechanical behavior in both
the intact and reduced periodontium is multifactorial, which depends on the cortical and
trabecular structural continuum, material, and structural properties [6].

No studies investigating the mandibular bone stress distribution in a gradual periodon-
tal breakdown under orthodontic loads were found, despite multiple bone-implant FEA
(finite element analysis) research studies with a focus on the implant and the surrounding
bone [1,5,8,13–18].

Only three reports were found to assess the stress distribution both in the tooth and
its intact surrounding support system (0.35–0.5 N of tipping [19,20]; 10 N of intrusion, 3 N
of tipping and translation [21]); these showed various qualitative and quantitative results
but no correlation with the maximum physiological hydrostatic pressure (MHP) and/or
failure criteria type of the analyzed material. These reports employed both ductile (Von
Mises) and brittle (maximum principal stress) failure criteria and supplied results that did
not entirely match the clinical data.

The orthodontic biomechanical behavior of bone is influenced by the anatomy of
tissues, materials, magnitude, and the quantity and quality of the bone [1,14]. There
are several tools to analyze the biomechanical behavior of bone and teeth, including
in vitro assays (photoelastic stress analysis, static/dynamic mechanical fracture tests) and
numerical simulations (finite elements analysis) [1]. FEA is the only method that allows the
individual analysis of each component of a structure, providing accurate results if the input
data (anatomical accuracy and loading conditions) are correct [1,13]. Only a numerical
simulation such as FEA allows for correct biomechanical studies that assess and predict
stress distribution in living dental tissues [13,14,17,22].

FEA accuracy also depends on the selection of proper and adequate failure criteria.
There are multiple failure criteria, each specially designed to better describe the biome-
chanical behavior of a certain type of material: brittle-maximum S1 tensile and minimum
S3 compressive principal stresses, ductile-Von Mises (VM) overall/equivalent and Tresca
(T) shear stress, and liquid/gas-hydrostatic pressure (HP) [2,10–12]. The main difference
between these types of materials is related to the way they deform under loads (yielding
materials theory) [2,10–12]. The ductile materials suffer from various forms of recoverable
deformations, returning to their original form after the force effect has ceased [2,10–12].
The brittle materials, when subjected to various loads, suffer from various degrees of plastic
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non-recoverable deformations, with modification of their original shape and dimensions
(necking and buckling effects) before their fracture and destruction [2,10–12]. Hydrostatic
pressure describes a specific physical state where there is no shear stress (which is not
adequate for solid materials as ductile and brittle) [2,10–12]. This approach, based on the
assessment of material type when performing the FEA analysis, has not been found in
other studies (except in our team’s earlier studies [2,10–12]) despite its importance for the
accuracy of results [22]. Moreover, there are no FEA studies of bone to compare various
failure criteria and to select the most adequate one based on the results.

The dental tissues (dentine, cement, dental pulp, neurovascular bundle, PDL, bone,
and stainless-steel bracket) are all considered to resemble ductile materials with a certain
brittle flow mode [2,10–12]. Only enamel is a brittle material due to its internal micro-
architecture [23,24]. Nevertheless, since it represents only an extremely small percentage of
the entire volume of dental tissues, and the entire structure behaves as ductile, the adequate
and acceptable failure criteria is that of ductile materials [2,10–12,17].

Bone, when subjected to internal stress, undergoes a certain amount of recoverable
elastic deformations because of the PDL stress transmitted to the bone, beyond which
microfractures appear and bone loss results [14]. According to the engineering composite
beam theory, when materials with different elastic modulus (cortical and trabecular bone,
PDL and dentine; Table 1) interact and are subjected to a load, the highest stress is located
at the first point of contact (i.e., bone cervical third) [14]. Hooke’s law states that the defor-
mation of materials depends on their elastic modulus; the higher the modulus, the smaller
the deformation [14,22]. In the tooth and surrounding support system, the periodontal
ligament, followed by bone, suffers the highest deformation [10–12,14].

Table 1. Elastic properties of materials.

Material Young’s Modulus, E (GPa) Poisson Ratio, Refs.

Enamel 80 0.33 [2,10–12]
Dentin/Cementum 18.6 0.31 [2,10–12]

Pulp 0.0021 0.45 [2,10–12]
PDL 0.0667 0.49 [2,10–12]

Cortical bone 14.5 0.323 [2,10–12]
Trabecular bone 1.37 0.3 [2,10–12]

Bracket (Stainless Steel) 190 0.265 [2,10–12]

Most bone-implant FEA studies employed the adequate VM failure criteria in intact
bone, reporting stress concentrations in the cortical component located in cervical third
areas, while in the trabecular component, these occurred in a broader area [1,5,8,13–17,21];
however, they did not address the suitability issues (VM is more suited for homogeneous
materials, while bone is non-homogenous). There are biomechanical reports suggesting that
the shear stress produced by occlusal loadings contributes to bone resorption around the
implants [13]. However, there were no studies found assessing the periodontal breakdown
influence over the stress distribution in bone.

For avoiding ischemia, necrosis, and further periodontal loss, the physiological maxi-
mum hydrostatic pressure of 16 KPa [2,10–12] should not be exceeded, especially in the
well-vascularized dental tissues and dental tissues that are easily deformable under stress
(i.e., PDL, dental pulp, and the neuro-vascular bundle (NVB)). However, in the less de-
formable and vascularized tissues (i.e., dentine, bone), amounts of stress higher than the
MHP could appear without significant tissue losses. However, these amounts of stress
should not exceed the maximum tensile, shear, and compressive strength of each material
(which never occurs in clinical daily practice).

Nevertheless, in orthodontic biomechanics, the PDL is the triggering factor for the
orthodontic movements (due to circulatory disturbances) inducing bone remodeling. If
these circulatory disturbances are severe and last for a longer period, the inevitable ischemia
will lead to necrosis and tissue loss. Usually, in intact periodontium, the orthodontic forces
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from daily practice are light [25] and up to 1.5 N (approx. 150 gf) [2,10–12]. Nevertheless,
there is little information about the orthodontic forces that can be safely applied in the
reduced periodontium [10–12]. Earlier studies from our group reported for the PDL,
dental pulp, and neurovascular bundle a reduction of applied forces for an 8 mm reduced
periodontium to avoid exceeding the MHP. The areas of higher stress were reported to
be the cervical third of PDL, with less stress in the apical third, where the NVB is found.
Nevertheless, the issues of MHP and correlations with the highly vascularized dental
tissues (as PDL, pulp, and NVB) should be approached in a bone study.

In the dental field, the FEA numerical method is well represented in many stud-
ies of PDL and implants. The mostly used failure criteria are the Von Mises (VM) over-
all/equivalent stress [18–22,26–28], Tresca (T) maximum shear stress [2,10–12],
maximum principal S1 tensile stress [19,22,29–32], minimum principal S3 compressive
stress [22,29,30,32–35], and hydrostatic pressure (HP) [36–40]. However, a recurrent issue
in these studies (except in ours [2,10–12]) is the lack of correlations between the inner
anatomical micro-structure, the material type resemblance, the criteria suitability, the co-
herent biomechanical behavior resembling to clinical knowledge, the quantitative results
correlated with the physiological maximum hydrostatic pressure (MHP), the orthodontic
force dissipation and absorption ability, and the biomechanically correct stress display.
Thus, FEA is still approached with care since results are often supplied that contradict
clinical knowledge [2,10–12].

In the engineering field, the FEA simulations are extremely accurate since all the above
issues related to diverse types of correlations are addressed and the adequate failure criteria
and correct input data have been defined. To have the same accuracy of the FEA method in
dental studies, it is necessary that a single failure criterion addressing all above correlations
is assessed to be scientifically accurate and providing results correlated with clinical and
theoretical knowledge [2,10–12]. Previous studies from our group reported the ductile
resemblance and showed that only VM and T criteria met all the above expectations, with
Tresca proven to be more accurate for the tooth structural components, PDL, and dental
pulp with NVB [2,10–12]. Thus, the bone FEA study herein completes the data necessary for
assessing the general failure criteria for the tooth and surrounding support periodontium.

The objectives of this FEA analysis are (a) to assess the biomechanical behavior of
mandibular bone subjected to light orthodontic forces during a horizontal periodontal
breakdown; (b) to assess its suitability for the study in bone of five of the most used failure
criteria employed in dental tissue research; (c) to correlate the results with other FEA-related
reports of dental tissues to identify a suitable single unitary failure criteria for the study of
teeth and the surrounding periodontium.

2. Materials and Methods

The numerical analysis herein is part of a larger stepwise research project (clinical
protocol 158/02.04.2018) continuing the investigation of biomechanical behavior of teeth
and surrounding periodontal structure during orthodontic movements and various levels
of periodontal breakdown.

The earlier analyses of this project, with a focus on the dental pulp, neuro-vascular
bundle (NVB), periodontal ligament (PDL), dentine and enamel, were conducted using the
same models, boundary conditions, and physical properties as herein [2,10–12].

The 405 FEA numerical simulations were conducted over eighty-one 3D mandibular
models holding the second lower premolar obtained from nine patients (4 males/5 females,
mean age 29.81 ± 1.45). The selected convenience sample size of nine was acceptable for
the accuracy of the results since most of the earlier FEA studies employed a sample size of
one (one patient, one 3D model, and few simulations) [1,2,5,8,10–22,26–40]. The research
project inclusion criteria were the presence of non-inflamed periodontium and various
levels of bone loss, an intact arch and second premolar tooth structure, lack of endodontic
treatment and malposition in the region of interest, indication of orthodontic treatment,
and regular follow-up. All the situations that were not covered by the above criteria were
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considered to be exclusion criteria (especially the lack of arch integrity, tooth malposition,
more than 8 mm bone-loss cases, and inflamed periodontium).

The lower mandibular region containing the premolars and first molar was examined
by CBCT (ProMax 3DS, Planmeca, Helsinki, Finland), obtaining images of various shades
of gray, with a voxel size of 0.075 mm.

The radiological Hounsfield gray shade units present on the DICOM slices were
examined to identify the dental tissues. The anatomically accurate reconstruction of
the tissues was performed through manual segmentation since the automated software
algorithm did not accurately identify all the structures. Thus, the enamel, dentine, dental
pulp, neurovascular bundle, periodontal ligament, cortical and trabecular bone were
reconstructed in 3D (Figure 1). The reconstruction software was Amira 5.4.0 (Visage
Imaging Inc., Andover, MA, USA). The base of the bracket, assumed to be of stainless
steel, was reconstructed on the vestibular side of the enamel crown. Since the separation
of the dentine and the cementum was impossible, and due to similar physical properties,
the entire dentine–cementum structure was reconstructed as dentine (Table 1). The PDL
had a variable thickness of 0.15–0.225 mm and included the NVB of the dental pulp in
the apical third. The 3D models guarded only the second lower premolar, while the other
tooth structures were replaced by cortical and trabecular bone. The missing bone and PDL
(which were found in the cervical third) were reconstructed as closely as possible to the
anatomical reality. Thus, nine models with intact periodontium (one from each patient)
were obtained. In each of these models, a gradual horizontal breakdown process (0–8 mm
of loss) was simulated by reducing both bone and PDL by 1 mm, obtaining a total of
eighty-one models with various levels of bone loss. The 3D intact periodontium models
had 5.06–6.05 million C3D4 tetrahedral elements, 0.97–1.07 million nodes, and a global
element size of 0.08–0.116 mm.
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Figure 1. (A) 2nd lower right premolar model with intact periodontium, and applied vectors
(encastered model base and extrusion loads); (B) 4 mm bone loss; (C) 8 mm bone loss; (D) bone
structure (with cortical and trabecular components); (E) tooth model with bracket, enamel, dentin
and neuro-vascular bundle, (F) intact PDL; applied vectors: (G) intrusion, (H) rotation, (I) tipping,
(J) translation; (K) element warnings of the cortical bone component; (L) elements warnings of the
cortical component.

The surface of the models, due to the manual segmentation technique, displayed a
limited number of element warnings and no element errors (Figure 1). Thus, for one of
the models shown in Figure 1K,L, the cortical bone mesh displayed 131 element warnings
for 3,417,625 elements (i.e., 0.00383%), while for the trabecular mesh, there were only
70 element warnings for 1,699,730 elements (i.e., 0.00411%). The element warnings and
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surface anomalies were displayed in non-essential areas since the stress areas were quasi-
continuous, and both numerical analysis software allowed the passing of the internal
checking algorithms.

The numerical analysis was performed using the Abaqus 6.13-1 (Dassault Systèmes
Simulia Corp., Maastricht, The Netherlands). Five of the most-used failure criteria were
employed: Von Mises maximum overall/equivalent stress (VM), Tresca maximum shear
stress (T), maximum S1 tensile principal stress, minimum S3 compressive principal stress,
and hydrostatic pressure (HP). Five orthodontic movements were simulated: intrusion,
extrusion, rotation, translation, and tipping, under an applied load of 0.5 N (approx. 50 g)
on the base of the bracket (Figure 1). This amount of load was selected since it is a light
force that is relatively safe to be applied to both the intact and the reduced periodontium;
this also enables the results herein to be correlated with earlier studies with a focus on other
dental tissues [2,10–12].

The assumed boundary conditions were the homogeneity, linear elasticity, and isotropy,
like most of the available numerical analyses [1,2,5,8,10–22,26–40].

The results of the numerical simulations are presented as color-coded projections of the
stress display areas (qualitative, Figures 2–6), and quantitative (amounts of stresses, Table 2).
The biomechanical behavior displayed by each orthodontic movement and described
by each failure criteria were compared and correlated with earlier analysis [2,10–12] to
determine if one of the failure criteria is better suited for the study of dental tissues.

Table 2. Maximum stress average values (KPa) produced by 0.5 N of orthodontic forces.

Resorption
(mm) 0 1 2 3 4 5 6 7 8

Intrusion Tresca a 31.22 36.19 41.17 46.13 51.11 52.35 53.59 54.83 56.08
m 31.22 31.93 32.64 33.35 34.07 36.06 38.06 40.00 42.06
c 124.86 127.71 130.56 133.41 136.26 137.26 138.27 139.27 140.28

VM a 27.10 31.39 35.68 39.97 44.27 46.03 47.79 49.55 51.31
m 27.10 27.70 28.31 28.91 29.52 31.76 34.00 36.24 38.48
c 108.34 110.76 113.19 115.61 118.04 120.59 123.15 125.71 128.27

P a 21.94 22.62 23.29 23.96 24.64 25.04 25.45 25.85 26.26
m 21.94 22.62 23.29 23.96 24.64 25.04 25.45 25.85 26.26
c −59.87 −56.71 −53.56 −50.40 −47.25 −44.69 −42.14 −39.58 −37.03

S1 a −6.33 −5.51 −4.69 3.87 3.05 3.55 −4.07 −4.57 −5.08
m −6.33 −5.51 −4.69 3.87 3.05 5.03 7.01 8.99 10.96
c 155.22 145.32 135.42 125.52 115.62 121.54 127.47 133.40 139.33

S3 a −18.95 −22.68 −26.41 −30.14 −33.88 −33.92 −33.96 −33.96 −34.05
m −18.95 −22.68 −26.41 −30.14 −33.88 −33.92 −33.96 −33.96 −34.05
c −39.86 −38.36 −36.87 −35.37 −33.88 −33.92 −33.96 −33.96 −34.05

Extrusion Tresca a 31.22 36.19 41.17 46.13 51.11 52.35 53.59 54.83 56.08
m 31.22 31.93 32.64 33.35 34.07 36.06 38.06 40.00 42.06
c 124.86 127.71 130.56 133.41 136.26 137.26 138.27 139.27 140.28

VM a 27.10 31.39 35.68 39.97 44.27 46.03 47.79 49.55 51.31
m 27.10 27.70 28.31 28.91 29.52 31.76 34.00 36.24 38.48
c 108.34 110.76 113.19 115.61 118.04 120.59 123.15 125.71 128.27

P a −12.84 −13.38 −13.93 −14.48 −16.65 −19.05 −21.45 −23.85 −26.26
m −12.84 −13.38 −13.93 −14.48 −16.65 −19.05 −21.45 −23.85 −26.26
c 59.87 56.71 53.56 50.40 47.25 44.69 42.14 39.58 37.02

S1 a 18.90 26.24 33.59 40.93 48.28 49.88 51.49 53.10 54.71
m 18.90 26.24 33.59 40.93 48.28 49.88 51.49 53.10 54.71
c 39.87 41.97 44.07 46.18 48.28 49.88 51.49 53.10 54.71

S3 a 6.33 5.51 4.69 3.87 −3.05 3.55 4.07 4.57 5.08
m −9.83 −8.13 −6.44 −4.74 −3.05 −5.03 −7.01 −8.99 −10.97
c −155.22 −145.32 −135.42 −125.52 −115.62 −113.52 −111.43 −109.33 −107.24
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Table 2. Cont.

Resorption
(mm) 0 1 2 3 4 5 6 7 8

Translation Tresca a 61.81 71.46 81.11 90.77 100.42 108.97 117.53 126.09 134.64
m 61.81 71.46 81.11 90.77 100.42 108.97 117.53 126.09 134.64
c 154.40 159.73 165.07 170.41 175.75 184.09 192.45 200.79 209.14

VM a 54.31 62.61 70.92 79.23 87.54 94.94 102.34 109.74 117.14
m 54.31 62.61 70.92 79.23 87.54 94.94 102.34 109.74 117.14
c 135.75 140.11 144.48 148.84 153.21 158.85 164.49 170.13 175.78

P a −46.18 −42.14 −38.10 −34.01 −30.02 −26.79 −23.56 −20.33 −17.11
m −46.18 −42.14 −38.10 −34.01 −30.02 −26.79 −23.56 −20.33 −17.11
c −83.38 −78.39 −73.40 −68.41 −63.42 −59.90 −56.39 −52.88 −49.37

S1 a 61.60 50.33 39.06 27.79 16.52 27.95 39.39 50.83 62.27
m 36.62 31.59 26.57 21.54 16.52 27.95 39.39 50.83 62.27
c 211.59 194.17 176.75 159.33 141.91 136.88 131.86 126.84 121.84

S3 a 1.13 3.72 6.31 −8.90 −11.50 −10.03 −8.57 7.09 5.62
m 1.13 3.72 6.31 −8.90 −11.50 −10.03 −8.57 7.09 5.62
c −161.14 −140.58 −120.03 −99.48 −78.93 −85.04 −91.16 −97.27 −103.39

Rotation Tresca a 63.95 70.54 77.14 83.73 90.33 99.18 108.03 116.88 125.74
m 63.95 70.54 77.14 83.73 90.33 99.18 108.03 116.88 125.74
c 255.74 268.98 282.22 295.46 308.71 315.36 322.02 328.68 335.34

VM a 55.47 61.21 66.95 72.69 78.43 86.08 91.82 99.47 109.03
m 55.47 61.21 66.95 72.69 78.43 86.08 91.82 99.47 109.03
c 221.83 231.67 241.52 251.37 261.22 268.59 275.97 283.34 290.72

P a 20.61 21.27 21.94 22.60 23.27 27.44 31.61 35.78 39.95
m 20.61 21.27 21.94 22.60 23.27 27.44 31.61 35.78 39.95
c 77.87 82.23 86.59 90.95 95.32 96.17 97.03 97.88 98.74

S1 a 43.95 53.70 63.45 73.20 82.96 89.68 96.40 103.12 109.84
m 43.95 46.01 48.07 50.13 52.20 57.90 63.60 69.30 75.00
c 161.35 134.06 106.78 79.48 52.20 57.90 63.60 69.30 75.00

S3 a −5.09 −6.79 −8.49 10.19 11.89 13.71 15.53 −17.35 −19.17
m −95.49 −108.74 121.99 −135.24 −148.50 −167.16 −185.83 −204.49 −223.16
c −185.93 −208.66 −231.39 −254.12 −276.86 −273.63 −270.41 −267.18 −263.96

Tipping Tresca a 61.06 65.40 69.75 74.10 78.45 81.51 84.58 87.64 90.71
m 61.06 65.40 69.75 74.10 78.45 81.51 84.58 87.64 90.71
c 122.11 130.81 139.51 148.21 156.91 163.03 169.16 175.29 181.41

VM a 53.07 56.78 60.50 64.22 67.94 70.74 73.54 76.34 79.14
m 53.07 56.78 60.50 64.22 67.94 70.74 73.54 76.34 79.14
c 106.18 113.58 120.99 128.40 135.81 141.44 147.08 152.72 158.36

P a 12.94 14.82 16.70 18.58 20.46 25.31 30.16 35.01 39.87
m 12.94 14.82 16.70 18.58 20.46 25.31 30.16 35.01 39.87
c 52.74 62.11 71.49 80.86 90.24 96.93 103.63 110.33 117.03

S1 a 10.18 16.86 23.54 30.22 36.90 44.14 51.38 58.62 65.86
m 10.18 16.86 23.54 30.22 36.90 44.14 51.38 58.62 65.86
c 53.18 49.11 45.04 40.97 36.90 44.14 51.38 58.62 65.86

S3 a 8.52 10.07 11.63 13.19 14.72 16.01 17.30 18.59 19.89
m 8.52 9.27 10.03 −10.78 −11.54 −14.43 −17.33 −20.22 −23.12
c −171.86 −184.27 −196.69 −209.11 −221.53 −236.44 −251.35 −266.26 −281.18

a—apical third; m—middle third; c—cervical third.

20



Medicina 2023, 59, 1462

Medicina 2023, 59, x FOR PEER REVIEW  8  of  18 
 

 

Tipping    Tresca  a  61.06  65.40  69.75  74.10  78.45  81.51  84.58  87.64  90.71 

        m  61.06  65.40  69.75  74.10  78.45  81.51  84.58  87.64  90.71 

        c  122.11  130.81  139.51  148.21  156.91  163.03  169.16  175.29  181.41 

    VM  a  53.07  56.78  60.50  64.22  67.94  70.74  73.54  76.34  79.14 

        m  53.07  56.78  60.50  64.22  67.94  70.74  73.54  76.34  79.14 

        c  106.18  113.58  120.99  128.40  135.81  141.44  147.08  152.72  158.36 

    P  a  12.94  14.82  16.70  18.58  20.46  25.31  30.16  35.01  39.87 

        m  12.94  14.82  16.70  18.58  20.46  25.31  30.16  35.01  39.87 

        c  52.74  62.11  71.49  80.86  90.24  96.93  103.63  110.33  117.03 

    S1  a  10.18  16.86  23.54  30.22  36.90  44.14  51.38  58.62  65.86 

        m  10.18  16.86  23.54  30.22  36.90  44.14  51.38  58.62  65.86 

        c  53.18  49.11  45.04  40.97  36.90  44.14  51.38  58.62  65.86 

    S3  a  8.52  10.07  11.63  13.19  14.72  16.01  17.30  18.59  19.89 

        m  8.52  9.27  10.03  −10.78  −11.54  −14.43  −17.33  −20.22  −23.12 

        c  −171.86  −184.27  −196.69  −209.11  −221.53  −236.44  −251.35  −266.26  −281.18 

a—apical third; m—middle third; c—cervical third. 

 

Figure 2. Comparative stress display of the five failure criteria in intact, 4 mm, and 8 mm periodontal 

breakdown  for  the extrusion movement under 0.5 N of  load—vestibular and  lingual views:  (A) 

Tresca; (B) Von Mises; (C) maximum principal S1; (D) minimum principal S3; (E) pressure. 

 

Figure 3. Comparative stress display of the five failure criteria in intact, 4 mm, and 8 mm periodontal 

breakdown  for  the  intrusion movement under 0.5 N of  load—vestibular and  lingual views:  (A) 

Tresca; (B) Von Mises; (C) maximum principal S1; (D) minimum principal S3; (E) pressure. 
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Figure 6. Comparative stress display of the five failure criteria in intact, 4 mm, and 8 mm periodon-
tal breakdown for the translation movement under 0.5 N of load—vestibular and lingual views:
(A) Tresca; (B) Von Mises; (C) maximum principal S1; (D) minimum principal S3; (E) pressure.

3. Results

Our analysis involved eighty-one mandibular models in 405 FEA numerical simu-
lations (Figures 2–6 and Table 2). No influences due to age, sex, or periodontal status
were seen.

From the qualitative point of view (i.e., the color-coded stress display from Figures 2–6),
both the Tresca and Von Mises failure criteria displayed similar color-coded projections for
all five orthodontic movements in both the intact and the reduced periodontium. S1, S3,
and HP criteria displayed various color-coded projections of the stress distribution and no
visible constant pattern: sometimes resembling T and VM, sometimes showing unusual
biomechanical behavior (i.e., different from acknowledged clinical reality). Moreover,
the boundary conditions (i.e., encastered base of the model, with zero displacements)
significantly influenced the biomechanical behavior of the models when S1, S3, and HP
criteria were employed.

From the quantitative point of view (Table 2), the unusual biomechanical behavior
was seen in S1 and S3 criteria in the rotation, translation, and tipping movements during
the periodontal breakdown with a variable decrease/increase of 0–4 mm and 4–8 mm
bone loss. The HP criteria displayed a decrease in the amounts of stress for intrusion,
extrusion and translation, and an increase for rotation and tipping. No stress pattern
and/or correlations were observed among the S1, S3, and HP criteria despite investigating
the same models under the same conditions as T and VM. Only T and VM criteria displayed
a constant expected increase pattern during the periodontal breakdown process for all five
movements, confirming the acknowledged clinical biomechanical behavior. The rotation
movement seemed to be the most bone-stressful of all five criteria. Nevertheless, T and VM
displayed rotation and translation, closely followed by tipping, as stressful movements,
while intrusion and extrusion were less stressful for the mandibular bone.

All quantitative stresses displayed in the mandibular bone for all five failure criteria
exceeded the MHP of 16 KPa in both the intact and the 8 mm reduced periodontium. The
highest amount of stress was produced by the rotation at 8 mm of bone loss (335 KPa
[0.335 MPa]) under the T criteria. The vestibular cervical third stress was the highest for all
criteria, movements, and levels of bone loss. All stresses were lower than the acknowledged
physical properties of bone: cortical bone compressive modulus, 16.7 GPa, and compressive
strength, 157 MPa; trabecular/cancellous bone compressive modulus, 0.155 GPa, and
compressive strength, 6 MPa [1,5,8,13–18].

3.1. Extrusion (Figure 2)

VM (overall stress) and T (shear stress) criteria displayed similar color-coded projec-
tions in both the intact and the reduced periodontium. The stressed areas were found in
the cervical third of the alveolar wall where the bone is thinner. The cervical third stress
location was maintained during the entire periodontal breakdown, with a proportional
increase correlated with the bone loss. On the lingual side of the mandibular bone model,
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due to boundary conditions (base of the model had zero displacements), reduced amounts
of stress were displayed. The S1 maximum principal tensile stress displayed from 4 to 8 of
bone loss, which was an unusual stress increase both on the vestibular and the lingual
surfaces (for such a small extrusion force of 0.5 N). The S3 minimum principal compressive
stress displayed an unusual maximum moment of stress increase at 4 mm of loss (on both
the vestibular and lingual sides, quantitatively visible in Table 2), despite the cervical third
stress having a similar display as T and VM. The HP criteria displayed the same unusual
biomechanical stress increase at 4 mm of bone loss, with a further apical third increase on
both the vestibular and lingual sides at 8 mm of loss (due to boundary conditions). All
quantitative values were higher than MHP.

3.2. Intrusion (Figure 3)

T and VM criteria displayed higher cervical third stress on the vestibular side of the
model during the entire periodontal breakdown simulation, with a gradual increase in the
apical third from 4–8 mm of loss. The lingual side stress at the base of the model appears
to correlate with the progression of bone loss. The quantitative values are like those seen
in the extrusion movement. S1 and S3 criteria showed a visible unusual stress display,
with higher stresses on both the vestibular and lingual sides, and a decrease in stress from
0–4 mm followed by an increase from 4–8 mm of loss. HP criteria displayed a quantitative
cervical stress decrease correlated with bone loss and a light increase in the apical third and
base of the model.

3.3. Rotation (Figure 4)

T and VM displayed a cervical third stress increase correlated with the periodontal
breakdown on the vestibular side of the bone. Both criteria display stresses found at the
base of the models due to the assumption of zero displacements. Rotation produced the
highest amounts of stress among all five movements. Both S1 (tensile) and S3 (compressive)
criteria displayed unusual extended stress areas for only 0.5 N of rotation and a decrease
in quantitative vestibular cervical third stress from 0–4 mm followed by an increase up to
8 mm of loss. HP stress displays mostly vestibular cervical third stress areas (and stress at
the base of the model lingual side), and with lower amounts of stress than T and VM.

3.4. Tipping (Figure 5)

Vestibular side cervical third stress was shown during the periodontal breakdown
by both T and VM criteria. On the lingual and vestibular sides close to the base of the
model, visible stresses were displayed due to assumed boundary conditions. Both criteria
displayed a quantitative increase in stresses correlated with the bone loss levels. S1 criteria
displayed an unusual stress pattern with less stress in the cervical third and more on the
vestibular side close to the base of the model. S3 displayed the highest compressive stress
in the cervical third for intact periodontium, while visible stresses (despite the reduced
applied force of 0.5 N) were also seen on the lingual side close to the base of the model.
Quantitatively, S3 displayed a stress increase correlated with bone loss. S1 criteria displayed
an unusual decrease in stress in the cervical third from a 0–4 loss followed by an increase
from a 4–8 mm loss. HP criteria displayed a stress increase in both the vestibular cervical
third and the lingual side close to the model base.

3.5. Translation (Figure 6)

Both T and VM criteria displayed higher stresses in the vestibular cervical third, with
a reduction of the extension correlated with the progress of the periodontal breakdown.
Both criteria displayed a correlated quantitative stress increase with the bone loss levels.
Both S1 and S3 criteria showed an unusual stress display, and a quantitative decrease from
0–4 mm followed by an increase from 4–8 mm of loss. HP criteria showed almost no stress
areas and a constant quantitative stress decrease.
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For all five movements and periodontal breakdown levels, the S1, S3 (specific for
brittle materials), and HP (specific for liquids/gas) criteria displayed unusually extended
and variable stress areas for such a small force (0.5 N/ approx. 50 gf). The quantitative
variable stress increase/decrease at the 0–4 and 4–8 mm bone levels and the lack of any
biomechanical pattern or correlations seemed to confirm the reduced accuracy of these
three criteria. The base of the models was assumed to have no displacements (simulating
the stiffness of the mandibular bone); thus, areas of stress found close to the base of the
models were expected (similar to other numerical analysis). However, S1, S3 and HP
displayed an unusual extension of these stress areas compared with T and VM criteria.

T and VM for all five movements and bone levels displayed a coherent and correlated
gradual stress increase pattern (Table 2), the expected biomechanical behavior (Figures 2–6),
and a limited stress area at the base of the model. The MHP was exceeded in all simulations
(e.g., 6.7–16 times in the vestibular cervical third for T and VM criteria), as expected, since
the mandibular bone is anatomically less vascularized, and the ischemic risks are reduced.

The quantitative values provided by T and VM were the highest among all the five
criteria. The differences between the T and VM values were approx. 15%, thus falling
within the range reported in the literature of 15–30%.

When the qualitative and quantitative results are correlated, T and VM seemed to be
more adequate for the study of bone biomechanical behavior than the other three criteria,
with T more suited due to its mathematical design for non-homogenous ductile structures
with a certain brittle flow mode (dental tissues included [2,10–12]).

4. Discussion

The present study assessed the biomechanical behavior of bone as a single-stand/continuum
structure (with both cortical and trabecular/cancellous components) when subjected to
stresses projected by 0.5 N of orthodontic force during periodontal breakdown. The experi-
ments were performed through 405 FEA simulations on over eighty-one 3D mandibular
models with the second lower premolar included, employing five of the most used failure
criteria, with the aim of finding the most suitable criteria for bone analysis. It must be
emphasized that this is the only study investigating these issues. Moreover, by correlating
the results herein with those from earlier studies [2,10–12], we aimed to identify a single
general failure criterion that can be used for the numerical analysis of dental tissues.

During the periodontal breakdown simulations under the five orthodontic movements,
only the T (Tresca) and VM (Von Mises) criteria displayed a coherent and correlated pattern,
both qualitatively and quantitatively, and a biomechanical behavior resembling that in vivo
(Figures 2–6 and Table 2). The other three criteria (S1—maximum tensile, S3—minimum
compressive, and HP—hydrostatic pressure) displayed no visible biomechanical behavioral
pattern despite investigating the same models and boundary conditions (Figure 1 and Ta-
ble 1) as T and VM. Between T and VM, due to their mathematical design for different types
of internal micro-structures, T seemed to be more suitable than VM (i.e., similar qualitative
color-coded projections but with 15% increase in quantitative values, in agreement with
other reports [2,10–12]). Both VM and T were designed for ductile materials, the major
difference being that T better describes the behavior of non-homogenous materials, while
VM is more adequate for homogenous ones [2,10–12]. It must be emphasized that bone has
a biomechanical behavior resembling ductile materials (with a certain brittle flow mode),
displaying various recoverable elastic deformations when subjected to stresses that totally
return to their original form after the forces disappear [1].

The S1 (tensile) and S3 (compressive) failure criteria are adequate for brittle materials
(little or no deformations before fracture/destruction), and from the biomechanical point
of view, these should display a complementary behavioral pattern and correlation since
the tension and compressions are two physical transitional phases of deformation [22].
Nevertheless, no such correlation was seen, suggesting that both S1 and S3 do not meet the
necessary accuracy for the study of mandibular bone.
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The HP was specially designed for liquids and gas where there are no shear stresses
during their behavior [2,10–12]. With HP being suitable for liquids (e.g., circulatory fluids),
and since the mandibular bone has a reduced vascularization (being only a percentage of
the entire tissue volume), its failure criteria are even less adequate than those of S1 and S3,
visible in Figures 2–6.

The FEA analysis of dental tissues needs a single unitary failure criterion that better
describes the stress display and provides quantitative results that correlate with clinical
data [1]. Both T and VM seem to meet these criteria. In earlier studies [2,10–12] of this issue,
both criteria were reported to be suitable for the periodontal ligament, dental pulp, and
neuro-vascular bundle, and tooth (dentine/cementum, enamel, and stainless-steel bracket),
with T being more adequate than VM.

A failure criterion must also provide results that correlate with the maximum hydro-
static pressure values (about 80% of the systolic pressure) found in the dental tissues, which,
if exceeded, would lead to ischemia, necrosis, further periodontal loss, and internal and
external orthodontic resorptive processes. Both T and VM criteria were reported to supply
quantitative results that met this request, while the other three criteria failed [2,10–12].

There are multiple FEA bone-implant studies on stress distribution [1,5,8,13–18] using
uniaxial loading, the VM criteria, and that report concentrations of stress in the cervical
third of the bone around the implant, in line with our findings. However, due to the
biomechanical behavioral, differences caused by the lack of a PDL and much higher
amounts of applied loads than herein (3–10 N [5,18]; 40–800 N [1,8,13–17] vs. 0.5 N),
the quantitative results cannot be compared despite the similar boundary conditions and
failure criteria. Nonetheless, the qualitative results (the color-coded projection of the VM
overall stress) could be correlated with those herein, displaying similar results for the stress
distribution areas.

Only three FEA tooth–bone studies of stress distribution were found [19–21], with the
same boundary conditions and failure criteria as herein. Merdji et al. [21] (single intact
periodontium models, 10 N of intrusion, 3 N of tipping and translation, lower third molar,
intact bone, VM criteria, 0.25–1 mm global element size, 142305 elements of the mandibular
bone) reported a similar cervical third stress display for all three movements as herein.
Nonetheless, some differences are also visible since the Merdji et al. [21] model was of the
third molar with a different anatomical geometry (equal thickness of the lingual and vestibu-
lar bone, three roots) vs. the second premolar herein (vestibular wall of the alveolar process
much thinner than the lingual one especially during periodontal breakdown, two roots).
The quantitative amounts of cervical stress were 10.5 MPa for 10 N of intrusion, 11.5 MPa
for 3 N of tipping, and 16.83 MPa for 3 N of translation [21] vs. 108.34 KPa (0.108MPa)
for 0.5 N of intrusion, 106.18 KPa (0.106 MPa) for 0.5 N of tipping, and 135.75(0.135 MPa)
for 0.5 N of translation reported herein. These quantitative differences could be due to
the differences between the elements’ size and the number of tetrahedral elements of the
bone structure (0.25–1 mm/142,305 elements [21] vs. 0.08–0.116 mm/5117355 elements in
our analysis).

Using two mandibular models, Field et al. [20] simulated 0.35 N (0.5 N resulting load)
of tipping movements (i.e., a single intact periodontium model of 32,812 elements, with
incisor, canine, and first premolar, and a single intact periodontium model with canine
of 23,565 elements, global element size 1.2 mm, VM, and S1, S3, and HP criteria). The
qualitative results (color-coded stress distribution) of Field et al. [20] resembled those
herein but with a different color intensity (red high-stress [20] vs. blue-green lower stress
in the models herein, which is closer to the clinical biomechanical behavior of a light
force). The quantitative results for the bone cervical third stress were 236.3–287.8 KPa VM,
110.1–135.5 KPa S1, and 9.24–(−11.4) KPa S3 [20] vs. 106.18 KPa VM, 53.18 KPa S1, and
−171 KPa S3 herein. The differences between Fields et al. [20] and our results come from
the modeling issues and the applied forces (e.g., 23565–32812 number of elements and
global element size of 1.2 mm vs. 5.06–6.05 million elements, 0.97–1.07 million nodes, and
a global element size of 0.08–0.116 mm herein). In additional support of this assumption,
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Field et al. [20] reported an HP stress of 32 KPa in the apical third of the PDL and a VM
stress of 235.5–324.5 KPa in the PDL, amounts that both exceed the 16 KPa of physiological
MHP signaling related to increased risks of ischemia, necrosis, and periodontal loss, which
contradicts clinical knowledge [25]. These reports of stress [20] are unusually high (for a
light orthodontic force of 0.5 N), signaling potential tissue damage which in reality does
not occur [25]; thus, these are in need of an explanation. Nonetheless, no correlation with
MHP and clinical biomechanical behavior was found in the Field et al. [20] study.

Field et al. [20] also reported a difference between the single tooth and multiple teeth
numerical analyses, with higher amounts of stress and larger extension of the stress areas
in the multi-tooth system. However, our herein results are lower than those reported by
Field et al. [20], and we expect that that same pattern would be followed by a model with
multiple teeth.

Similar correlations have been discussed and shown in earlier studies [10–12] using
same models and boundary conditions as herein, but with a focus on the PDL, dental
pulp, NVB, and dentine tissues. By using the same failure criteria comparison as herein,
both VM and T criteria were proven to be adequate for dental tissues, with T being more
accurate. Moreover, 0.5 N of force was proven to be safely applied to PDL, dental pulp, and
NVB in both intact and 8 mm periodontal breakdown, with quantitative results lower than
the MHP and correlated with the acknowledged clinical biomechanical behavior [10,11].
For the less vascularized tissues, such as dentine, the quantitative amounts of stress were
higher than the MHP, as they biomechanically should be (correlating with the amounts of
stress in bone herein), with qualitative stress display areas correlated with those present in
vascularized ones (PDL, dental pulp, and NVB) [12]. The results herein, both quantitative
and qualitative, are in line with the above approach.

Shaw et al. [19] (upper incisor, intact periodontium model of 11,924 elements and
20,852 nodes, VM and S1 criteria) reported, for the same five movements (intrusion, ex-
trusion, tipping, translation, and rotations), lower amounts of cervical stress (1.664 KPa
for intrusion/extrusion, 0.6 KPa for translation, 0.54 KPa for tipping, and 0.015 KPa for
rotation) and comparable stress display areas. We assume that the differences are due to
the anatomical accuracy and geometry of the models (incisive vs. premolar, and 507 times
fewer elements than herein).

FEA analysis can supply accurate results as in the engineering field if the same re-
quirements are fulfilled (i.e., proper failure criteria, boundary conditions, and physical
properties) [2,10–12]. The selection of the failure criteria is mandatory for the correctness of
both qualitative and quantitative results [22]. A single unitary criterion for the FEA analysis
of teeth and the surrounding periodontium is needed, and based on the available data,
this could be easily identified [2,10–12]. This criterion is scientifically based on the type of
internal architecture of the analyzed material (suiting its internal micro-architecture [23,24])
that better describes its biomechanical behavior and provides results that are correlated
with the clinical practical data [25] and other numerical analyses [2,10–12]. Bone-implant
studies [1,5,8,13–18] exclusively employed, as adequate, the ductile material resemblance
VM failure criteria, while bone–tooth studies [19–21] employed multiple criteria: duc-
tile (VM), liquid (HP), and brittle (S1, S3). The PDL studies also employed Von Mises
(VM) overall/equivalent stress [18–22,26–28], Tresca (T) maximum shear stress [2,10–12],
maximum principal S1 tensile stress [19,22,29–32], minimum principal S3 compressive
stress [22,29,30,32–35], and hydrostatic pressure (HP) [36–40]. In all FEA simulations, only
the ductile resemblance criteria (VM and T) matched the clinical data [2,10–12].

The dental tissues, despite resembling ductile material, have a certain variable amount
of brittleness; thus, when brittle material failure criteria such as S1 and S3 are applied, these
can sometimes provide both qualitative and quantitative results matching the adequate
ductile criteria as in the above studies [19,22,29–35] and also shown herein in Figures 2–6.
However, when conducting a larger survey of multiple movements and various bone loss
levels, the non-suitability of S1 and S3 becomes more and more visible (as shown by the
herein comparisons in Figures 2–6 and in our earlier studies [2,10–12]). Only one study
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was found that provided knowledge regarding the differences between the application of
various failure criteria and that had similar reports [22] as herein, except for the brittleness
of endodontic filing materials. Moreover, this study [22] emphasized the differences that are
due to the employment of different brittle failure criteria when analyzing a brittle material
and thus the importance of selecting better suited criteria.

The HP criteria (which was also largely employed in the study of PDL based on
the rich proportion of fluids contained in the ligament [36–40]) do not describe the shear
state since liquids do not go through this physical state (common engineering knowledge).
Moreover, when multiple HP studies are compared, the reports are variable and do not
match the clinical practical knowledge.

Studies by Wu et al. [38–40] reported various (0.28–3.31 N) optimal forces for the
intact PDL subjected to orthodontic movements of the canine, premolar, and lateral inci-
sive. However, despite using the same models and boundary conditions, all three studies
reported significant differences for the same movement and tooth (e.g., canine: rotation
1.7–2.1 N [40] and 3.31 N [38]; extrusion 0.38–0.4 N [40] and 2.3–2.6 N [39]; premolar:
rotation 2.8–2.9 N [38]), which were all much higher compared with those reported by
Proffit et al. [25] (0.1–1 N), Moga et al. [10,11] (0.5 N), and Hemanth et al. [31,32] (0.3–1 N).
Hofmann et al. [36,37], in two studies using the same HP failure criteria for the PDL,
reported unusual qualitative and quantitative results for 0.5–1 N of intrusion, which con-
tradicted his earlier study and the existing clinical knowledge. Maravic et al. [26], despite
using a single FEA model, supplemented the numerical analysis with an in vivo–in vitro
study, reporting numerical results that did not accurately match the experimental ones.

The common issue found for all the FEA studies [19–21,26,28,29,31–34,36–40] was the
small sample size of only one (one patient, a single 3D model, subjected to few orthodontic
movements, generally in intact periodontium, and aleatory, using one or two failure criteria).
This study and our earlier [2,10–12] studies tried to address these issues by increasing the
sample size to nine, using multiple various bone loss levels, and rationally selecting the
failure criteria (nine patients, eighty-one models and 405 numerical simulations), thus
obtaining different and more accurate results.

There are few studies (i.e., limited to PDL investigations) that approach the study
of biomechanical behavior of dental tissues during the periodontal breakdown, while
all numerical FEA examinations are of the intact periodontium. Moreover, there is no
standardization (due to the lack of biomechanical engineering knowledge) for conducting
finite element studies in the dentistry field [1]. Thus, there is a need for studies to supply
data that address this issue, since numerical simulations are the only possible method to
study living tissues.

The boundary conditions assumed in the FEA studies for dental tissues were ho-
mogeneity, isotropy, and linear elasticity [1,2,5,8,10–22,26–40], despite the acknowledged
anisotropy, non-homogeneity, and nonlinear elasticity of dental tissues. However, in order
for all the above assumptions to supply accurate results, some issues must be addressed.
If the applied loads are around 1 N, small movements and displacements are produced,
and all tissues display biomechanical linear–elastic isotropic behavior despite their non-
linear anisotropic behavior under higher loads [2,10–12]. Few studies have addressed
the differences between linear and non-linear behavior (and limited only to PDL behav-
ior). Hemanth et al. [31,32] investigated these differences under light forces up to 1 N
(intrusion and tipping of an upper incisor) and reported up to 20–50% less quantitative
applied force needed for non-linearity vs. linearity. However, these two studies [31,32]
did not address the essential issue of the adequate material-type failure criteria for PDL,
since they used for comparison the S1 tensile and S3 compressive brittle criteria for the
analysis of a ductile behavior resemblance material such as PDL. Another potential is-
sue that could influence the results seems to be the accuracy of the analyzed 3D model
(i.e., only 148,097 elements and 239,666 nodes and idealized anatomy) when extremely fine,
small, and sensitive interactions occur both within and between anatomical elements.
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The issues of assuming non-homogeneity in dental tissues demand an extremely com-
plicated mathematical equations approach, internal micro-architecture tissue 3D modeling,
and high computing resources, which simply are not possible to be performed manually
since this type of modeling software is not available. However, in the engineering field,
this problem has been approached and addressed by mathematically designing failure
criteria for both ductile non-homogenous materials (T) and homogenous (VM) materials,
thus supplying the only practical solution currently possible.

The anatomical accuracy of the models influences the correctness of the results, es-
pecially if small tissues under small displacements are investigated. Due to difficulties
related to the creation of anatomically accurate 3D models (possible through a manual
segmentation technique), and since the automated software detection algorithm encounters
difficulties in identifying the differences of various shades of gray on the CBTC slices, most
numerical analyses have a reduced sample size that is limited to only one model or use
idealized models that do not accurately follow the anatomical accuracy. However, the
downside of manual segmentation is the presence of a limited number of surface anomalies
and irregularities (as in the models herein) that usually do not influence the accuracy of
the results since these are in non-essential areas and the internal software mesh-testing
algorithm allowed the simulations.

Due to all these limitative issues, and since FEA analysis (here included) cannot en-
tirely reproduce the clinical situation and biomechanical behavior, correlations with clinical
behavioral biomechanics and physiological constants (such as MHP) are mandatory for
confirming the numerical results. Thus, there is a need to have a multidisciplinary engineer-
ing and medical/dental knowledge approach that discusses all the above-mentioned issues,
our team’s work herein and in earlier [2,10–12] studies being the first in this direction.
Nevertheless, despite all the above limitative issues, FEA is still the only available method
to study the stress and strain distribution in the tissue components of an anatomical tissue.

5. Practical/Clinical Implications

Periodontal breakdown is found in orthodontic patients, with little available informa-
tion about the stress distribution under light orthodontic forces (0.5 N). The clinician needs
to know not only the areas most affected by orthodontic stresses but also the amount of
stress that could appear during the most stressful orthodontic movements to be able to
individualize the treatment and correlate it with bone loss levels. Another practical issue is
related to the fact that, based on the results herein, a single unitary suitable failure criterion
for the study of teeth and the surrounding periodontium can be seen, which is strictly
correlated with the physical properties and ductile resemblance of dental tissues. The
researcher benefits from the biomechanical correlations herein, which supply important
data for further studies that are needed for a better understanding of the biomechanical
behavior of periodontal breakdown and for minimalizing the risks of further tissue loss.

6. Conclusions

For the numerical analysis of bone, the ductile failure criteria are suitable (both T and
VM are adequate for the study of bone), with Tresca being more adequate than VM.

The S1, S3, and HP failure criteria, due to their distinctive design dedicated to brittle
materials and liquids/gas, only occasionally correctly described the distribution of stresses
in the bone.

For all five orthodontic movements and bone levels, only T and VM displayed a coher-
ent and correlated gradual stress increase pattern along with the periodontal breakdown.

The quantitative values provided by T and VM were the highest among all five criteria
(for each movement and level of bone loss).

The MHP (maximum physiological hydrostatic pressure) was exceeded in all simula-
tions, since the mandibular bone is anatomically less vascularized, and the ischemic risks
are reduced.
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T and VM displayed rotation and translation, closely followed by tipping, as stressful
movements, while intrusion and extrusion were less stressful for the mandibular bone.

Based on correlations with other earlier numerical studies on the same models and
boundary conditions, T can be seen as a suitable single unitary failure criterion for the
study of teeth and the surrounding periodontium.
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Abstract: Introduction: Tissue conditioners have been widely used in various clinical applications
in dentistry, such as treating inflamed alveolar ridges, temporarily relining partial and complete
dentures, and the acquisition of functional impressions for denture fabrication. This study aimed
to investigate the mechanical properties of the most prevalent tissue conditioner materials on the
market, including Tissue Conditioners (TC), Visco Gel (VG), and FITT (F). Materials and Methods:
The three tissue conditioners, TC, VG, and F, were assessed based on the parameters mentioned
above. The following tests were performed based on the ISO 10139-1 and ISO 10139-2 requirements:
Shore A hardness, denture plate adhesion, sorption, water solubility, and contraction after 1 and 3
days in water. Additional tests are described in the literature, such as ethanol content and gelling
time. The tests were carried out by storing the materials in water at 37 ◦C for 7 days. Results: The
gel times of all tested materials exceeded 5 min (TC = 300 [s], VG = 350 [s]). In vitro, phthalate-free
materials exhibited higher dissolution in water after 14 days (VG = −260.78 ± 11.31 µg/mm2) com-
pared to F (−76.12 ± 7.11 µg/mm2) and experienced faster hardening when stored in distilled water
(F = 33.4 ± 0.30 Sh. A, VG = 59.2 ± 0.60 Sh. A). They also showed greater contractions. The connec-
tion of all materials to the prosthesis plate was consistent at 0.11 MPa. The highest counterbalance
after 3 days was observed in TC = 3.53 ± 1.12%. Conclusions: Materials containing plasticizers that are
not phthalates have worse mechanical properties than products containing these substances. Since
phthalates are not allowed to be used indefinitely in medical devices, additional research is necessary,
especially in vivo, to develop safe materials with superior functional properties to newer-generation
alternatives. In vitro results often do not agree fully with those of in vivo outcomes.

Keywords: tissue conditioners; phthalate-free alternatives; gelling time; adhesion; solubility; GC;
Visco Gel; FITT; denture fabrication; biocompatibility

1. Introduction

Tissue conditioners (TC) are dental materials used to address inflammation or pressure
points on the alveolar ridge, temporary relining of partial and complete dentures, and the
creation of functional impressions for denture fabrication or restoration. These soft relining
materials can be divided into temporary and long-term solutions. Some requirements for
both types of materials overlap [1] [Nowakowska-Toporowska et al., 2018]. An ideal mate-
rial of this type should have the following characteristics: resistance to fungal and bacterial
growth, low water absorption, increased color stability, stain resistance, tear resistance,
strong bonding with the denture base, dimensional stability, low glass transition tempera-
ture, easy processing, long shelf life, biocompatibility, high energy dissipation, and good
elasticity [2–4]. One of the main problems with TC is their susceptibility to colonization of
microorganisms due to water solubility and degradation, which can exacerbate denture
stomatitis [5].
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Currently, TC are being enhanced with various types of additives that possess antibac-
terial properties. These additives include nature-based raw materials such as terpinene-
4-ol and cinnamaldehyde [6], Cocos nucifera oil [7,8], lemongrass [9], as well as special
fillers such as surface prereacted glass ionomer [10], zinc oxide nanoparticles [10], ZnOAg
nanoparticles [11], and substances with drug properties such as cetylpyridinium chlo-
ride [12], poly(acryloyloxyethyltrimethyl ammonium chloride)-grafted chitosan [13], and
bioactive glass [14].

However, it is important to note that these studies conducted in the laboratory phase
have not resulted in commercially available products with such enhanced properties.
Therefore, it is important to compare the existing materials so that the dentist can choose
the best material for a particular clinical situation.

Typically, these materials consist of a mixture of powder and liquid that combine
to form a soft gel [15,16]. The powder component is composed of finely ground poly
(ethyl methacrylate polymer) with a granule size ranging between 30 and 40 microns. On
the other hand, the liquid component is a mixture of ethanol and plasticizer. A physical
reaction occurs when the plasticizer is absorbed into the polymer, and the presence of
ethanol accelerates this process, significantly reducing the required time from several hours
to mere minutes [2].

However, it is important to be aware that certain TC may contain harmful plasticizers,
such as phthalates, which have been linked to adverse effects on the human endocrine
system. Recent studies have indicated that prenatal exposure to phthalates is associated
with adverse effects on neurodevelopment, including lower IQ, attention and hyperactivity
problems, and poorer social communication. The effects of these substances on the adult
body can damage the liver, kidneys, lungs, and reproductive system. To address these
concerns, the Consumer Product Safety Improvement Act and its final rule in 2018 have
banned eight phthalates in children’s products under federal legislation [17,18].

In response to safety concerns regarding phthalates, alternative plasticizers have been
developed for use in TC. Citrate or sebacate-based plasticizers are among the new genera-
tion of materials that are currently available on the market. However, further research is
still necessary to evaluate the safety and efficacy of these alternative materials [19,20].

The clinical shelf life of TC is relatively short, typically lasting from a few days to a
week. Factors such as chewing forces, fluid consumption, and food intake contribute to the
rapid leaching of plasticizers from the material. This process results in the hardening and
degradation of TC over time. Additionally, the high sorption capacity of these materials
leads to color changes and facilitates the quick colonization of various microorganisms, mak-
ing it challenging to maintain proper hygiene when using soft relining materials. Routine
cleaning with a toothbrush and toothpaste can easily remove or tear these materials [21,22].

The hypothesis of this study posits that phthalate-free alternatives for TC will exhibit
physical properties that are comparable to or even superior to those containing phthalates.

2. Materials and Methods

The tests were conducted using the following materials: Visco Gel (Dentsply), Char-
lotte, NC, USA) which consists of 120 g of powder (transparent poly (ethyl methacrylate)),
90 mL of liquid (a mixture of ethanol and citrate-based plasticizer), and 15 mL of separator
based on Vaseline oil. GC Tissue Conditioner includes 90 g of white PEMA powder, 90 g of
liquid (composed of dibutyl sebacate and ethanol), and a 12 g coating agent (consisting of
ethyl acetate and dissolved polymer). Kerr FITT from Kerr (Brea, CA, USA) contains liquid
(ethanol, butyl phthalate, and butyl glycolate plasticizer), and 100 g of white powder based
on poly (ethyl methacrylate). These materials were subjected to various mechanical tests,
as shown in Figure 1, and tested materials are presented in Table 1.
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Table 1. Materials and instruments used for testing.

Material Producer LOT

Tissue conditioner GC (Tokyo, Japan) 1801121
FITT Kerr (Scafati, Italy) 9529105

Visco Gel Dentsply (Constance, Germany) 1805000667

Several mechanical tests were conducted for each material, following the standard
ISO 10139-1:2018 Dentistry, Soft lining materials for removable dentures, with the number
of samples specified by the standard [23].

The gelling time was determined by measuring the time it took for the mixture of
powder and liquid to form a soft gel (which indicates the ease of use). Shore A hardness,
which measures the material’s resistance to indentation, was evaluated for samples stored
in water at 37 ◦C for 7 and 14 days. This test provides insights into the material’s ability to
absorb masticatory forces and its long-term shelf life. Adhesion to the denture plate was
tested by measuring the force required to separate the material from the denture plate, with
higher ethanol content indicating more washing out and a shorter lifespan on the denture
surface. Ethanol content was measured by drying the samples. Sorption and solubility in
water were determined by measuring the change in mass of the samples when immersed
in water. Contraction after 1 and 3 days of water immersion was measured by comparing
the dimensions of the samples before and after immersion, providing information on
the dimensional stability of the materials. The presence of plasticizers in the materials
was performed using infrared spectrophotometry. An overview of all the test methods is
presented in Figure 1.

2.1. Working a Gelling Time

The materials were mixed according to the manufacturer’s instructions. For example,
in the case of Kerr FITT, 1.5 g of powder was mixed with 1 g of liquid in a plastic jar using
a spatula. The container was then tilted to check if the material was flowing, and the
working time of the material was considered to have ended at this point. The surface of the
material was touched with a clean PE stick until it adhered to the stick’s surface, indicating
the gelation time of the material. Time measurements were carried out using a calibrated
stopwatch. All tests were conducted under laboratory conditions at a temperature of 23 ◦C.
A total of 20 tests were performed for each measurement, resulting in a total of 60 samples.
A description of this study can be found in Saeed et al. [24], Murata et al. [25].

2.2. Shore A Measurements

Samples for Shore A hardness were prepared using a 40 × 6 mm high metal cylinder
form. The mold was covered with polyester foil and flat metal slabs on both sides. After a
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30-min interval, the form was disassembled and the samples were removed. The initial mea-
surement was conducted using a Shore A HD3000 durometer (Hildebrand, Oberboihingen,
Germany) after 1 h. A total of 10 samples were prepared for each material, and each sample
was measured four times from both sides (a total of 30 samples and 120 measurements).

Subsequently, the samples were placed in distilled water at 37 ◦C. After the designated
period, the samples were dried, and new hardness tests were performed. Following the
testing procedure, the samples were immersed in fresh distilled water and stored for an
additional 7 days to simulate long-term use, as required by the ISO 10139-1:2018 Dentistry,
Soft lining materials for removable dentures, Part 1: Materials for short-term use [23], and
in accordance with previous studies by Saeed et al. [24] and Nowakowska-Toporowska
et al. [1].

2.3. Ethanol Concentration

Samples weighing 2 g of liquid were stored at 37 ◦C until a constant mass was achieved.
The determination of a constant mass was based on consecutive weight measurements
using an analytical balance. If two successive measurements did not differ by more than
0.001 g, the concentration of ethanol was determined as the difference in mass before and
after drying. A total of 10 samples were utilized for each material, resulting in a total of
30 samples. The Denver 300 balance (Denver Instruments, Paris, OH, USA), calibrated
for accuracy, was employed for the testing process. For a detailed description of the test
procedure, please refer to Murata et al. [25].

2.4. Sorption and Solubility

Following the mixing instructions, the materials were poured into a metal form with a
diameter of 20 mm and a thickness of 2 mm. The form was then covered with polyester
foil and metal slabs on both sides. After a 30-min interval, the form was opened, and
the gel-shaped materials were extracted. For each solubility and sorption test, a total of
20 samples were prepared, resulting in a total of 60 samples.

One hour after removing the samples from the form, they were weighed (M1) and
placed in covered plastic jars filled with distilled water. The first group of samples was
stored for 7 days at 37 ◦C, while the second group was stored for 14 days under the same
conditions. This was completed to simulate the clinical short-term or long-term use of
the material.

After the storage period, the tissue conditioner was removed from the water, dried
using paper, and weighed again (M2). Subsequently, the materials were transferred to a
desiccator for drying until a constant mass was achieved (M3). For the testing process, a
calibrated Denver 300 balance (Denver Instruments, Paris, OH, USA) was used.

Sorption was calculated using Equation (1), recommended by ISO 10139-1:2018 [23]:

Sorption =
(M2 − M1)

M1
(1)

Solubility was obtained from the differences, recommended by ISO 10139-1:2018 [21]:

Solubility =
(M1 − M3)

M1
(2)

For a detailed description of the test, see Saeed et al. [24].

2.5. Adhesion between Two Materials

To measure the adhesion force between the denture base material and the soft relining,
a tensile test was performed. Samples of hot curing resins, specifically Superacryl Plus
(Spofa Dental, Jicin, Czech Republic), were polymerized in metal forms with dimensions of
25 × 25 × 3.2 mm. After the curing process, the surface of the acrylic plate was coated with
TC in a 10 × 10 mm area. A second acrylic plate was then placed on top to create a joint.
The soft material was allowed to cure at room temperature for 24 h.
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The following day, the samples were placed onto a tearing strength instrument, specif-
ically the Shimadzu KN 50 (Shimadzu, Kyoto, Japan). The elongation speed of the breaking
head was 5 mm/min. The samples were elongated at the connection point made with the
soft material. The test concluded when the sample split into two pieces.

A total of 20 samples were prepared for each test, resulting in a total of 60 samples
used. A detailed description of the test can be found in ISO 10139-2:2018 and Chladek
et al. [26]. The scheme is shown in Figure 2.
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2.6. Contraction

TC are clinically used for functional impressions; for this reason, they must be time
stable. To measure the shrinkage of materials over specific time intervals, we used a method
commonly used to measure changes in elastomeric impression materials. A specially cali-
brated metal block was used, featuring lines spaced 24.805 mm apart, each line measuring
50 µm. The samples were in the form of cylinders with a diameter of 30 mm and a thickness
of 2 mm. The TC were mixed in accordance with the manufacturer’s recommendations
and applied onto the metal block, which complied with ISO 10139-2:2016 Dentistry—Soft
lining materials for removable dentures—Part 2: Materials for long-term use [23].

After 20 min, the materials were removed from the mold and placed in distilled water
at 37 ◦C. Following 24 h, the distance between the lines on the samples was measured
using a Karl Zeiss microscope (Zeiss, Jena, Germany) equipped with a measuring device
capable of capturing the distance between the two reference lines (M2). The contraction of
the material was determined using the following formula. The water was replaced with a
fresh portion, and the process was repeated after 3 days. Each day, the water was replaced
with new water.

A total of 20 samples were prepared for each material, resulting in a total of 60 samples.
The contraction was calculated based on Equation (3), which is recommended by the ISO
10139-1:2018 standard [23] and described in Chladek et al. [26].

Contraction =
24.805 − M2

24.805
∗ 100% (3)

2.7. Infrared Spectroscopy

The monomer samples were analyzed using the Nicolet ID7 apparatus (Thermo
Scientific, Waltham, MA, USA). Each sample underwent 64 scans [27]. The test involved
placing one drop of liquid onto the measurement window of the instrument and pressing
it with a specialized glass to prevent the evaporation of volatile components. After the
measurement, the slide was cleaned using enatol (Sigma Aldrich, Prague, Czech Republic).
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Each material sample was measured three times, resulting in a total of nine measurements.
The identification of plasticizers was performed using a data library.

2.8. Statistical Analysis

Statistical analysis was performed with nine repetitions for each parameter, providing
a robust dataset for the study. The data were expressed as mean ± standard error of the
mean. A one-way analysis of variance (ANOVA) was performed to test for significant
differences between the different tissue conditioner materials, including GC, Visco Gel, and
FITT. A p-value < 0.05 was considered statistically significant. Posthoc tests were performed
following the ANOVA analysis. GraphPad Software Inc., located in San Diego, CA, USA,
was used for the statistical analysis. The use of ANOVA enables reliable determination of
differences between the tested materials and ensures the statistical significance of the results.

3. Results
3.1. Working and Gelling Time

Table 2 shows the results of the working and gelling times for commercial products.

Table 2. Working and gelling time of tissue conditioner materials.

Tissue Conditioner Material Mixing Ratio (g) Work Time (s) Gel Time (s)

GC Tissue Conditioner 1.2:1 162 ± 2 * 302 ± 5 *

FITT 1.5:1 92 ± 3 * 231 ± 9 *

FITT 1.2:1 121 ± 4 * 300 ± 6 *

Visco Gel 1.5:1 149 ± 4 * 350 ± 8 *
* p value < 0.01.

The results show that the GC Tissue Conditioner has the longest working time
(162 ± 2 [s]), while FITT (mixing ratio 1.3:1) has the shortest working time and gel time
(92 ± 3 [s]). The Visco Gel material has the longest gelling time (350 ± 8 [s]).

3.2. Hardness Shore A

Table 3 presents the changes in Shore A hardness after 7 and 14 days in distilled water
at 37 ◦C.

Table 3. Changes in Shore A hardness after 7 and 14 days in distilled water at 37 ◦C of different tissue
conditioner materials.

Composition Initial Shore A
Hardness (◦)

Shore A Hardness
after 7 Days (◦)

Shore A Hardness
after 14 Days (◦)

GC Tissue
Conditioner 1.2/1 *

19.1 ± 0.3
p = 0.01

28.6 ± 0.2
p = 0.04

51.3 ± 0.4
p = 0.01

FITT 1.5/1 * 12.7 ± 0.1 39.1 ± 0.3
p = 0.035

38.1 ± 0.2
p = 0.035

FITT 1.2/1 * 11.0 ± 0.1 13.3 ± 0.2
p = 0.048

33.4 ± 0.3
p = 0.047

Visco Gel 1.5/1 * 17.0 ± 0.1
p = 0.0087

40.0 ± 0.1
p = 0.0088

59.2 ± 0.6
p = 0.009

* Mixing ratio between powder and liquid [g].

Initially, the Shore A hardness of the tested materials was below 20 degrees (F = 11.0 ± 0.10 Sh. A,
TC = 0.19.1 ± 0.30 Sh. A). After storage in distilled water, the hardness of all materials
increased significantly (F = 38.1 ± 0.20 Sh. A, VG = 59.2 ± 0.60 Sh. A).
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3.3. Ethanol Concentration

Table 4 shows the concentration of ethanol in the different products.

Table 4. Ethanol concentration for different products.

Material Ethanol (%)

GC Tissue Conditioner 12
Visco Gel 11

FITT 19.5

The highest concentration of ethanol was measured for the FITT [19.5%] and the lowest
concentration was measured for the Visco-gel [11%]. However, it is important to note that
the difference between these results was not statistically significant.

3.4. Adhesion between Materials

Table 5 presents the adhesion between the soft material and the denture base.

Table 5. Adhesion between soft material and denture base, by the tensile test of two acrylic pieces
joined by a tissue conditioner.

Material Adhesion (MPa)

GC Tissue Conditioner 1.2/1 * 0.110 ± 0.013
FITT 1.2/1 * 0.117 ± 0.009
FITT 1.5/1 * 0.105 ± 0.006

Visco-gel 1.5/1 * 0.110 ± 0.007
* Mixing ratio between powder and liquid [g].

The study results indicate that no significant difference was observed in the connection
between the various TC and the denture base. In all cases (100%), the separation of the
sample occurred in an adhesive manner at the border between the soft material and
the acrylic material. Figure 3 illustrates the surface of the acrylic plate after the tissue
conditioner material was torn off.

Medicina 2023, 59, x FOR PEER REVIEW 8 of 14 
 

 

the acrylic material. Figure 3 illustrates the surface of the acrylic plate after the tissue con-

ditioner material was torn off. 

 

Figure 3. Acrylic disc after tearing off the tissue conditioners from their surface. The lack of traces 

of soft material proves the type of adhesive connection (magnification 25×). 

3.5. Sorption and Solubility 

Table 6 provides an overview of the sorption and solubility results for the tissue con-

ditioners. 

Table 6. Results from the sorption and solubility of commercial products. 

Material 

Sorption after 7 

Days  

(µg/mm2) 

Solubility after 7 

Days  

(µg/mm2) 

Sorption after 14 

Days (µg/mm2) 

Solubility after 

14 Days 

(µg/mm2) 

GC Tissue Con-

ditioner 1.2/1 * 
30.18 ± 3.45 −23.31 ± 4.15 −102.11 ± 2.5 −142.19 ± 3.00 

GC Tissue Con-

ditioner 1.2/1 * 

with lacquer 

26.66 ± 5.55 −23.06 ± 2.88 −102.51 ± 2.27 −132.73 ± 3.12 

FITT 1.5/1 * 39.36 ± 4.39 −10.27± 2.71 
−23.37 ± 2.36 

p = 0.029 

−76.12 ± 7.11 

p = 0.0096 

FITT 1.5/1 * 43.55 ± 5.11 −13.78± 3.82 
−44.68 ± 3.06 

p = 0.048 

−106.52 ± 3.27 

p = 0.099 

Visco Gel 1.5/1 * 33.15 ± 2.32 −27.45 ± 4.32 
−1980.59 ± 9.88 

p = 0.0001 

−260.78 ± 11.31 

p = 0.001 

* Mixing ratio between powder and liquid [g]. 

The sorption and solubility values obtained are expressed as negative values because, 

instead of absorbing water and increasing in mass, the materials dissolve rapidly. Conse-

quently, the measured mass (M2) is smaller than the initial mass (M1). 

Among the materials tested, FITT demonstrated the smallest changes in sorption and 

solubility, with a value of −76.12 ± 7.11 µg/mm2. In contrast, Visco Gel exhibited significant 

changes over time, with a value of −260.78 ± 11.31 µg/mm2. 

3.6. Contraction 

Table 7 presents the results of the contraction of the materials after 1 and 3 days of 

immersion in distilled water. 

Figure 3. Acrylic disc after tearing off the tissue conditioners from their surface. The lack of traces of
soft material proves the type of adhesive connection (magnification 25×).

3.5. Sorption and Solubility

Table 6 provides an overview of the sorption and solubility results for the tissue
conditioners.
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Table 6. Results from the sorption and solubility of commercial products.

Material
Sorption after

7 Days
(µg/mm2)

Solubility after
7 Days

(µg/mm2)

Sorption after
14 Days

(µg/mm2)

Solubility after
14 Days

(µg/mm2)

GC Tissue
Conditioner

1.2/1 *
30.18 ± 3.45 −23.31 ± 4.15 −102.11 ± 2.5 −142.19 ± 3.00

GC Tissue
Conditioner
1.2/1 * with

lacquer

26.66 ± 5.55 −23.06 ± 2.88 −102.51 ± 2.27 −132.73 ± 3.12

FITT 1.5/1 * 39.36 ± 4.39 −10.27± 2.71 −23.37 ± 2.36
p = 0.029

−76.12 ± 7.11
p = 0.0096

FITT 1.5/1 * 43.55 ± 5.11 −13.78± 3.82 −44.68 ± 3.06
p = 0.048

−106.52 ± 3.27
p = 0.099

Visco Gel 1.5/1 * 33.15 ± 2.32 −27.45 ± 4.32 −1980.59 ± 9.88
p = 0.0001

−260.78 ± 11.31
p = 0.001

* Mixing ratio between powder and liquid [g].

The sorption and solubility values obtained are expressed as negative values be-
cause, instead of absorbing water and increasing in mass, the materials dissolve rapidly.
Consequently, the measured mass (M2) is smaller than the initial mass (M1).

Among the materials tested, FITT demonstrated the smallest changes in sorption
and solubility, with a value of −76.12 ± 7.11 µg/mm2. In contrast, Visco Gel exhibited
significant changes over time, with a value of −260.78 ± 11.31 µg/mm2.

3.6. Contraction

Table 7 presents the results of the contraction of the materials after 1 and 3 days of
immersion in distilled water.

Table 7. Contraction of materials [%] stored in distilled water for a period of 1 and 3 days.

Material 24-h Contraction (%) 3 Days of Contraction
(%)

FITT 1.2/1 * 99.11 ± 1.2 97.39 ± 1.05
FITT 1.5/1 * 98.96 ± 1.14 97.36 ± 1.26

GC Tissue Conditioner 1.2/1 * 97.63 ± 1.33 96.47 ± 1.12

Visco-gel 1.5/1 There is no possibility of
seeing the lines.

There is no possibility of
seeing the lines.

* Mixing ratio between powder and liquid [g].

Immediately after gelling, a 50-micron line was visible in all tested materials. However,
after 24 h, such lines were not detectable in Visco-gel. The surface of the material appeared
to be overdried.

The smallest shrinkage was observed in the FITT material (mixing ratio 1.2:1) after
24 h (99.11 ± 1.2 [%]). The largest shrinkage occurred in the Tissue Conditioner after 3 days
(96.47 ± 1.12 [%]). However, it is important to note that the difference between these results
was not statistically significant.

3.7. Infrared Spectroscopy

The infrared scans and SDS analysis reveal the composition of the materials. The
FITT material (Kerr) contains butyl phthalate and butyl glycolate, the Visco Gel material
(Dentsply) contains acetyl tributyl citrate, and the Tissue Conditioner material (GC) contains
dibutyl sebacate. The spectrum is shown in Figure 4.
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Figure 4. Infrared spectrum of the liquids of TC test materials.

For the FITT there are characteristic FT-IR peaks in the spectrum (cm−1): 1724.9
(carbonyl ester), 1280.9 and 1074.4 (–C–O–stretching), 742.46 (ortho disubstitution) (Blue
color). Acetyl tributyl citrate exhibits characteristic peaks, such as the C=O absorption
at 1738 cm−1, which is observed at slightly higher wavenumbers than the phthalate.
Additionally, the strong asymmetric C–O stretching at 1182 cm−1 is typical of citrates
(Pink color). The material from GC contains peaks at 2927–2852 cm−1, attributed to alkene
(–CH2) groups, while intense peaks at 1159 and 1735 cm−1 are indicative of C–O and C=O
formation, respectively.

4. Discussion

This study aimed to investigate the mechanical properties of three commercially
available TC. However, the initial hypothesis was not confirmed as the materials containing
nonphthalate plasticizers did not exhibit superior properties compared to the FITT material.

A very important feature of soft relining materials is their ability to absorb chewing
forces in the oral mucosa following surgical treatment. Shore A hardness is a measurable
parameter that indicates the material’s ability to cushion and relieve pressure in sensitive
regions. An excessive increase in hardness compromises the material’s primary function.
During storage in water, the materials experience an increase in hardness due to the
leaching of ethanol and plasticizers. Similar findings of gradual hardness increase have
been reported by other authors [2,22,28].

For soft and extra-soft materials, Shore A hardness values should be below 25 ◦C
after 24 h of aging in distilled water at 37 ◦C. After 28 days of aging, Shore A hardness
values should be below 55 ◦C [26]. The current study’s results align with previous studies
demonstrating an increase in hardness over time for TC [29,30]. However, it is important
to note that the magnitude of hardness increase varied among the tested materials. For
instance, GC Tissue Conditioner exhibited an increase in hardness from 19.0 to 50 Shore
A after 14 days, while FITT 1.2/1 increased from 11.1 to 33.4 Shore A during the same
period. These findings emphasize the importance of material selection based on the desired
hardness, which may vary depending on the specific clinical situation [31].

Ethanol is an important component in TC as it accelerates the gelling process of the
material. However, it is known to be washed out in the oral environment within the first
24 h. In the conducted tests, the content of evaporated alcohol ranged from 11% for the
Visco Gel material to 19.5% for the FITT material. Excessive alcohol content can lead to a
positive reaction in a breathalyzer test shortly after denture relining [32].
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The choice of gelling agent in TC is also crucial as it affects their overall performance.
Researchers are exploring alternative gelling agents to improve long-term stability and
performance [9,21,33,34]. Some attempts have been made to prepare materials without
ethanol as a gelling agent.

GC Tissue Conditioner, for example, incorporates a special lacquer to reduce solubility
and enhance the adhesion between the denture base and the relining material [35]. However,
the results of the current study did not support these claims. The adhesion of soft lining
materials to acrylic was found to be the same for all tested products (0.11 MPa), consistent
with findings from other authors [36,37]. Wang et al. suggested that the adhesive strength
between the denture plate and tissue conditioner may depend on the specific plasticizer
used, as demonstrated in their study on various citrates [38].

Phthalates, which are known to have adverse effects on the human body, are a concern
when in prolonged contact with materials like TC. They can lead to reproductive system
changes, and their decomposition products can negatively affect the kidneys and lungs.
Currently, FITT material contains phthalates, while Tissue Conditioner and Visco Gel utilize
alternative plasticizers [18].

The results of the conducted tests clearly demonstrate that TC exhibit sorption (water
uptake) and solubility after a relatively short period (7 days). However, after 2 weeks, these
materials start to dissolve, and the amount of water absorbed becomes lower than the eluted
plasticizer, resulting in negative sorption values. Among the tested materials, Visco Gel
from Dentsply showed the highest degradation after 14 days (−260.78 ± 11.31 µg/mm2),
compared to FITT (−76.12 ± 7.11 µg/mm2), which contains tributyl citrate according to
the IR analysis. The citrate plasticizer with a straight chain structure is more easily eluted
compared to the aromatic structure found in the Kerr material. A higher powder/liquid
mixing ratio (lower plasticizer concentration) leads to less sorption and leaching for FITT.
These findings are consistent with previous studies [2,9,24,26,38–41].

Another important application of TC is for making functional impressions. During
this process, the material is applied under the denture base for a short period, typically
ranging from 2 to 24 h. It gradually adapts to the oral cavity, undergoing deformation to
ensure proper function. It is crucial for the material to maintain its dimensions during this
period. The tested materials in this study exhibited low shrinkage, with less than 1% after
24 h and less than 2% after 3 days (FITT 1.5/1: 98.96 ± 1.14% after 1 day, 97.36 ± 1.26%
after 3 days). However, the Visco Gel material showed significant dimensional changes
after 24 h, and its surface appeared dry, making it difficult to observe the 50-micron lines.
These results align with previous studies on materials such as Coe Super Soft and older
formulas of Visco Gel containing phthalates [41].

The test results for tissue conditioner materials (GC, Visco Gel, and FITT) demon-
strate differences in various properties, including working and gelling times, hardness,
ethanol content, adhesion, sorption, solubility, and contraction. These differences can
significantly impact the performance and properties of the materials, affecting factors such
as gelling rate, solubility, and adhesion to the denture base [42]. It is crucial for dental
professionals to understand these properties in order to choose the most appropriate tissue
conditioner material for their patients. Furthermore, TC have the potential to serve as drug
delivery systems and research efforts have been made to develop TC with antimicrobial
properties [43–48].

4.1. Future Perspectives

This study provides valuable information on the mechanical properties of commer-
cially available TC. However, further research is required to improve these materials and
enhance their clinical performance. It is important to consider the biocompatibility of
TC, particularly with the increasing use of phthalate-free alternatives. Researchers should
incorporate findings on cytotoxicity and potential adverse effects of alternative plasticizers
on oral mucosal cells into the evaluation and comparison of TC to ensure their safety and
performance standards for clinical use [16]. Addressing the susceptibility of TC to microbial
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colonization is also important. The evaluation of alternative gelling agents is necessary
since ethanol has drawbacks such as rapid evaporation and potential interference with
breath analyzers. Optimizing material properties for patient-specific needs is essential, as
different TC exhibit varying mechanical properties, which can be advantageous depending
on the clinical situation. Pursuing these research directions has the potential to significantly
enhance the clinical utility of TC, leading to better patient outcomes and overall satisfaction.

4.2. Clinical Significance

The clinical significance of phthalates in medical devices is an important issue that
needs attention. The emergence of newer generation materials intended as phthalate
alternatives could potentially display inferior functional properties when compared to
traditional materials. Therefore, it is essential to conduct comprehensive research aimed
at optimizing the properties and clinical performance of these novel materials [49,50]. For
instance, a comparison can be made between acrylic and silicone materials, such as GC
Reline II Soft, to determine their suitability.

5. Conclusions

â The concentration of ethanol has a significant impact on the gelling time of TC,
whereby higher concentrations result in shorter working and gelling times.

â TC with a higher alcohol content exhibit increased solubility.
â Straight-chain plasticizers, such as citrate, can be easily washed out of TC, leading to

higher sorption and solubility of the materials.
â Lacquer presents an intriguing alternative for GC products, as it reduces the sorption

of TC.
â Materials containing nonphthalate plasticizers demonstrate higher solubility and

increased hardness in in vitro tests when stored in distilled water.
â Understanding the properties of commercial TC is essential for their optimal clinical

performance.
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26. Tonsdek, G.; Żmudzki, J.; Kasperski, J. Long-Term Soft Denture Lining Materials. Materials 2014, 7, 5816–5842. [CrossRef]
27. Bosch-Reig, F.; Gimeno-Adelantado, J.V.; Bosch-Mossi, F.; Doménech-Carbó, A. Quantification of minerals from ATR-FTIR spectra

with spectral interferences using the MRC method. Spectrochim. Acta Part. A Mol. Biomol. Spectrosc. 2017, 181, 7–12. [CrossRef]
[PubMed]

28. van Vliet, E.M.; Reitano, J.S.; Bergen, G.P.; Whyatt, R.M. A review of alternatives to di (2-ethylhexyl) phthalate-containing medical
devices in the neonatal intensive care unit. J. Perinatol. 2011, 31, 551–560. [CrossRef]
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37. Dorocka-Bobkowska, B.; Medyński, D.; Pryliński, M. Recent advances in tissue conditioners for prosthetic treatment: A review.
Adv. Clin. Exp. Med. 2017, 26, 723–728. [CrossRef] [PubMed]

38. Wang, W.T.; Yang, T.C.; Wang, T.M.; Lin, L.D. Evaluation of the Bond Strength of New Tissue Conditioner with Addition of
PMMA Resin. J. Indian. Prosthodont. Soc. 2018, 18 (Suppl. S1), S21. [CrossRef] [PubMed]

39. Murata, H.; Chimori, H.; Hong, G.; Hamada, T.; Nikawa, H. Compatibility of tissue conditioners and denture cleansers: Influence
on surface conditions. Dent. Mater. J. 2010, 29, 446–453. [CrossRef]

40. Murata, H.; Narasaki, Y.; Hamada, T.; Mc Cabe, J.F. An alcohol-free tissue conditioner--a laboratory evaluation. J. Dent. 2006, 34,
307–315. [CrossRef]

41. Murata, H.; Hamada, T.; Harshini Toki, K.; Nikawa, H. Effect of addition of ethyl alcohol on gelation and viscoelasticity of tissue
conditioners. J. Oral. Rehabil. 2001, 28, 48–54. [CrossRef]

42. Hashimoto, Y.; Kawaguchi, M.; Miyazaki, K.; Nakamura, M. Estrogenic activity of tissue conditioners in vitro. Dent. Mater. 2003,
19, 341–346. [CrossRef]

43. Chow, C.K.; Matear, D.W.; Lawrence, H.P. Efficacy of antifungal agents in tissue conditioners in treating candidiasis. Gerodontology
1999, 16, 110–118. [CrossRef]

44. Abe, Y.; Ueshige, M.; Takeuchi, M.; Ishii, M.; Akagawa, Y. Cytotoxicity of antimicrobial tissue conditioners containing silver-zeolite.
Int. J. Prosthodont. 2003, 16, 141–144.

45. Catalán, A.; Pacheco, J.G.; Martínez, A.; Mondaca, M.A. In vitro and in vivo activity of Melaleuca alternifolia mixed with tissue
conditioner on Candida albicans. Oral. Surg. Oral. Med. Oral. Pathol. Oral. Radiol. Endod. 2008, 105, 327–332. [CrossRef] [PubMed]

46. Kolawole, O.M.; Cook, M.T. In situ gelling drug delivery systems for topical drug delivery. Eur. J. Pharm. Biopharm. 2023, 184,
36–49. [CrossRef]

47. Urban, A.M.; Morikava, F.S.; Schoeffel, A.C.; Novatski, A.; Moraes, G.S.; Cachoeira, V.S.; Matioli, G.; Sanches Ito, C.A.; Ferrari,
P.C.; Neppelenbroek, K.H.; et al. Characterization, antifungal evaluation against Candida spp. strains, and application of
nystatin:β-cyclodextrin inclusion complexes. Curr. Drug Deliv. 2022, 20, 1533–1546. [CrossRef] [PubMed]

48. Zahid, I.; Zafar, M.S. Role of antifungal medicaments added to tissue conditioners: A systematic review. J. Prosthodont. Res. 2016,
60, 231–239.

49. Sivakumar, I.; Aras, M.A.; Madhavan, R.; Karthigeyan, S. Use of tissue conditioners in prosthodontics. Int. J. Biol. Med. Res. 2015,
5, 4564–4567.

50. Maciel, J.G.; Sugio, C.Y.C.; de Campos Chaves, G.; Procópio, A.L.F.; Urban, V.M.; Neppelenbroek, K.H. Determining acceptable
limits for water sorption and solubility of interim denture resilient liners. J. Prosthet. Dent. 2019, 121, 311–316. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

44



Citation: Yavuz, Y.; An, I.; Yazmaci,

B.; Akkus, Z.; Ortac, H. Evaluation of

Clinical and Oral Findings in Patients

with Epidermolysis bullosa. Medicina

2023, 59, 1185. https://doi.org/

10.3390/medicina59071185

Academic Editors: Giuseppe

Minervini and Stefania Moccia

Received: 15 May 2023

Revised: 9 June 2023

Accepted: 14 June 2023

Published: 21 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

medicina

Article

Evaluation of Clinical and Oral Findings in Patients with
Epidermolysis bullosa
Yasemin Yavuz 1,*, Isa An 2, Betul Yazmaci 3, Zeki Akkus 4 and Hatice Ortac 5

1 Restoratif Dentistry, Faculty of Dentistry, Harran University, Şanlıurfa 63000, Turkey
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Abstract: Introduction: Epidermolysis bullosa (EB) is a genetically inherited disease characterized by
recurrent bullae and erosions on the skin with numerous signs of dental caries and poor oral hygiene.
The aim of this study was to investigate the general clinical and oral findings of patients with EB.
Materials and Methods: In this prospective study, the clinical and oral findings and family history of
26 cases with EB were evaluated. The type of EB, gender, age, parental consanguinity, dental caries,
oral findings, distribution of lesions and presence of associated anomalies, clinical and oral findings
correlated with gender were recorded. Results: All 26 patients with EB had a history of consanguinity
and siblings with EB to varying degrees. In our study, malnutrition, anemia and growth retardation,
gastrointestinal system complications, hair thinning, hand and nail deformity, ocular problems and
renal disease (in one case) were observed with variable frequencies. When the intraoral findings
of the patients were investigated, extensive dental caries in all EB types, enamel hypoplasia in
junctional EB (JEB) and the presence of tooth-root to be extracted in dystrophic EB (DEB), intraoral
bullae and lesions, ankyloglossia, vestibular sulcus insufficiency, microstomia and maxillary atrophy
were observed. Three cases had restorative treatment and one case had prosthetic rehabilitation.
Conclusions: Oral involvement can be seen with varying frequencies depending on the type of EB and
the severity of the disease. It may result from delayed oral and dental rehabilitation due to physical
disabilities, limitations and more pressing medical problems. Microstomy, pain from mucosal lesions,
and restricted access to the mouth can be caused by poor oral hygiene. Oral complications and caloric
needs of individuals with EB should be determined, and individual prophylaxis should be applied to
prevent caries formation and protect teeth.

Keywords: epidermolysis bullosa; bullae; oral hygiene; dental caries

1. Introduction

Epidermolysis bullosa (EB) is an inherited disease with 30 different phenotypes and
genotypes characterized by mechanical fragility of the skin. The presence of recurrent bullae
and erosions on the skin and abnormal wound healing are characteristic features of all types
of EB [1]. Problems may be observed on epithelial tissue surfaces, such as gastrointestinal,
cardiovascular, genitourinary-system, eye, oral-cavity and dental tissues [2]. EB is caused
by mutations in at least 20 different genes encoding various structural and signaling
proteins within the epidermis and at the dermis–epidermis junction. These mutations lead
to a decrease in the level of proteins that ensure epidermis–dermis integrity and to the
development of bullae by the separation of skin layers [3].

EB is classified into four main hereditary types according to the ultrastructural level
of bullae within the skin [4]. EB simplex (EBS), junctional EB (JEB), dystrophic EB (DEB)
and Kindler EB [1,5]. Subclassification is determined according to clinical phenotypic
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features, extracutaneous tissue involvement, genetic transmission route and the specific
gene affected [5]. Symptoms first appear at birth, but in some patients they may appear in
adolescence and later. This may delay making the correct diagnosis until adulthood [6].
There is no approved treatment for EB. The goals in treatment are the prevention of
bulla formation, wound care, reduction of pain, early recognition and management of
extracutaneous complications [6].

EB is a disease that has multiple oral cavity findings and requires a special treatment
approach in terms of oral and dental health.

Although individuals with EB with type VII collagen mutations have a developmen-
tally normal tooth, oral mucosal tissues can be severely affected because they are exposed to
oral functions from an early age [7]. Oral lesions are characterized by erythema, blistering
and their consequences (e.g., erosion, ulceration, crusting, and atrophic scarring). The
number, frequency and severity of lesions depend on the type of disease [7]. Functional
sequelae, such as ankyloglossia, microstomy and vestibular sulcus insufficiency, extensive
caries, enamel defects and inadequate oral hygiene, require special attention in individuals
with EB [7].

EB is a disease that has many oral cavity findings and requires a special treatment
approach in terms of oral and dental health. Although individuals with EB with type
VII collagen mutations have developmentally normal teeth, their oral mucosal tissues
may be severely affected [6]. Dentists are involved in oral treatment planning as part of a
multidisciplinary team. Examination of oral soft and hard tissue manifestations of each
type of hereditary EB will help in planning long-term treatment approaches [5].

The aim of this study is to investigate the general clinical and oral findings (mucous
and dental tissue) of patients with EB and to offer suggestions to help dental health
management.

2. Materials and Methods

In this prospective study, 26 patients who were clinically, histopathologically and
genetically diagnosed with EB, followed up in the dermatology and venereology clinic and
consulted to our restorative dentistry and pedodontics clinics between August 2022 and
January 2023 were included. Patients’ clinical and oral findings and family history were
evaluated. The type of EB, gender, age, parental consanguinity, dental caries, oral findings,
lesions and presence of accompanying anomalies were determined and recorded in the
detailed anamnesis form.

Ethical approval for this study was obtained from the ethics committee of Harran
University Faculty of Medicine (Number: HRU/22.13.08). Informed consent was obtained
from all participants and their families. The study was conducted in accordance with the
Declaration of Helsinki and Good Clinical Practice guidelines.

In statistical analyses, continuous data were calculated as a mean ± standard deviation
(SD) and categorical data were calculated as a frequency (%). Pearson Chi-square test and
Fisher’s Exact Test were used to investigate the relationship between general clinical and
oral findings and gender. p < 0.05 was considered to be statistically relevant. SPSS 25.0
SPSS Inc., PASW Statistics for Windows, Version, 25.0 (Chicago, IL, USA) was used for
statistical analysis.

3. Results

Of the 26 patients diagnosed with EB, 11 were female and 15 were male. Of the
26 patients clinically diagnosed with EB, 2 were EBS, 1 was JEB and 23 were DEB (Figure 1).
When the relationship between the parents was analyzed, it was found that 100% of the
cases had a history of consanguinity to different degrees and 50% of the cases had a sibling
with EB.

46



Medicina 2023, 59, 1185

Medicina 2023, 59, x FOR PEER REVIEW 3 of 11 
 

 

cases had a history of consanguinity to different degrees and 50% of the cases had a 

sibling with EB. 

 

Figure 1. Diffuse bullae and erosion are seen in a patient with a diagnosis of dystrophic 

epidermolysis bullosa. 

In our study, malnutrition was observed in 80.7%, anemia in 46%, growth 

retardation in 61.5%, ocular problems in 42%, various gastrointestinal system 

complications in 76.9%, hair thinning in 38%, hand and nail deformities in 88% and renal 

problems in one case. In 26 cases, no hearing problems were observed. 

When the intraoral findings of the patients were investigated, extensive dental 

caries, enamel hypoplasia in JEB and presence of tooth-root to be extracted in DEB, 

intraoral bullae and lesions in 92%, ankyloglossia and vestibular sulcus insufficiency in 

73%, and microstomia and maxillary atrophy in 69% were observed in all EB types 

(Figures 2–4). In three cases, treated tooth restorations were seen, and in one case, fixed 

prosthetic zirconium restoration was seen. General clinical findings reported according to 

EB type are shown in Table 1, and oral findings are shown in Table 2. 

Figure 1. Diffuse bullae and erosion are seen in a patient with a diagnosis of dystrophic epidermolysis
bullosa.

In our study, malnutrition was observed in 80.7%, anemia in 46%, growth retardation
in 61.5%, ocular problems in 42%, various gastrointestinal system complications in 76.9%,
hair thinning in 38%, hand and nail deformities in 88% and renal problems in one case. In
26 cases, no hearing problems were observed.

When the intraoral findings of the patients were investigated, extensive dental caries,
enamel hypoplasia in JEB and presence of tooth-root to be extracted in DEB, intraoral
bullae and lesions in 92%, ankyloglossia and vestibular sulcus insufficiency in 73%, and
microstomia and maxillary atrophy in 69% were observed in all EB types (Figures 2–4). In
three cases, treated tooth restorations were seen, and in one case, fixed prosthetic zirconium
restoration was seen. General clinical findings reported according to EB type are shown in
Table 1, and oral findings are shown in Table 2.
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Table 1. Clinical and demographic characteristics of epidermolysis bullosa patients.

Epidermolysis
bullosa

Simplex (n:2)

Junctional
Epidermolysis

bullosa (n:1)

Dystrophic
Epidermolysis
bullosa (n:23)

Number of
Cases (n)

Gender
Male 1 14 15

Female 1 1 9 11
Age (year) 2 and 5 21 0.2–30 26

Parental consanguinity 2 1 23 26
Number of affected siblings 0 0 13 26

Malnutrition 0 0 21 26
Anemia 0 0 12 26

Growth retardation 0 0 16 26
Ocular involvement 0 0 11 26

Auricular involvement 0 0 0 26
Renal involvement 0 0 1 26

Gastrointestinal system involvement 1 1 20 26
Hair involvement 0 1 9 26

Hand and nail deformity 0 1 22 26

Table 2. Oral findings in patients with epidermolysis bullosa.

Oral Findings Epidermolysis
bullosa Simplex

Junctional
Epidermolysis

bullosa

Dystrophic
Epidermolysis

bullosa

Number of
Cases (n)

Gender
Male 1 14 15

Female 1 1 9 11
Age (year) 21 0.2–30 26

Tooth decay 12 10 280 26
Enamel hypoplasia 0 1 0 26

Extracted tooth 0 1 17 26
Tooth to be extracted 0 0 141 26
Periodontal disease 0 1 17 26

Intraoral bulla and erosion 1 1 23 26
Ankyglossia 0 0 19 26
Microstomy 0 0 18 26

Maxillary atrophy 0 0 18 26
Vestibular sulcus insufficiency 0 0 19 26
Restorative treatment history 0 1 2 26

History of prosthetic rehabilitation 0 1 0 26

4. Discussion

EB is a disease caused by genetic defects transmitted in an autosomal dominant or
autosomal recessive manner. It has been classified into four main categories according to
the topographic location of the bulge within the cutaneous basement membrane [8].

In our study, 88% of individuals with EB had dystrophic variant DEB, one of its four
subtypes. DEB is an inherited skin disorder characterized by bullae, erosions and chronic
ulcers in the sublamina densa. It has been identified as the COL7A1 gene encoding type
VII collagen. In the study conducted by Vahidnezhad et al., COL7A1 mutations in closely
related families were compatible with autosomal recessive inheritance [9].

In our study, it was observed that all cases with EB had a history of consanguinity
between parents to varying degrees. It was determined that 46% of individuals with EB
were siblings. When the gender differences of the affected individuals were examined,
no statistically significant difference was observed (p > 0.05). The kinship findings we
obtained in our study were in parallel with many previous studies that reported that the
likelihood of inherited genetic defects in future generations would be higher in societies
where consanguineous marriages are common [9,10].
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Particular cases of EBS with mild forms of clinical symptoms of EB may not attract the
attention of family members or may lead parents to hide such genetic disorders for fear of
being ostracized. However, in severe cases of EB, affected individuals are easily included
in hospital records [11].

In our study, 88% of EB patients had DEB. DEB patients with mutations in the COL7A1
gene, which encodes type VII collagen, were enrolled in hospital records for their needs.

Nutrition in the first years of an individual’s life is very important for growth and
development. Any factor that causes an inadequate nutrient intake during this period
predisposes to growth and developmental retardation [12,13].

Manjunath et al. found that dietary modification significantly improved the nutritional
status in children with recessive dystrophic epidermolysis bullosa (RDEB) and dominant
dystrophic epidermolysis bullosa (DDEB) subtypes. They found that moderate and severe
malnutrition in children with EB was significantly associated with the severity of the
disease [12].

In our study, all of the developmental delay belonged to the DEB type. Esophageal
dilatation was performed in four patients with dysphagia. Growth retardation in individu-
als with EB can be attributed to various gastrointestinal complications and malnutrition.
Dysphagia, esophageal stricture and constipation are the most common gastrointestinal
(GI) complications described in DEB [14].

In our study, GI system problems were seen in 76.9% of patients with different severi-
ties. It has been reported in previous studies that trauma-induced swelling of the squamous
layer of the esophagus following solid food intake and scar tissue formation after healing
may cause esophageal strictures [14].

Inadequate nutrient absorption due to bleeding in the GI tract mucosa and cicatrization
has been reported to be among the factors causing anemia [15,16].

In our study, growth retardation was observed in 61.5%, malnutrition in 80.7% and
anemia in 46% of EB cases. No statistically significant difference was found between EB
cases when compared according to the gender variable (p > 0.05).

EB is a devastating connective tissue disease that can cause blistering of the ocular
surface, including the cornea, conjunctiva and eyelids, poor wound healing and even
blindness. Ophthalmic symptoms have been reported to be more common in RDEB caused
by VII collagen function and JEB caused by the absence of laminin 5 [17,18].

Chen et al. found that patients with EB showed significant stromal thickening com-
pared to the control group, and visual loss was associated with increased stromal thick-
ness [18].

In our study, various ocular problems were seen in 42% of patients. No statistically
significant difference was found when these findings were compared according to the
gender variable among cases with EB (p > 0.05) (Figure 5).
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Most patients with DEB have deformities of the fingers and toes of the extremities,
and all tissue structures may be affected. Dermal fibrosis, pseudosyndactyly, contractures,
atrophic fingers and atrophic thumb tips, nail loss and the entire hand may be covered with
an epithelial cocoon [19].

Similar findings were observed in our cases. Although the anatomy of the nail differs
from that of the skin, the antigenic expression of components of the nail bed, proximal
nail fold and basement membrane region of the nail bed is similar to that of normal skin.
Although the presence or absence of nail changes is not used as an absolute criterion for
a differential diagnosis between the different subtypes of EB, nail dystrophy and loss are
seen, especially in JEB and RDEB. Toenails of the big toe are more severely affected due to
trauma [20]. In our cases, nail and hand deformities were not seen in EBS, whereas nail
dystrophy and absence were present in JEB. Hand and nail deformities were present in all
cases of DEB (Figure 6).
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No statistically significant difference was found in terms of hand and nail dystrophy
when compared according to the gender variable (p > 0.05).

Advances in dermal–epidermal-based molecular biology have shown that clinical
trials of gene therapy have the potential to make positive changes in the lives of patients
with EB [21].

Increased donor cells were found in the skin of children with recessive dystrophic
epidermolysis bullosa who underwent allogeneic bone marrow transplantation. Stem cell
research may be promising for patients with the most severe forms of EB [22,23].

Oral findings and dental involvement of EB vary according to subtypes. Oral clinical
features, such as perioral tissue involvement, microstomia, as well as intraoral soft tissue
involvement, such as mouth ulcers, peeled tongue, ankyloglossia, vestibular obliteration,
periodontal disease and oral cancer, can be seen. Hard tissue involvement may be accom-
panied by extensive caries, enamel hypoplasia (local or general), delayed eruption and
occlusal anomalies [5,24–26].

In our study, intraoral bullae and lesion, ankyloglossia, microstomy, vestibular sulcus
insufficiency and maxillary atrophy were observed in all individuals with DEB. In de
Azevedo et al.’s study of clinical signs of EB and salivary changes, the RDEB group showed
all the features of ankyloglossia in relation to the oral mucosa, and the JEB group showed
deformity in the skin and nails. In saliva analysis, the authors observed no difference
between the control and EB groups [27].

In terms of dental caries development, all individuals with EB should be managed as
high caries risk patients. The high prevalence of caries in individuals with DEB is due to the
frequent consumption of high-sugar drinks and soft carbohydrate foods to increase caloric
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intake in the diet. This means that teeth are in contact with foods with a high cariogenicity
for a longer period of time [28,29].

The absence of collagen VII during embryonic development may impair glandular
formation. Individuals with EB may have changes in the salivary glands, mammary glands,
and skin sebaceous glands [27].

The salivary flow rate, pH and buffering capacity were not found to be different in
individuals with EB compared to normal individuals [27,30,31].

In the Prevalence study, it was reported that although the values of all salivary param-
eters (salivary flow rate, pH and buffering capacity) obtained from individuals with EB
were slightly lower than those without EB, there was no significant difference when these
parameters were compared with healthy individuals [30].

This suggests that the extensive dental caries seen in EB is most likely attributable
to non-salivary factors, such as enamel involvement, soft tissue changes, inadequate oral
hygiene and a soft high carbohydrate diet [29,31].

Enamel structural defects (hypoplasia) have been described in EB patients and are asso-
ciated with EB genetic mutations that also affect ameloblastic differentiation [7]. Individuals
with EB caused by mutations in laminin-332 (Lama3, Lamb3, Lamc2), α6ß4-integrin (TGB4,
ITGA6) gene and type XVII collagen (Col17A1) are associated with enamel hypoplasia.
These proteins are involved in the formation of tooth enamel during amelogenesis [5,6,8].

In our study, developmental enamel defects were seen only in JEB. Although the teeth
are structurally normal, inadequate oral hygiene due to microstomia and restricted access
to the mouth, pain from mucosal blisters, and a high carbohydrate soft diet may increase
the rate of dental caries. No statistically significant difference was found when comparing
patients according to the gender variable in terms of dental caries (p > 0.05). Wright et al.’s
study confirms that the development of caries is not a specific manifestation of EB but
rather a consequence of the disruption of oral health-related habits [32].

In their study, Harris et al. reported significantly higher rates of dental caries in chil-
dren with DEB compared to control groups. Due to difficulty swallowing food, cases with
EB tend to eat small amounts of pureed high-carbohydrate foods and drinks throughout
the day. This is one of the factors that may explain the high caries experience [29].

In our study, tooth loss was low in all individuals with DEB, but the excess of tooth-root
and caries to be extracted was remarkable.

These findings may be explained by the fact that patients primarily focus on vital
systemic complications and postpone oral and dental health problems. There are studies
reporting that this may be a reflection of the dental treatment needs of dentists and the
difficulties in performing restorative treatment [29].

In addition, it has been reported that loss of grasping ability of the fingers due to
pseudosyndactyly, difficulty in tooth-brushing, and easy blistering of the oral mucosa in
the slightest trauma may negatively affect oral hygiene [29].

In these patients, topical fluoride applications and chlorhexidine mouthwashes may
be useful in reducing the burden of cariogenic microorganisms [32].

The oral mucosa originates from ectoderm invagination during the embryologic
period. In disorders primarily associated with the skin, mucosal tissues may also be
affected. Patients with EB have bullae and ulceration of the oral mucosa. In cases of EBS,
bullae tend to be few, to be small in size (<1 cm) and to heal without scarring. Mucosal
lesions, which are more common in JEB cases, may heal without obvious scarring, but in
severe JEB cases, perioral lesions exhibit granulation tissue. DEB cases often have extremely
fragile mucous membranes characterized by tissue fragility. It has been reported that
scar-healing ulcerations may have a much higher risk of ankyloglossia, loss of palatal rugae
and lingual papillae, vestibule obliteration and microstomia [33].

In our study, no intraoral bullae were observed in EBS cases. The JEB case had
intraoral bullae and enamel hypoplasia. Patients with DEB had extensive intraoral soft
tissue involvement, including bullae, microstomia, ankyloglossia and obliteration of the
oral vestibule. Microstomia, ankyloglossia and vestibular obliteration were not seen in
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other EB types. When all EB cases were evaluated in terms of microstomia, ankyloglossia
and vestibular obliteration according to gender, no statistically significant difference was
found (p > 0.05).

Mild cases of EB do not need special treatment, but all EB cases should be managed
carefully because of their susceptibility to mucosal fragility. Severe forms of EB require
special precautions to minimize soft tissue trauma during dental treatments. It has been
reported that due to difficulties in oral health care, all EB cases should be encouraged to
use fluoride toothpaste, chlorhexidine mouthwash or a spray [29,34–39].

5. Conclusions

In conclusion, oral involvement can be seen with varying frequencies depending on
the type of EB and the severity of the disease:

(1) The presence of extensive caries in individuals with DEB may result from delayed oral
and dental rehabilitation due to physical disabilities, limitations and more pressing
medical problems.

(2) Microstomy, pain from mucosal lesions, and restricted access to the mouth can be
caused by poor oral hygiene.

Nutrition is an important factor for healthy growth and development; therefore,
dental treatment needs should be provided without being neglected in the early period.
The oral complications and caloric needs of individuals with EB should be determined, and
individual prophylaxis should be applied to prevent caries formation and protect teeth.
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Abstract: Objective: The objective of this study is to present a case report in which the injectable
composite resin technique was used as a restorative alternative for dental re-anatomization in a
patient with cleft lip and palate and aesthetic complaints. Materials and Methods: The treatment plan
included the re-anatomization of the maxillary premolars and canines using a flowable composite
resin. This resin was injected and cured through a transparent matrix, which was a copy of the
diagnostic wax-up model. Some parameters such as application time and marginal adaptation were
also observed when performing the restorations. Additionally, old composite resin restorations on
the upper lateral incisors were replaced using the incremental technique with conventional resins,
which helped to assess color stability and fracture/wear deterioration for both restorative techniques.
Results: The clinical case report shows that the injectable technique was a simple and quick method
for restoring the anatomy of teeth (shape and contour) in one session, since the injectable resin can be
easily applied in interproximal areas without the need to manually sculpt the resin. In this case, no
clinical, visual, or photographic differences were found in marginal discoloration, color stability, and
fracture/wear deterioration for the two restorative techniques after one year of follow-up. Conclusions:
The professional may have another clinical option for restorative treatment in the case of small re-
anatomizations. In addition, the injectable technique seems to require less operator skill and chair
time and better marginal adaptation in cases of small anatomical changes.

Keywords: composite resin; cleft lip; cleft palate; operative dentistry

1. Introduction

Through nanotechnology, it has become possible to improve dental restorative ma-
terials such as composite resins, especially fluid resins [1–3]. By providing nanoscale
filler particles, it is possible to add a greater volume of filler to the resin matrix, favoring
physical–mechanical characteristics [2,4] and improving optical properties [5]. In addition,
due to the volumetric increase in filler content, the resin presents better handling, viscosity,
and flow characteristics [6], offering good adaptation to the internal wall of the cavity, thus
allowing its use in anterior and posterior restorative procedures [7].

Studies [8,9] indicate that high-volume fluid resins offer better polishing and shine
than conventional resins. Thus, the use of this type of resin (or universal injectable) has
become common among professionals, leading to the use of various techniques, such as
the injectable fluid resin technique. Because it has a simple protocol [1], requires less skill
from the operator and less working time, and offers lower cost to patients [10,11], some
clinicians opt for indirect treatments due to a lack of skill in using direct resins or in cases
of extensive aesthetic restorations [12].

Patients with cleft lip and palate require extensive restorative treatments due to a
series of dental anomalies [13]. The cleft lip and palate are caused by the interruption of
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normal development during the early embryonic period of pregnancy, having a complex
phenotype [14]. In addition, the existence of the sub-phenotype was emphasized based
on the coexistence of dental anomalies alongside the main phenotypes of cleft, such as
unilateral and bilateral cleft lip and palate, isolated palate cleft, or lip cleft [14–16]. Facial
appearance is central to the psychosocial development of individuals with cleft lip, alveolus,
and palate, who often exhibit characteristics of social introversion [17,18]. One of the main
reasons may be dental anomalies, which have been shown to be higher in individuals
with cleft compared to the normal population [19], including dental agenesis, supernu-
merary teeth, microdontic upper lateral incisors, the ectopic eruption of teeth, delayed
tooth eruption, and enamel hypoplasia, which are frequent in these patients [13,14,20,21].
Additionally, the presence of soft tissue bands connecting the cleft to the base of the nostril
or the alveolar margin, known as Simonart’s bands, is common [22,23]. These bands may
contribute to a higher prevalence of distal upper lateral incisors to the cleft compared to
patients without this condition [23]. Simonart’s band could assist in the relationship in
the upper arch, with a better prognosis in treatment; however, it is not the only factor that
will guarantee good resolution [23]. Therefore, these conditions result in long treatments
carried out in hospitals and specialized places. Although dental treatments in most patients
are usually completed between the ages of sixteen to eighteen years old, some require
additional aesthetic or functional treatment during adulthood [24].

The injectable fluid resin technique is classified as a minimally invasive direct/indirect
technique that preserves tooth structure [2]. In some cases, it does not require prior or dental
preparation and can be performed in one or several teeth in the same session [1,2], through
analog or digital diagnosis, to optimize aesthetic (shape and contour) and functional
(occlusal) parameters [25]. The anatomical shape of the patient’s natural dentition can also
be used to create the initial model, which will depend on the type of restorative approach
to be selected [1,2]. In addition, this technique can be used in both deciduous teeth [2,26]
and permanent teeth [1,2,25,27–29], offering various applicability, including applications
related to direct veneers [4,25], re-anatomization, and diastema closure [12,27]. However,
the search for information in the literature about this technique returns scarce results due
to its relative newness in restorative dentistry and the limitation of clinical studies. This is
the first case report of the injectable resin technique presented step by step in a patient with
cleft lip and palate.

This clinical report aims to describe the use of the injectable fluid resin technique,
with some modifications to the technique, for the re-anatomization of canines in a young
patient with cleft lip and palate. Some parameters were observed during the execu-
tion of the technique, such as application time and marginal adaptation. In addition,
restorations were performed on adjacent teeth (lateral incisors) using an incremental tech-
nique with conventional resins, which aided in the assessment of visual and photographic
color stability and wear resistance between the two restorative approaches after one year
of follow-up.

2. Case Presentation

A female patient, 21 years old with unilateral left cleft lip and palate, presented at
the Dentistry Department of the Hospital for Rehabilitation of Craniofacial Anomalies at
the University of São Paulo (HRAC/USP) with aesthetic complaints in the anterior upper
region. After anamnesis and clinical examination, it was noted that teeth 13 and 23 had been
re-anatomized into 12 and 22 after orthodontic treatment was completed when the patient
was 16 years old (Figure 1). The patient received a bone graft in the region of the cleft with
recombinant human Bone Morphogenetic Protein-2 (rh-BMP2) when she was 12 years old.
The patient had agenesis of tooth 22 and tooth 12 had a short root. After the bone graft
and during orthodontic treatment for correction, the patient had the option of having an
implant in the region of teeth 12 and 22, but she and her parents wished to simplify the
treatment by extracting tooth 12, undergoing mesialization of their teeth with orthodontic
treatment, and maintaining group occlusion instead of canine guidance. It was observed
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that after 5 years of completed orthodontic treatment, the patient maintained a stable
occlusion without recessions in the premolars. The resin on the “lateral” teeth was opaque
with recurrence (small diastemas between 12 and 11 and on the distal of 22). Thus, the
patient was dissatisfied with the color of her teeth and did not want to repeat orthodontic
treatment. Therefore, treatment options were presented after initial case planning with
photos and aesthetic evaluation. Restorative techniques were recommended and explained,
but dental bleaching and a combination of restorative techniques were chosen, including
the injectable composite resin technique to re-anatomize teeth 14 and 24 into 13 and 23 and
replacement of the restorations of teeth 12 and 22 using the direct composite resin technique
(Filtek XT Z350 B2B and B2E, 3M, Two Harbors, MN, USA) and closing diastemas.
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Figure 1. Initial photos of the 21-year-old patient. (a) Smile; (b) intraoral view of the teeth.

First, an initial impression of the upper and lower arches was taken with alginate to
make trays for at-home bleaching with 10% carbamide peroxide (Whiteness Perfect 10%,
FGM, São Paulo, SP, Brazil) for 3 h a day for 30 days. With this step, the patient went from
the initial color A3 on the Vita Classical scale to B1 (Figure 2). After the completion of
bleaching, a new impression was made with condensation silicone to wax the teeth to be
re-anatomized (Figure 3). Based on the case planning and wax-up, the patient chose not to
undergo periodontal surgery and instead opted to improve the proportion of the gingival
contour. Thus, it was decided to re-anatomize teeth 14 and 24 into 13 and 23 using the
transparent matrix technique with injectable composite resin (Tetric N-Flow BL L, Ivoclar
Vivadent, SP, Brazil).

Medicina 2023, 59, x FOR PEER REVIEW 3 of 10 
 

 

treatment by extracting tooth 12, undergoing mesialization of their teeth with orthodontic 

treatment, and maintaining group occlusion instead of canine guidance. It was observed 

that after 5 years of completed orthodontic treatment, the patient maintained a stable oc-

clusion without recessions in the premolars. The resin on the “lateral” teeth was opaque 

with recurrence (small diastemas between 12 and 11 and on the distal of 22). Thus, the 

patient was dissatisfied with the color of her teeth and did not want to repeat orthodontic 

treatment. Therefore, treatment options were presented after initial case planning with 

photos and aesthetic evaluation. Restorative techniques were recommended and ex-

plained, but dental bleaching and a combination of restorative techniques were chosen, 

including the injectable composite resin technique to re-anatomize teeth 14 and 24 into 13 

and 23 and replacement of the restorations of teeth 12 and 22 using the direct composite 

resin technique (Filtek XT Z350 B2B and B2E, 3M, Two Harbors, MN, USA) and closing 

diastemas. 

 

Figure 1. Initial photos of the 21-year-old patient. (a) Smile; (b) intraoral view of the teeth. 

First, an initial impression of the upper and lower arches was taken with alginate to 

make trays for at-home bleaching with 10% carbamide peroxide (Whiteness Perfect 10%, 

FGM, São Paulo, SP, Brazil) for 3 h a day for 30 days. With this step, the patient went from 

the initial color A3 on the Vita Classical scale to B1 (Figure 2). After the completion of 

bleaching, a new impression was made with condensation silicone to wax the teeth to be 

re-anatomized (Figure 3). Based on the case planning and wax-up, the patient chose not 

to undergo periodontal surgery and instead opted to improve the proportion of the gin-

gival contour. Thus, it was decided to re-anatomize teeth 14 and 24 into 13 and 23 using 

the transparent matrix technique with injectable composite resin (Tetric N-Flow BL L, Ivo-

clar Vivadent, SP, Brazil). 

 

Figure 2. Photos of the bleaching treatment: (a) initial color (A3 on the Vita Classical scale); (b) final 

color (B1 on the Vita Classical scale). 
Figure 2. Photos of the bleaching treatment: (a) initial color (A3 on the Vita Classical scale); (b) final
color (B1 on the Vita Classical scale).

For the injectable technique, the waxing model was replicated by molding the wax-up.
Subsequently, a transparent plate made of ethylene/vinyl acetate copolymer (EVA) was
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used, which is a modification of the original protocol that uses a silicone matrix. However,
no damage was observed from this adaptation. Therefore, the plate was taken to a vacuum
laminator to obtain the transparent matrix. Later, small holes were made in the transparent
matrix with high-speed diamond tips in the region of the buccal cusps of the premolars
that would be re-anatomized to give access to the tip of the fluid resin to be injected as a
transfer vehicle between the tooth and the resin (Figure 4).
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Figure 4. (a) Transparent matrix positioned over the patient’s teeth. (b) Drilling with diamond burs
to open small holes in the transparent matrix.

Before the matrix was inserted into the oral cavity, a proper fit on the teeth was
verified so that the fluid resin could be injected adequately. Prior to this, prophylaxis was
performed using pumice stone paste to remove the biofilm and leave the dental surface
clean. Subsequently, adjacent teeth were covered with polytetrafluoroethylene (PTFE) tape
to prevent material adhesion to undesired dental surfaces and to allow optimal integration
in the interproximal region during composite resin infiltration. Teeth 14 and 24 were etched
with 37% phosphoric acid for 30 s, followed by a 30 s rinse, gentle drying with air jets
to remove excess moisture, the application of the adhesive system (Prime & Bond 2.1;
Denstiply, Sirona, SP, Brazil) (Figure 5), and 30 s of light curing (Radi Call SDI, Trevose, PA,
USA). When the transparent matrix was positioned, fluid resin was injected to fill the space
in tooth 14 between the tooth and the silicone matrix (Figure 6). When the space was filled
with the material, light curing was performed for 60 s. The same procedure was repeated
for tooth 24 (Figure 6). After the restorations were completed, the matrix was removed, the
excess material was removed with a No. 12 surgical blade, and additional light curing was
performed for 20 s.
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Figure 5. (a) Isolation of adjacent teeth with polytetrafluoroethylene tape and the placement of
gingival retraction cords. (b) Phosphoric acid attack. (c) Application of the adhesive system.
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Figure 6. (a) Placement of the matrix on the teeth. (b) The tip of flowable composite resin inserted
into holes. (c) Injection of the fluid composite into the transparent matrix, which was light-cured
afterward. (d) Completed restorations after removal of the transparent matrix, Teflon tape, and
gingival retractor cord.

A glycerin gel was also applied during restoration for final photopolymerization that
inhibited the oxygen layer, thus preventing discoloration of the restoration. Occlusion was
checked with 12 and 8 µm articulating paper (AccuFilm, Parkell, Long Island, NY, USA),
verifying the absence of premature contacts and correct occlusal guidance (anterior and
group guide). The composite resin colors to be used on teeth 13 and 23 were selected prior
to the resin infiltration procedures on teeth 14 and 24. Teeth 13 and 23, which had already
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been re-anatomized into “12 and 22,” had the old composite resins carefully removed
and replaced using the direct composite resin technique (Filtek XT Z350 B2B and B2E,
3M ESPE) (Figure 7).
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Figure 7. (a–f). Direct restoration sequence using the incremental technique with a conventional
composite resin.

The patient was satisfied with the restorative treatment, exhibiting a more harmonious
and age-appropriate smile. They chose not to alter the shape or add resin to teeth 11 and
21, as their desired outcome had already been achieved (Figure 8).
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After 1 year, the patient was called for a check-up, and new photos were taken after
prophylaxis. The restorations made with the injectable resin technique did not show
marginal discoloration or fracture, presenting similar results to the incremental composite
resin technique, which also did not change (Figure 9). Therefore, no finishing or polishing
was performed.
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3. Discussion

In the literature, different restorative approaches have been proposed to perform
aesthetic restorations. The present case describes the use of the injectable fluid resin
technique with some modifications, which allowed for the re-anatomization of the upper
premolars in canines in a young patient with cleft lip and palate, as well as a direct
restorative approach with composite resin for teeth 12 and 22.

The use of the injectable fluid resin technique was chosen for the premolars as there is
evidence in the literature that new fluid composite resins with higher load values (61 to 71%
by weight) offer better material adaptation to the cavity walls as well as to the posterior walls,
with fewer failures compared to conventional resins. In addition, recent studies [8,9,30,31]
show that higher-load fluid resins offer higher mechanical properties (flexural strength and
flexural modulus), higher resilience, a high modulus of elasticity [30,31], wear resistance,
and better polishing and shine than conventional universal resins [8,9]. Another advantage
of this technique is the low cost and good aesthetic results, since the silicone matrix is a
replica of the diagnostic wax-up. Thus, the position, shape, and contour are more faithful
compared to other incremental techniques [10]. In addition, this technique provides the
possibility of restoring one or more teeth, even in cases involving posterior teeth [32]. However,
reports in the literature indicate that some care must be taken to avoid periodontal biological
complications [10,25,29]. One study [10] indicated that to avoid invasion of the biological
distance, the retraction cord should be placed in the gingival sulcus to prevent the fluid resin
from flowing more than 0.5 mm; other authors [25,29] indicated that the transparent matrix
can be cut following the gingival margin and at the sulcular level, thus obtaining better control
of excess material and facilitating its removal. In this clinical case, the placement of a retraction
cord in the gingival sulcus was chosen, thus avoiding infiltration of the fluid resin into the
gingival sulcus.

The treatment of a patient with cleft lip and palate should be guided by rehabilitation
principles, such as physiology, stability, aesthetics, hygiene conditions, and individual
expectations [33], which are important to the guidance and initiation of dental treatment.
Anomalies of number and form in the teeth behind the cleft lip are common in patients
with cleft lip and palate [13,14,20], and when trying to rehabilitate this area, it is common to
re-anatomize teeth and sometimes not follow the principals of gold proportions in aesthetic
rehabilitation. In this case report, the canines that were re-anatomized in the lateral incisors
presented an unfavorable dental proportion in relation to the golden ratio. They ended
up with a width close to the central teeth, which required the application of anatomical
principles of illusion to create the appearance of narrower teeth. This technique involves
altering the position of the vertical edges, favoring the principles of the golden ratio, which
is considered one of the options to assist us in aesthetics. The injectable technique seems
to be an interesting alternative in the restorative treatment of these patients considering
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situations where aesthetic treatment should be optimized in a specialized location, such
as HRAC/USP. The hospital from this study is a world-class reference in the treatment of
cleft lip and palate and hearing loss, was founded in the 1960s, and offers multidisciplinary
treatment to numerous patients during the year. Thus, patients who come for dental
treatment stay at HRAC for a few days depending on their needs. Analyzing the case
report of this article, the technique used facilitated the dental session and promoted the
result expected by the patient, without additional appointments.

The injectable technique is generally a simple treatment option for patients looking to
improve aesthetics, especially in cases of small re-anatomizations. Therefore, randomized
controlled clinical studies are required to demonstrate the long-term effectiveness of the
technique. A recent study [34] related to the longevity of restorations, as well as the selection
and use of restorative materials alone, indicates that the success of restorations will depend
on a series of patient-related risk factors, such as age, the individual’s associated risks,
parafunctional habits, and the size of the restoration, since the greater the amount of
dental structure replaced by a polymeric composite, the greater the mechanical challenges
imposed on the restoration.

Thus, the authors indicate that the impact of photopolymerization on the longevity of
restorations has been widely discussed in the literature [34,35], and there is enough evidence
that the differences between resins from different manufacturers are not an important factor
that influences the longevity of composite restorations [34,36,37]. Therefore, this study
indicates that professionals are free to select materials based on handling preferences, color
availability, technical aspects, and ease of polishing [34,36,37].

In this clinical case report, no differentiations were found between restorative tech-
niques in relation to marginal discoloration and fracture resistance. Therefore, the clinic may
have another clinical option for restorative treatment in the case of small re-anatomizations
in young patients. However, the clinic should always consider patient-related risk factors
such as age, lifestyle, and parafunctional habits, which play an important role in the success
of restorations [34].

In addition, one of the limitations of case reports, although they can be useful to
present interesting or unusual clinical findings, is that they should not be used as definitive
evidence to support the effectiveness of treatment. However, they can be useful to suggest
new research hypotheses that can be investigated in more rigorous clinical studies.

4. Conclusions

Smile rehabilitation in patients with cleft lip and palate should be associated with
aesthetic and conservative techniques. Among the restorative treatment options, the use of
the injectable fluid resin technique seems to be an interesting option for cases involving
small re-anatomizations and requiring less chair time and good marginal adaptation.
Furthermore, no color change or fracture was observed after one year of follow-up.
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Abstract: An esthetically pleasing smile is a valuable aspect of physical appearance and plays a
significant role in social interaction. Achieving the perfect balance between extraoral and intraoral
tissues is essential for a harmonious and attractive smile. However, certain intraoral deficiencies,
such as non-carious cervical lesions and gingival recession, can severely compromise the overall
aesthetics, particularly in the anterior zone. Addressing such conditions requires careful planning
and meticulous execution of both surgical and restorative procedures. This interdisciplinary clinical
report presents a complex case of a patient with esthetic complaints related to asymmetric anterior
gingival architecture and severely discolored and eroded maxillary anterior teeth. The patient was
treated using a combination of minimally invasive ceramic veneers and plastic mucogingival surgery,
resulting in a successful outcome. The report emphasizes the potential of this approach in achieving
optimal esthetic results in challenging cases, highlighting the importance of an interdisciplinary team
approach in achieving a harmonious balance between dental and soft tissue aesthetics.

Keywords: dental esthetics; restorative dentistry; permanent dental restoration; dental ceramics;
treatment outcome; patient care team; soft tissue surgical procedures; periodontal plastic surgery

1. Introduction

Dental esthetics play a crucial role in modern society, as an esthetic smile is asso-
ciated with kindness, popularity, intelligence, and high social status [1]. Achieving an
aesthetically pleasing smile requires a harmonious balance between various intraoral and
extraoral elements, including the lips, teeth, and gingival tissues [2–6]. Gingival esthetics,
also known as “pink esthetics”, is a critical determinant of overall dental esthetics, as
they frame any esthetic restorative work performed on the teeth [1]. Therefore, conditions
such as gingival recession can significantly compromise the esthetic outcome, especially
when multiple anterior maxillary teeth are involved [7,8]. Over the years, several surgi-
cal procedures have been proposed to manage these complex cases, including coronally
repositioned flaps, lateral sliding flaps, free gingival grafts, and subepithelial connective
tissue grafts using tunneling and envelope flap techniques [7–12]. These procedures aim to
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establish a harmonious gingival architecture, increase the amount of keratinized gingiva,
and reduce hypersensitivity related to denuded root surfaces [13]. However, to achieve
satisfactory results, precise surgical techniques must be employed and attention to detail is
necessary to prevent the formation of post-surgical defects, such as scarring, keloid-like
defects, and loss of the interdental papilla [7,9]. Data have shown that the outcomes of the
surgical treatment of gingival recession are positive. A recent Cochrane systematic review
evaluating root coverage procedures for single and multiple recession has reviewed 48 ran-
domized controlled trials in which gingival recessions were addressed with subepithelial
connective tissue grafts plus coronally advanced flap and tissue guided regeneration with
resorbable membranes plus connective tissue grafts and it concluded that all procedures
can be successfully provided for treating single or multiple gingival recessions [14].

Ceramic dental laminate veneers are a well-documented and predictable treatment
for modifying the shade of whitening-resistant teeth, improving the shape of teeth with
acquired malformations and loss of facial enamel, correcting minor rotations, and closing
moderate diastemas [15–18]. Contemporary dental ceramic systems have improved me-
chanical and optical properties [19–21]. When ceramic restorations are conditioned and
combined with resin-based cement, a strong and long-lasting chemical, the micromechani-
cal bond can be created between the ceramic and the underlying tooth substrate [22,23].
Despite significant advances in adhesive dentistry, the success of treatment with dental ve-
neers depends on several factors, including thorough planning, adequate preparation and
conditioning of the tooth structure, satisfactory design and conditioning of the restorations,
and preparation of the receptor dental and gingival tissues to ensure the harmonious inte-
gration of the restorations with the rest of the mouth [24,25]. This clinical report presents the
interdisciplinary management of a patient with esthetic complaints related to asymmetric
anterior gingival architecture and severely discolored and eroded maxillary anterior teeth.
The patient was treated with a combination of minimally invasive ceramic laminate veneers
and plastic mucogingival surgery.

2. Materials and Methods

A 32-year-old male patient presented to the clinic indicating that he did not like the
esthetics of his anterior teeth (Figure 1A,B).
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After a medical questionary, the patient was classified as an ASA type 1 patient
systematically healthy with no medical conditions to be concerned about prior to dental
care. Additionally, he expressed suffering from severe root sensitivity when drinking or
eating. At the initial consultation, the patient expressed that he used to chew on citrus
fruits with his anterior teeth and that lemon juice was a big part of his diet until he noticed
defects in his anterior teeth. Intraorally, generalized loss of clinical attachment and Miller
type 1 gingival recession was observed in the maxillary right first premolar, right canine,
and both maxillary central teeth. Additionally, cervical non-carious lesions were noticed on
teeth maxillary right first premolar, right canine, right lateral, right central, and maxillary
left central, and significant loss of facial enamel was noticed on both maxillary central teeth,
giving the teeth a lower color value than the adjacent anterior teeth (Figure 2A,B).

Medicina 2023, 59, x FOR PEER REVIEW 3 of 11 
 

 

Figure 1. Initial situation. (A) Smile. (B) Intra-oral frontal. 

After a medical questionary, the patient was classified as an ASA type 1 patient sys-
tematically healthy with no medical conditions to be concerned about prior to dental care. 
Additionally, he expressed suffering from severe root sensitivity when drinking or eating. 
At the initial consultation, the patient expressed that he used to chew on citrus fruits with 
his anterior teeth and that lemon juice was a big part of his diet until he noticed defects in 
his anterior teeth. Intraorally, generalized loss of clinical attachment and Miller type 1 
gingival recession was observed in the maxillary right first premolar, right canine, and 
both maxillary central teeth. Additionally, cervical non-carious lesions were noticed on 
teeth maxillary right first premolar, right canine, right lateral, right central, and maxillary 
left central, and significant loss of facial enamel was noticed on both maxillary central 
teeth, giving the teeth a lower color value than the adjacent anterior teeth (Figure 2A–C). 

 
Figure 2. Initial intra-oral situation. (A) Measurement of Miller Class 1 recession on the maxillary 
right canine. (B) Measurement of Miller Class 1 recession on a maxillary left central incisor. 

When the endodontic condition of the anterior teeth was assessed, all the teeth re-
sponded positively to electrical and thermal tests. Additionally, no signs of parafunction 
or occlusal interferences were noticed during the examination. Subsequently, the clinical 
findings were presented to the patient and three treatment options were offered: (1) no 
treatment provided with only monitoring of the gingival conditions and address when-
ever patient decides; (2) only restorative prosthesis such as veneers from canine to canine 
to improve the shade and shape of the anterior dentition; and (3) soft tissue grafting pro-
cedure to treat the gingival recession following with veneers from canine to canine. 

The patient was more interested in the third option and it was further explained that 
it would consist of plastic mucogingival surgery involving tunneling connective tissue 
grafts, and anterior ceramic veneers were presented. The treatment’s limitations, possible 
complications, length, and financial aspects were discussed; after considering all these 
factors, the patient decided to proceed with the proposed treatment. 

On the day of the surgery, bilateral anterior superior alveolar, nasopalatine, and left 
greater palatine blocks were performed with Lidocaine 2% with 100,000 units of epineph-
rine (Lignospan Standard; Septodont, Saint-Maurdes-Fosses, France). Subsequently, the 

Figure 2. Initial intra-oral situation. (A) Measurement of Miller Class 1 recession on the maxillary
right canine. (B) Measurement of Miller Class 1 recession on a maxillary left central incisor.

When the endodontic condition of the anterior teeth was assessed, all the teeth re-
sponded positively to electrical and thermal tests. Additionally, no signs of parafunction
or occlusal interferences were noticed during the examination. Subsequently, the clinical
findings were presented to the patient and three treatment options were offered: (1) no
treatment provided with only monitoring of the gingival conditions and address whenever
patient decides; (2) only restorative prosthesis such as veneers from canine to canine to
improve the shade and shape of the anterior dentition; and (3) soft tissue grafting procedure
to treat the gingival recession following with veneers from canine to canine.

The patient was more interested in the third option and it was further explained that
it would consist of plastic mucogingival surgery involving tunneling connective tissue
grafts, and anterior ceramic veneers were presented. The treatment’s limitations, possible
complications, length, and financial aspects were discussed; after considering all these
factors, the patient decided to proceed with the proposed treatment.

On the day of the surgery, bilateral anterior superior alveolar, nasopalatine, and left
greater palatine blocks were performed with Lidocaine 2% with 100,000 units of epinephrine
(Lignospan Standard; Septodont, Saint-Maurdes-Fosses, France). Subsequently, the tunnel-
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ing procedure was performed from maxillary right first premolar to maxillary left lateral
tooth; a partial thickness dissection was performed using periodontal microsurgical instru-
mentation. Additionally, the root surfaces were mechanically debrided and the smear layer
was chemically removed using 24% ethylenediaminetetraacetic acid (EDTA) gel (Strau-
mann PrefGel; Straumann, Basel, Switzerland) for 2 min, followed by abundant irrigation
with saline solution (Figure 3A,B).
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Subsequently, a partial thickness flap was reflected approximately 4–5 mm from the
lingual marginal gingiva of the maxillary right second molar, extending to the lateral
tooth in the same quadrant. A 55 × 5 mm band of connective tissue was obtained from the
glandular and adipose regions of the palate. During the harvesting procedure, absolute care
was taken to preserve the periosteum of the donor site. Subsequently, the connective tissue
graft was trimmed to fit the receptor sites (Figure 4A,B) and was inserted and secured below
the partial thickness anterior flaps apical to the cementoenamel junction of the anterior
teeth with 5-0 monofilament nylon sutures (5-0 Ethilon; Ethicon, Raritan, New Jersey, NJ,
USA) (Figure 4C–E).
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Additional vertical suspensory extending from the base of each interdental papilla
to coronal anchorage points were created using flowable composite (3M Filtek Supreme
Flowable Composite; 3M ESPE, St Paul, MN, USA). The suspensory sutures were carefully
placed to secure the gingival graft, maximize graft coverage, and maintain the height of the
interdental papillae (Figure 5A,B).
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Figure 5. (A) Frontal intra-oral image after tunneling procedure. (B) Lateral intra-oral image after
tunneling procedure.

A home maintenance regime consisting of a soft diet, careful cleaning of the sites with
a soft bristle brush (GUM Post-Surgical Toothbrush; Sunstar Americas, Schaumburg, IL,
USA), and oral rinses with 0.12% Chlorhexidine Gluconate (Peridex Oral Rinse; 3M ESPE,
St Paul, MN, USA) twice a day for 7 days was established after surgery.

The surgical sites were reevaluated 48 h, 2 weeks, and 1 month after surgery. At this
stage, satisfactory root coverage and adequate healing with complete reepithelization of
the donor site were observed clinically (Figure 6A–C).

Medicina 2023, 59, x FOR PEER REVIEW 5 of 11 
 

 

 
Figure 5. (A) Frontal intra-oral image after tunneling procedure. (B) Lateral intra-oral image after 
tunneling procedure. 

A home maintenance regime consisting of a soft diet, careful cleaning of the sites with 
a soft bristle brush (GUM Post-Surgical Toothbrush; Sunstar Americas, Schaumburg, Illi-
nois, USA), and oral rinses with 0.12% Chlorhexidine Gluconate (Peridex Oral Rinse; 3M 
ESPE, St Paul, MN, USA) twice a day for 7 days was established after surgery. 

The surgical sites were reevaluated 48 h, 2 weeks, and 1 month after surgery. At this 
stage, satisfactory root coverage and adequate healing with complete reepithelization of 
the donor site were observed clinically (Figure 6A–C). 

 
Figure 6. (A) Frontal image 1 month after surgery. (B) Lateral image 1 month after surgery. (C) 
Image of donor site 1 month after surgery. 

Additionally, the patient denied any discomfort or complication during healing re-
lated to the surgical procedures performed. After 6 months of healing, the tissues were 
reassessed and deemed adequate to restore the anterior teeth with ceramic veneers (Fig-
ure 7A,B). 

Figure 6. (A) Frontal image 1 month after surgery. (B) Lateral image 1 month after surgery. (C) Image
of donor site 1 month after surgery.

70



Medicina 2023, 59, 822

Additionally, the patient denied any discomfort or complication during healing related
to the surgical procedures performed. After 6 months of healing, the tissues were reassessed
and deemed adequate to restore the anterior teeth with ceramic veneers (Figure 7A,B).
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Figure 7. (A) Frontal image after 6 months of healing. (B) Lateral image after 6 months of healing.

An additive diagnostic wax-up of the anterior teeth was performed and used as
a reference for fabricating a reduction guide using heavy-bodied condensation silicone
(Zetaplus, Putty Zhermack; Rome, Italy). Subsequently, the labial erosive lesion on the
maxillary left lateral tooth was blocked out using resin-modified glass ionomer cement
(GC Fuji 2: GC America, Alsip, IL, USA), and conservative laminate veneer preparations
extending 0.2 below the free gingival margin were performed. Using the reduction guide
as a reference, careful attention was paid to keep the preparation on enamel, ensuring a
reduction of approximately 0.5 mm in the labial surfaces, anterior line angles, and incisal
edges (Figure 8A–C). The patient was offered either CAD/CAM or traditional hand-made
intraorally made provisionals, and due to costs the patient selected traditional provisional
restorations. Temporary restorations were fabricated with bisacryl-based composite resin
(ProTemp Plus; 3M ESPE, St Paul, MN, USA) and retained using the spot-etch technique [17]
(Figure 8D).

Subsequently, impressions were made with irreversible hydrocolloid (Geltrate, Dentsply
Sirona, Fair Lawn, NJ, USA) and diagnostic casts were fabricated with type III dental stone
(Buff Stone; Whip Mix Corp, Louisville, KY, USA). Using the contours of the diagnostic
casts as reference, 6 lithium disilicate (E.max CAD; Ivoclar Vivadent, Schaan, Liechtenstein,
Switzerland) ceramic veneers were fabricated using a professional computer-aided design
and computer-aided manufacturing (CAD-CAM) dental software (Exocad, Exocad GmbH;
Darmstadt, Germany) (Figure 8A,B). Subsequently, the restorations were tried intraorally
and the interproximal contact and margins were assessed and carefully adjusted. After
complete seating was achieved, the restorations were etched for 20 s with hydrofluoric acid
(IPS Ceramic Etching Gel; Ivoclar Vivadent, Schaan, Liechtenstein, Switzerland), primed
(MonoBond Plus; Ivoclar Vivadent, Schaan, Liechtenstein, Switzerland), and cemented
with resin-based cement (MultiLink Automix; Ivoclar Vivadent, Schaan, Liechtenstein,
Switzerland) (Figure 9A,B).
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The patient was provided with instructions for proper maintenance including brush-
ing teeth with a soft-bristled toothbrush thoroughly twice a day, flossing daily between
teeth to remove food and plaque, and dental cleanings twice a year. The patient was
reassessed 1 week, 1 month, and 6 months after delivery. During the 1-year follow-up ap-
pointments, the patient denied any discomfort or issues related to the restorations provided
(Figure 10A,B).
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Figure 8. (A) Lateral image of minimally invasive veneer preparation with silicone reduction guide.
(B) Occlusal image of minimally invasive veneer preparation. (C) Frontal image of final preparations.
(D) Provisional restorations.
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3. Results

The case study describes a 32-year-old male patient who presented to the clinic with
esthetic concerns regarding his anterior teeth and severe root sensitivity. Generalized
clinical attachment loss and gingival recessions were observed, along with cervical non-
carious lesions and significant loss of facial enamel. The endodontic condition of the teeth
was assessed and found to be positive. The patient was presented with a treatment plan
consisting of plastic mucogingival surgery involving tunneling connective tissue grafts
and anterior ceramic laminate veneers. The patient agreed to proceed with the proposed
treatment. A unilateral (left) side was used for the donor site and the amount was able to
cover the receptor sites. Bilateral anterior superior alveolar, nasopalatine, and left greater
palatine blocks were performed, followed by tunneling and connective tissue grafting.
The surgical sites were reevaluated at different intervals and adequate root coverage and
healing were observed clinically. Conservative veneer preparations were performed using
a reduction guide as a reference and the patient was re-assessed after delivery and during
a 1-year follow-up period with no reported issues.

4. Discussion

An attractive smile plays a significant role in contemporary society [1], and with
the advances in dental material science and CAD-CAM technologies, highly esthetic
ceramic restorations [26–28] can now be designed and manufactured consistently and
predictably [18]. To achieve satisfactory results, gingival esthetics must be established to
provide a pleasing “frame” for dental restorations [1]. Successful plastic surgery periodon-
tal procedures have been used to correct deficiencies related to gingival recession [11,13].
Connective tissue grafts have been reported to provide satisfactory root surface coverage,
ranging from 76.6% to 100%, depending on the size and configuration of the recession, the
location, and the number of teeth treated [7,9]. Research suggests that connective tissue
grafts and tunneling techniques offer advantages over other periodontal procedures, such
as coronally and horizontally repositioned flaps, as the forces exerted by intraoral muscle
insertions can be circumvented [7] and the integrity of fragile interproximal tissues can
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be preserved [9]. Moreover, this treatment modality permits predictably enhancing the
amount of keratinized tissue available, thus creating a more maintainable periodontal
environment [8]. Both elements are crucial to ensure the satisfactory esthetic integration of
restorations with equigingival or subgingival finish lines [14]. Previous case reports treating
multiple recessions in the esthetic zone have shown positive outcomes. Case series treating
22 patients with a total of 73 recessions with a mean depth of 2.8 mm were treated with
the coronally advanced flap technique and reevaluated at 1 year, resulting in an average
of 97% root surface coverage, and a complete root coverage was achieved in 16 out of the
22 patients [29]. Patients were treated with a similar approach in another case series with a
longer follow-up treating 22 patients with 73 gingival recessions in the esthetic zone Miller
Class I and II [30]. The results displayed 94% of root coverage at 5 years of examination and
complete coverage was obtained in 15 out of the 22 patients [30]. Moreover, a systematic
review from the American Academy of Periodontology (AAP) evaluated the success of
soft tissue root coverage procedures. This review evaluated 234 clinical trials on class I, II
III, and IV gingival recessions, and it demonstrated that all clinical procedures provided
a significant reduction in recession depth, concluding that connective tissue grafts pro-
vide the best outcome for clinical practice [31]. Due to the positive clinical reports, soft
tissue grafting procedures can be considered in the anterior region to fulfill the patient’s
esthetic demands.

Traditionally, root surfaces are cleaned with compounds such as citric acid or tetra-
cycline hydrochloride preceding root coverage procedures to remove the smear layer,
open the dentinal tubules, and decrease the microbial load and bacterial cytotoxic byprod-
ucts [7–9]. In the present clinical report, 24% EDTA gel (Straumann PrefGel; Straumann,
Basel, Switzerland) was applied for 2 min before the connective tissue graft application.
Ethylenediaminetetraacetic acid is an organic compound widely used in endodontics as an
adjuvant irrigation agent due to its effectiveness in removing calcium by means of chela-
tion [18]. Highly concentrated gel preparations of this compound are advantageous since
their viscosity permits the selective treatment of the intended surfaces only, thus avoiding
the highly concentrated formulation’s unnecessary demineralization of other dental tissues
and substances. Some studies have recommended the results obtained with EDTA gel. A
clinical trial evaluating EDTA gel conditioning during periodontitis assessed the surface
topography and periodontal ligament cell adhesion with and without the application of
EDTA gel, and the results concluded that it provides the most desirable root surface to
which maximum periodontal ligament cells can adhere and on which they can grow [32].

Ceramic restorations are a well-supported treatment that can improve the patient’s
self-esteem and social interactions [1,14]. Modern dental ceramics possess mechanical and
chemical properties, making them excellent restorative materials. Feldspathic and glass-
infiltrated ceramics can be bonded to the enamel using an adhesive hybrid layer [18] and
have a modulus of elasticity similar to the enamel, making them a suitable “biomimetic” al-
ternative to replace lost enamel [14]. In the present clinical report, the teeth were minimally
prepared using the desired restorative contours established with a diagnostic wax-up as a
reference. This step was critical to ensure that the tooth preparations preserved as much
enamel as possible to guarantee adequate union between the restoration and the substrate,
and to provide enough space to fabricate esthetic and structurally durable restorations.

Further studies with larger sample sizes and longer follow-up periods are needed
to confirm the effectiveness of the connective tissue grafting technique in combination
with EDTA gel for root surface cleaning. Additionally, it would be valuable to compare
the outcomes of this technique with other periodontal procedures to determine the most
effective and efficient treatment for gingival recession.

5. Conclusions

A case with high esthetic demands can be treated successfully by an interdisciplinary
approach including connective tissue grafts, CAD/CAM veneers, and a combination of
periodontal and restorative treatments.
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Abstract: Background and Objectives: Diagnostic evaluation with the aid of biomarkers has reached
newer heights to assess disease activity. Salivary calcium, magnesium, and pH are one of the
biochemical parameters which can be helpful in assessing the progression of periodontal disease.
Smokers are at topnotch threat for having oral diseases, predominantly periodontal diseases. The aim
of this study was to assess the salivary calcium, magnesium, and pH levels in smokers compared with
non-smokers with chronic periodontitis. Materials and Methods: The current study was conducted
on 210 individuals affected with generalized chronic periodontitis, with the age group between 25
and 55 years. Based on their smoking habit, an equal number of patients were categorized into
two groups; namely, group I consisted of non-smokers and group II consisted of smokers. The
clinical parameters that were measured included Plaque Index (PI), Gingival Index (GI), Probing
Pocket Depth (PPD), and Clinical Attachment Loss (CAL). The biochemical variables that were
evaluated in the current study included salivary calcium, magnesium, and pH using an AVL9180
electrolyte analyzer (Roche, Germany). The gathered data were analyzed with an unpaired t test
was using SPSS 20.0. Results: A statistically significant higher PPD (p < 0.01), CAL (p < 0.05), and
salivary calcium levels (p < 0.001) were observed in the smokers’ compared with their non-smoking
counterparts. Among the biochemical parameters, calcium showed a significantly (p < 0.001) higher
level in smokers (5.79 ± 1.76) in contrast to non-smokers (3.87 ± 1.03). Additionally, a significant
negative correlation (p < 0.05) between calcium and PPD was observed in non-smokers, whereas
a non-significant inverse relation (p > 0.05) was seen in smokers. Conclusions: The present study
indicates that the salivary calcium level can be a potential biochemical parameter to assess the
progression of periodontal disease in smokers and non-smokers. Within the limitations of the current
study, the salivary biomarkers appear to have an essential role in the identification and indication of
the status of periodontal diseases.

Keywords: periodontology; periodontitis; smokers; salivary calcium; probing pocket depth; salivary
biomarkers; salivary magnesium; salivary pH; clinical dentistry
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1. Introduction

The metabolic profiles of human biofluids have been used for a long time to evaluate
and differentiate an individual’s condition in terms of health or disease. Fluctuations have
been observed in the volume and compositions of these fluids by virtue of a change in
activity, drug usage, nutrition, or disease progression [1].

Oral cavities possess two prominent fluids including gingival crevicular fluid (GCF)
and saliva. GCF, being in the closest proximity to gingival tissues, exhibits great potential
in detecting periodontal disease and differentiating it from a healthy state [2]. Saliva has
an indispensable role in various biological activities in the oral cavity and plays a pivotal
role in its defense mechanism [3]. The whole saliva is a combination of fluids consisting
of secretions from the major and minor salivary glands; gingival crevicular fluids; and
oral mucosa transudate [4]. Thus, saliva is loaded with a variety of molecules and trace
elements which make it a promising disease biomarker. Furthermore, it is easy to collect
and store, as well as being easily resampled [5].

Ionomics is the study of the ionome, which is defined as a “mineral nutrient and
trace element composition of an organism representing the inorganic component of the
cellular and organ systems.” In recent years, salivary ionomes have emerged as a promising
biomarker and thus have been projected as a vital diagnostic means to observe oral and
systemic diseases. As a medium for clinical diagnosis, salivary biomarkers have a number
of benefits over serum, such as the non-invasive nature of sample collection and the
cost-effective approach, especially when targeting a large population [6,7].

As the main constituent, water comprises 99% of saliva, whereas the remaining 1%
is made up of organic and inorganic constituents. The predominant electrolytes present
in saliva include calcium, magnesium, potassium, sodium chloride, bicarbonate, and
phosphate [8]. Salivary calcium has a close affinity for plaque formation that eventually
influences the calculus formation. Since plaque and calculus are considered the main
culprit in the etiopathogenesis of periodontal disease [9], the presence of an increased
amount of calcium in saliva is known to influence plaque formation and its maturation.
It has been observed that periodontally healthy participants with no marginal alveolar
bone loss have a lesser potential for plaque and calculus mineralization in contrast to the
patients who have been previously treated for periodontitis [10–13]. Magnesium is a known
physical antagonist to calcium; however, the exact functional reciprocation in periodontitis
or other risk factors associated with periodontitis, such as smoking, have not been explored.
Nevertheless, there are a few studies that have shown the association of magnesium with
periodontitis [14], and calcium and magnesium with periodontitis [15,16].

According to various cross-sectional and longitudinal studies, smoking is a significant
risk factor for the development of periodontal disease [17,18]. Epidemiological as well as
clinical studies are in alignment with the detrimental effects of smoking on periodontal
tissues and, eventually, in the progression of periodontal disease that manifests as alveolar
bone loss, increased probing depth, and tooth loss [19]. Additionally, it has been observed
that smokers have poor oral hygiene and increased supragingival calculus formation [20].
It is well-documented that smoking induces a significant increase in the salivary flow rate
as a spontaneous reflex action, which may explain the observation of increased calculus in
smokers [21]. According to other research, smoking improves the mineralizing potential of
saliva thus facilitating calculus formation [18].

Several studies have reported that patients with reduced bone mineral density, heavy
smokers, and women in their menopausal ages have greater salivary calcium levels than
age-matched peers [8,22,23]. The normal range of salivary calcium is 0.5–2.7 mmol/L [24].
In smokers, a higher level of salivary calcium is produced, which is linked to more bone
loss and, accordingly, lower bone mineral density compared with non-smokers [25,26].
Salivary pH is normally between 6.2 and 7.6, with 6.7 being the average [25]. However, the
pH of the oral cavity does not dip below 6.3 during rest and it is kept near neutral (6.7–7.3)
by saliva [27]. Since smokers have a higher oral pH than non-smokers, there is more room
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for this pH to remove calcium and deposit it on teeth, perhaps resulting in high amounts of
salivary calcium [28].

There are a few studies that have stated the role of calcium, magnesium, and pH in
the progression of periodontal disease [1,11,12,17]. However, there is a lack of data about
the appraisal and evaluation of salivary calcium and magnesium levels in smokers and
non-smokers with chronic periodontitis. Hence, the present study aims to evaluate the
effect of salivary calcium and magnesium in addition to the pH levels in smoking and
non-smoking chronic periodontitis patients.

2. Materials and Methods
2.1. Study Characteristics

A cross-sectional study was conducted at the College of Dentistry, King Khalid Uni-
versity, Abha, Saudi Arabia in the year 2019, after approval from the Institutional Ethical
committee (SRC/ETH/2018-19/075). This study followed the protocol of the Declaration
of Helsinki (1975) revised in 2002.

2.2. Sample Characteristics

A priori sample size calculation was performed using G* power software (Universität
Düsseldorf: Psychologie—HHU) [29]. Considering t-test for comparing means of
two independent study groups with equal allocation (Allocation ratio N2/N = 1), an effect
size (Cohen’s d value) of 0.5, and a confidence interval (1-β error) of 95% and 0.05 α, a total
sample of 210 was calculated. With this sample size, the power of the study was estimated
to be 0.95.

Based on the inclusion and exclusion criteria, a total of 210 chronic generalized peri-
odontitis patients were recruited from outpatient department. Later, based on smoking
status, an equal number of patients (105) were divided into the two study groups, namely
Group I, consisting of non-smokers, and Group II, of smokers. The patients who smoked
at least one cigarette per day in the last year were considered active smokers and were
included in the study group [14]. After explaining the purpose of the study, informed
consent was obtained from all the patients participating in the study.

The patients included were in the age range from 25 to 55 years, with at least
20 permanent teeth. Patients who were clinically diagnosed with chronic periodontitis
presented with an evident bone loss on radiographical assessment and with a Probing
Pocket Depth (PPD) of ≥4 mm with a Clinical Attachment Loss (CAL) of ≥1 mm. Pa-
tients who gave a history of periodontal therapy in last 6 months and had taken antibiotic
coverage in last 3 months were excluded. Along with this, the patients on medications
who were affected with a chronic disease which has influence on periodontal parameters
were excluded from the study. Patients having xerostomia, either due to systemic or local
conditions, were also excluded, as this could influence the periodontal conditions.

2.3. Study Protocol and Clinical Parameters Measured in the Study

A pre-designed data extraction sheet was used to collect information regarding demo-
graphic data and details such as medical history and oral hygiene practices. The clinical
parameters including Loe and Silness Gingival Index (GI) [30], Bleeding on probing (BOP),
Probing Pocket Depth (PPD), and Clinical Attachment Loss (CAL) were used for the as-
sessment of the clinical condition. To lessen the bias, the measurements of all clinical
parameters were documented and taken by a single examiner, who was initially calibrated.
The intra-examiner reliability of the examiner for all the coding was 0.88, which was of
good agreement. Plaque Index was measured after giving erythrosine in the form of a
chewing tablet. BOP and CAL were assessed using a specific periodontal probe (UNC-15,
Hu-friedy, Chicago, IL, USA). PPD was recorded from the gingival margin to the gingival
sulcus base, while CAL was recorded from cemento-enamel junction (CEJ) to the base of
the gingival sulcus.
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2.4. Collection of Salivary Sample and Its Laboratory Analysis

A saliva sample was obtained after clinical recordings. A 2 mL of unstimulated whole
saliva was collected by the “spitting method” as described by Navazesh M. (1993) [31].
To correspond to the circadian rhythm, salivary samples were collected 2 h after the last
meal, after rinsing with water for 5 min. Patient was instructed to spit the saliva gathered
in the floor of the mouth into the collecting unit. To avoid time-related alteration in pH of
saliva, it was collected immediately. The samples were then sent to the laboratory within
24 h, with temperatures maintained at 2 to 4 degrees Celsius. Salivary pH was measured
using pH litmus test paper. AVL9180 electrolyte analyzer (Roche, Germany) was used for
measuring calcium and magnesium ions.

2.5. Data Analysis

The data collected were analyzed using statistical package of social sciences (SPSS)
20.0 version (IBM; Chicago, IL, USA). The gathered data were initially checked for nor-
mality with Kolmogorov–Smirnov test and visualization methods including histogram
and Q-Q plots. All the variables tested in the current study were found to be normally
distributed (p > 0.05). Results were expressed as means and standard deviation. Based on
the normality distribution of the data, parametric test–Unpaired t test was used to compare
the clinical and biochemical parameters between the study groups. Correlation among
the clinical and biochemical were analyzed using Pearson’s and Spearman correlations for
parametric and categorial type of variable, respectively.

3. Results
3.1. Sample Characteristics

There was no significant difference (p > 0.05) in the age and gender distribution
between the groups, with smokers having a mean age of 42.1 ± 2.3 years and non-smokers
having a mean age of 45.8 ± 3.4 years (Table 1).

Table 1. Sample Characteristics.

Variable Categories Study Group p Value
Group I (Non-Smoker) n = 105 Group II (Smoker) n = 105

Age (Mean ± SD) 45.80 ± 3.46 42.08 ± 6.19 0.573

Gender † Male 57 (54) 59 (56)
0.62Female 48 (46) 46 (44)

Note: †—results expressed in Number (%); SD—Standard Deviation.

3.2. Comparative Analysis of Clinical Parameters between the Study Groups

There is a significantly higher PPD (p < 0.05) and CAL (p < 0.01) in the smoker group
compared with the non-smoker patients. However, non-significant (p > 0.05) differences
in PI and GI were observed in the study group when compared with the control group
patients. (Table 2).

Table 2. Comparative analysis of clinical parameters among the study group.

Clinical Parameter Group I Group II p Value

Plaque Index 1.71 ± 0.48 1.51 ± 0.34 0.109

Gingival Index 1.55 ± 0.38 1.67 ± 0.29 0.222

Periodontal Probing Depth 5.57 ± 1.02 6.16 ± 0.77 0.025 *

Clinical Attachment Level 5.08 ± 0.73 5.70 ± 0.67 0.003 **
Note: results expressed in Mean ± Standard Deviation; * p < 0.05; ** p < 0.01.
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3.3. Comparative Analysis of Biochemical Parameters between the Study Groups

Among the biochemical parameters, significantly (p < 0.001) raised calcium lev-
els (5.79 ± 1.76 mmol/L) were observed in smokers when compared with non-smokers
(3.86 ± 1.03 mmol/L). However, magnesium did not show any difference between the
groups. (Table 3)

Table 3. Comparative analysis of biochemical parameters among the study group.

Parameter Group I Group II p Value

pH 6.44 ± 0.86 6.80 ± 0.91 0.160

Calcium 3.86 ± 1.03 5.79 ± 1.76 0.000 ***

Magnesium 0.54 ± 0.18 0.49 ± 0.24 0.413
Note: results expressed in Mean ± Standard Deviation; *** p < 0.001.

3.4. Correlational Analysis of Biochemical and Clinical Parameter in the Study Groups

Depending on the type of variable (parameteric Vs. non-parameteric), Pearson and
Spearman correlation analysis was carried out for all variables in both study groups.

The two crucial periodontal clinical indicators, namely PPD and CAL, showed a highly
significant (p < 0.001) positive correlation in both study groups. Additionally, PPD and
CAL were later analyzed with calcium and magnesium. Similarly, the gingival parameters,
namely PI and GI, showed a significant (p < 0.001) positive correlation in Group I and
a positive but non-significant (p > 0.05) correlation in Group II. These correlation results
reaffirm the presentation of periodontal diseases.

Another key parameter, the pH of the saliva, showed a significant (p < 0.05) negative
correlation with magnesium in Group I and a significant (p < 0.05) negative correlation
with calcium in Group II.

The correlation analysis between salivary calcium and periodontal clinical parameters
such as CAL and PPD was carried out in each study group. In the control group (Non-
smoker), a significant (p < 0.05) negative correlation was found between calcium and PPD
and CAL. However, a non-significant (p > 0.05) positive correlation was seen between the
parameters in the study group (Tables 4 and 5) (Figures 1 and 2).
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Table 4. Correlation analysis of parameters in Group I.

Ca Mg pH PI GI PPD CAL Age Gender ¶

Ca - 0.985
(0.004)

0.243
(0.237)

0.978
(−0.006)

0.994
(0.002)

0.039 *
(−0.415)

0.043 *
(−0.407)

0.415
(−0.171)

0.490
(−0.145)

Mg 0.985
(0.004) - 0.037 *

(−0.419)
0.306

(0.213)
0.671

(0.089)
0.855

(−0.038)
0.789

(−0.056)
0.176

(0.280)
0.853

(−0.039)

pH 0.243
(0.237)

0.037 *
(−0.419) - 0.105

(0.332)
0.068

(0.371)
0.423

(0.168)
0.370

(0.187)
0.616

(0.105)
0.688

(0.084)

PI 0.978
(−0.006)

0.306
(0.213)

0.105
(0.332) - 0.000 ***

(0.783)
0.521

(0.135)
0.570

(0.119)
0.677

(0.088)
0.739

(0.070)

GI 0.994
(0.002)

0.671
(0.089)

0.068
(0.371)

0.000 ***
(0.783) - 0.902

(0.026)
0.865

(−0.036)
0.064

(0.376)
0.711

(0.078)

PPD 0.039 *
(−0.415)

0.855
(−0.038)

0.423
(0.168)

0.521
(0.135)

0.902
(0.026) - 0.000 ***

(0.937)
0.834

(0.044)
0.725

(0.074)

CAL 0.043 *
(−0.407)

0.789
(−0.056)

0.370
(0.187)

0.570
(0.119)

0.865
(−0.036)

0.000 ***
(0.937) - 0.791

(−0.056)
0.669

(0.090)

Age 0.415
(−0.171)

0.176
(0.280)

0.616
(0.105)

0.677
(0.088)

0.064
(0.376)

0.834
(0.044)

0.791
(−0.056) - 0.811

(0.050)

Gender 0.490
(−0.145)

0.853
(−0.039)

0.688
(0.084)

0.739
(0.070)

0.711
(0.078)

0.725
(0.074)

0.669
(0.090)

0.811
(0.050) -

Note: results are expressed as p value (correlation coefficient); * p < 0.05; *** p < 0.001; ¶—Spearman Corre-
lation; Ca—Calcium; Mg—Magnesium; PI—Plaque Index; GI—Gingival Index; PPD—Probing Pocket Depth;
CAL—Clinical Attachment Loss.

Table 5. Correlation analysis of parameters in Group II.

Ca Mg pH PI GI PPD CAL Age Gender ¶

Ca - 0.614
(−0.106)

0.003 **
(−0.572)

0.403
(0.175)

0.343
(0.198)

0.260
(0.234)

0.385
(0.182)

0.058
(0.385)

0.692
(0.083)

Mg 0.614
(−0.106) - 0.488

(−0.145)
0.580

(0.116)
0.426

(−0.167)
0.667

(−0.090)
0.693

(−0.083)
0.473

(0.151)
0.145

(0.300)

pH 0.003 **
(−0.572)

0.488
(−0.145) - 0.089

(0.347)
0.201

(0.265)
0.850

(−0.040)
0.976

(−0.006)
0.772

(−0.061)
0.286

(−0.222)

PI 0.403
(0.175)

0.580
(0.116)

0.089
(0.347) - 0.068

(0.371)
0.444

(0.160)
0.327

(0.204)
0.270

(0.229)
0.453

(0.157)

GI 0.343
(0.198)

0.426
(−0.167)

0.201
(0.265)

0.068
(0.371) - 0.632

(0.101)
0.492

(0.144)
0.033 *
(0.427)

0.689
(0.084)

PPD 0.260
(0.234)

0.667
(−0.090)

0.850
(−0.040)

0.444
(0.160)

0.632
(0.101) - 0.000 ***

(0.963)
0.386

(0.181)
0.098

(−0.338)

CAL 0.385
(0.182)

0.693
(−0.083)

0.976
(−0.006)

0.327
(0.204)

0.492
(0.144)

0.000 ***
(0.963) - 0.388

(0.180)
0.054

(−0.390)

Age 0.058
(0.385)

0.473
(0.151)

0.772
(−0.061)

0.270
(0.229)

0.033 *
(0.427)

0.386
(0.181)

0.388
(0.180) - 0.222

(0.253)

Gender ¶ 0.692
(0.083)

0.145
(0.300)

0.286
(−0.222)

0.453
(0.157)

0.689
(0.084)

0.098
(−0.338)

0.054
(−0.390)

0.222
(0.253) -

Note: results are expressed as p value (correlation coefficient); ¶—Spearman Correlation; * p < 0.05; ** p < 0.01;
*** p < 0.001; Ca—Calcium; Mg—Magnesium; PI—Plaque Index; GI—Gingival Index; PPD—Probing Pocket
Depth; CAL—Clinical Attachment Loss.
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4. Discussion

With the advancement of research, the metabolites profiling of a biological system
has been commonly utilized to provide insight into the normal and disconcert metabolic
processes [32]. Salivary metabolites can act as a biomarker to understand the complex
biochemical interaction of host and bacteria in periodontal diseases [33–35]. It has been
proven with various studies that tobacco smoke can alter the biochemical composition, and
subsequently the function, of saliva [36,37].

Salivary Ca and Mg can be considered imperative in periodontal health concern-
ing their influence on plaque mineralization. Magnesium may play an important role in
preventing periodontal disease as it has a unique ability to reduce inflammation caused
by bacterial toxins [18]. A group of studies reported that reduced magnesium concen-
trations are associated with an enhanced inflammatory response to bacterial challenges,
thus promoting periodontitis [15,38]. Conversely, Manea et al. reported that salivary Mg
concentrations were significantly higher in the periodontitis group compared with the
controls. In another study, it was observed that salivary Mg concentrations were higher
in smokers with periodontitis than in non-smokers who were also affected by periodon-
titis [38]. Although in the present study reduced Mg levels were reported in the smoker
group compared with the non-smokers, the difference was non-significant. Similarly, Mg
levels showed a non-significant negative correlation with PPD and CAL in both groups.
A similar correlation was reported between Mg and periodontal parameters in the study
conducted by Erdemir EO et al. [39].

Smokers have been classified as light smokers who smoke one–ten cigarettes a day;
moderate smokers who smoke eleven–twenty cigarettes a day; and heavy smokers who
smoke more than twenty cigarettes a day [14,40]. Smoking is thought to increase salivary
Ca levels independently by reducing skeletal bone density [40]. The literature highlights
the increased Ca levels in periodontitis patients [31,35]. However, it is important to note
that dietary calcium intake and overall calcium turnover can influence salivary calcium
levels [41]. In addition, the continuous exposure of taste receptors to tobacco products
such as nicotine probably affects salivary flow rate [42], salivary reflex, and also salivary
Ca levels [8]. Smokers have fairly eminent levels of salivary calcium, which is allied with
a greater degree of bone loss and lower bone mineral density than non-smokers. The
present study showed significantly elevated Ca levels in smokers when compared with
non-smokers. A study by Megha Varghese et al. and Kolte et al. reported analogous
findings in a sample of periodontitis patients, with salivary calcium ranging higher in the
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smoker group than in non-smokers [43,44]. Gupta VV et al. also observed concordant
findings in their study, wherein calcium level was increased in smokers diagnosed with
aggressive periodontitis [45]. This was contradictory to the study of Ivana Sutej et al.
and Shashikanth et al. who found no difference in calcium levels between smokers and
non-smokers [28,46]. A study conducted by Zuabi et al. observed a reduction in calcium
levels post treatment of periodonitis patients [47]. A higher calcium level was observed in
the stimulated saliva of smokers in studies conducted by Sevon et al. [48] and Mc Gregor
et al. [25]. According to sevon et al., the decreased bone mineral density, a side effect of
smoking, could be a reason for high salivary calcium [48].

The normal salivary pH ranges from 6.2 to 7.6. The buffering capacities of saliva
and salivary flow both have an impact on salivary pH [37]. It was observed in one of
the studies that salivary pH was lower in periodontitis patients compared with healthy
controls. There was no significant difference in pH readings amongst the groups, although
it was more acidic in the smokers’ group [27]. Similar findings were observed in a study
conducted by Kumar et al. which found a lower pH in smokers with periodontitis [49]. In
contrast, the study of Gupta VV et al. showed a significant increase in pH levels in smokers
against healthy controls [45] which could be due to the different technique adopted for the
collection of saliva. However, the present study did not establish any significant difference
in pH between the groups. The current study utilized the unstimulated saliva collection
procedure as it bathes the oral cavity predominantly and moistens the oral cavity round
the clock. Furthermore, it also represents the pooled sub-gingival plaque sample [50];
whereas, in other studies, stimulated saliva was collected [45]. Additionally, in a study
conducted to evaluate the pH of smokers with traditional smoking and e-cigarette smoking
and non-smokers, it was found that the traditional smokers and e-cigarette smokers had a
lower pH than non-smokers [37].

On comparing the clinical parameters, such as PPD and CAL, smokers had more
PPD and CAL compared with non-smokers with periodontitis. A similar observation was
noticed by Haffajee AD et al. [51], Shashikanth H et al. [46], and Velidandla S et al. [52].
On comparing the Plaque Index, no difference was found between the groups. A similar
observation was noticed in a study conducted by Sreedevi et al. [53]. When the Gingival
Index was compared between the groups, no statistically significant difference was found.
A similar finding was reported in other studies [54]. However, this result is contradictory
to another study conducted by Zuabi et al. [47]. In a study conducted by Erdemir et al.,
they found that, in smokers, there was a positive correlation between the levels of Ca, Mg,
and CAL. Whereas, in the non-smoker group, there was a negative correlation between the
mean level of sodium and the Plaque Index (p < 0.05) [39]. In our study, we found that, in
the non-smokers, there was a significant negative correlation between calcium and PPD
and CAL. However, a non-significant (p > 0.05) positive correlation was seen between the
parameters in the smokers’ group. The difference in the study could be because of the
assessment method as in the previous study inductively coupled plasma–atomic emission
spectrophotometry was used. However, in the present study, an AVL9180 electrolyte
analyzer was used for assessment.

Limitations and Future Directions

Within the limitations of this study, confounding factors such as the presence of
calcium in the diet and differences in age were not addressed in this study. Therefore,
longitudinal studies are recommended for establishing the causal relationship between the
parameters. This will also aid the scientific society in winding up the judgment against the
role of saliva in the initiation and progression of periodontal disease.

5. Conclusions

Among all the constituents of saliva, salivary calcium is one of the most extensively
studied potential markers for the identification of periodontal diseases. The present study
draws attention towards the specific risk factors that could influence the pathogenesis of
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periodontal disease, amid which smoking is a prompt factor. Smoking also serves as an
indirect biomarker for periodontal lesion predilection. The results of the current study
indicate that smokers have significantly higher PPD, CAL, and calcium than their non-
smoking counterparts. Importantly, salivary calcium was found to be elevated in smokers
with chronic generalized periodontitis, thus the attempts to signify that calcium levels in
saliva act as both a risk factor and imminent biochemical marker for the assessment of
periodontal lesions.
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Almir Badnjević 6, Gabriele Cervino 5 and Marco Cicciù 7

1 Multidisciplinary Department of Medical-Surgical and Odontostomatological Specialties,
University of Campania “Luigi Vanvitelli”, 80121 Naples, Italy

2 Department of Biomedicine and Prevention, University of Rome “Tor Vergata”, 00100 Rome, Italy
3 Department of Woman, Child and General and Specialist Surgery, University of Campania “Luigi Vanvitelli”,

80100 Naples, Italy
4 Department of Public health Dentistry, Dr. D. Y. Patil Dental College and Hospital, Dr. D. Y. Patil Vidhyapeeth

University, Pune 411014, India
5 Department of Biomedical and Dental Sciences and Morphofunctional Imaging, School of Dentistry,

University of Messina, 98125 Messina, Italy
6 Verlab Research Institute for Biomedical Engineering, Medical Devices and Artificial Intelligence,

71000 Sarajevo, Bosnia and Herzegovina
7 Department of General Surgery and Medical-Surgical Specialties, School of Dentistry, University of Catania,

95131 Catania, Italy
* Correspondence: giuseppe.minervini@unicampania.it (G.M.);

mariamaddalena.marrapodi@studenti.unicampania.it (M.M.M.); lfiorillo@unime.it (L.F.)

Abstract: Background and Objectives: Gaucher disease (GD) is a lysosomal storage disorder with
the genetic autosomal recessive transmission. Bone involvement is a prevalent finding in Gaucher
disease. It causes deformity and limits daily activities and the quality of life. In 75% of patients, there
is bone involvement. This review aims to evaluate the principal findings in the jaw by a Cone-beam
computed tomography (CBTC) and X-ray orthopantomography; Materials and Methods: PubMed,
Web of Science, Lilacs and Scopus were systematically searched until 31 December 2022. In addition,
a manual search was performed using the bibliography of selected articles and a Google Scholar
search. Clinical studies were selected that considered principal radiographic findings in radiography
in a group of patients affected by GD. Results: Out of 5079 papers, four studies were included. The
main findings are generalized rarefaction and enlarged narrow space, anodontia. Conclusions: The
exact mechanism of bone manifestation is probably due to the infiltration of Gaucher cells in the
bone marrow and, consequently, the destruction of bone architecture. All long bones are a potential
means of skeletal manifestation. The jaw is more affected than the maxilla, and the principal features
are cortical thinning, osteosclerosis, pseudocystic lesions, mental demineralization, flattening in the
head of the condyle, effacement of anatomical structures, thickening of maxillary sinus mucosa.
The dentist plays a crucial role in diagnosing and treating these patients. Sometimes the diagnosis
can be made by a simple panoramic radiograph. All long bones are affected, and the mandible is
particularly involved.

Keywords: Gaucher disease; bone; oral health; congenital disorders

1. Introduction

Gaucher disease (GD) is a lysosomal storage disorder with genetic autosomal recessive
transmission [1–4]. The mutation of the β-glucocerebrosidase gene causes the malfunction
of the lysosomal enzyme glucocerebrosidase. Cells, especially macrophages, that undergo
glucocerebrosidase accumulation are called Gaucher cells. These cells, called Gaucher
cells, become dilated and have a cytoplasm with an engorged, wrinkled tissue paper ap-
pearance and are displaced around the nuclei [5–7]. GD has an incidence of 1 in 50,000 to
100,000 people in the general population. Still, there is an increase among communities with
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consanguineous marriages, inbreeding, or geographically limited groups with an expected
birth rate of 1:850 among the Ashkenazi Jewish population [8]. In some geographical areas,
such as the Norrbottnian region of Northern Sweden, there is a higher incidence of GD
with a particular form of the disease [1,9]. The main features of the disorder are due to
the infiltration of Gaucher cells into the principal organs of the reticuloendothelial system,
such as spleen, liver, and bone marrow [10,11]. The mutated gene is located on chromo-
some 1q22 and is inherited paternally. It is formed by ten introns and 11 exons [12–15].
Nowadays, 300 mutations are discovered as the cause of GD [16]. N370S, L444P, 84GG, and
IVS2 are several gene loci most frequently involved in mutation for the onset of GD, with a
prevalence of 98% [17,18]. The first two influence clinical manifestations, as some others
several genetic diseases [13,14]. GD causes significant morbidity and disability; in types
1 and 3 many organs of the skeletal system are involved, while in type two the visceral
and neurological blood system are involved so as in others many several oro-craniofacial
diseases. [19–22]. The skeletal manifestations include osteopenia, pathological fractures,
growth retardation, osteoporosis, focal lytic or sclerotic lesions, bone pain, painful or bone
crisis, decreased mineralization [23–26], osteonecrosis or vascular necrosis, cortical and
medullary infarcts [21,27,28]. Anemia and thrombocytopenia are the early signs of the most
common hematologic manifestations [7,9,11,15]. The infiltration of engorged macrophages
in the spleen, liver, and bone marrow causes a depression of hematopoiesis, leading to
thrombocytopenia [11,29]. Other hematologic manifestations include monoclonal and poly-
clonal gammopathies, which are risk factors for neoplasms as multiple myeloma [7,30,31].
The most affected organs in Gaucher disease are the liver and spleen, which increased in
volume due to macrophage accumulation in Kupffer cells [11]. Nevertheless, portal hyper-
tension is rare due to cirrhosis and fibrosis [4]. Spleen volume is normally 5–15 times greater
in type 1; however, it can sometimes significantly increase and exceed 50 times normal.
Massive splenomegaly may cause fibrosis and increase the risk of rupture and malignancies.
In type 1 GD, the most frequent neurological manifestation is Parkinson’s disease, while
in type 2 and 3, central nervous system (CNS) manifestations, including dementia and
epilepsy, are more frequent, so a multidisciplinary approach it is necessary [7,13,21,30,32].
Recently, a new manifestation of myoclonic epilepsy has been connected to Gaucher’s dis-
ease. Bleeding is an important sign and manifests itself as frequent epistaxis, easy bruising,
and hemorrhaging after surgical/or dental procedures or during pregnancy or childbirth,
so that the clinician must be prepared in the management of these various possible unex-
pected events in the different fields of medicine and dentistry [9,13,33–37]. The abnormal
bleeding is caused by hypersplenism and the infiltration of bone marrow by Gaucher cells.
GD is associated with some abnormal platelet function or malfunction of clotting [10].
The diagnosis is made through the measurement of low levels of enzyme activity in pe-
ripheral blood cells. Sometimes, molecular genotype analyses are important to evaluate
the possible evolution of the disease [27]. There is no cure for Gaucher’s disease; in 1991,
intravenous infusions of enzyme replacement therapy (ERT) were approved. However, it
only treats symptomatic episodes, while asymptomatic episodes are untreated. Early ERT
improves hepatosplenomegaly, hematologic manifestations, bone pain, and bone mineral
density [10,11,38]. The symptomatic Gaucher Disease commonly involves the bones. The
bone manifestation causes pain, difficulty in motility, and skeletal abnormalities, and it is a
very limiting factor for the life of the individual, a differential diagnosis with other diseases
must to be carefully obtained, thanks to the use of technologies and specific diagnostics
methods [9,21,39]. The epidemiologic study of Germain estimated that 75% of patients with
type 1 Gaucher Disease have a bone manifestation of the disease. With the improvement
of radiologic and diagnostic techniques [40,41], 90% of patients have one or more bone
manifestations [8,21]. The exact mechanism of bone manifestation is probably due to the
infiltration of Gaucher cells in the bone marrow and, consequently, the destruction of bone
architecture [7]. All long bones are a potential means of skeletal manifestation [21]. All long
bones, including the mandible, are potential infiltration sites [28]. In the literature, about
100 cases describe the infiltration of the maxillo-mandibular complex noted on radiographs.
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The most common finding is the presence of radiolucent honeycomb areas in the premolar-
molar region. The most common radiographic observation in an affected mandible is the
presence of radiolucent pseudocystic or honeycomb lesions, mainly in the premolar-molar
regions. There is also a loss of normal bone trabeculae [9]. Other findings include general-
ized osteoporosis, widening, and widening of bone marrow spaces, endosseous scallops
and, in some cases, apical root resorption, all presumably due to Gaucher cell density in
the apical regions. Cortical bone, however, remains intact. It has been hypothesized that
the sclerotic areas are not empty, and this process is completely reversible [34,40]. In regard
to the jaw, it is a possible focus on Gaucher cells infiltration [21]. In the literature, only
100 cases with jaw manifestations have been documented. The discovery is often accidental
during a dental or panoramic X-ray [13,16]. The study aims to identify the principal bone
jaw features involved in GD. This is a review that evaluates jawbone manifestations, which
helps the dentist to make an early diagnosis.

2. Materials and Methods
2.1. Eligibility Criteria

All documents were assessed for eligibility based on the following population (includ-
ing animal species), Exposure, Comparator, and Outcomes (PECO) [42]:

(P) Participants consisted of patients.
(E) The exposure consists of patients with GD and bone manifestations.
(C) The comparison was healthy patients with no GD history and other bone-related

systemic diseases.
(O) The result is to evaluate the frequency and incidence of bone lesions detected by

radiology in GD patients compared with healthy patients. The secondary purpose is to
assess the differences in oral health (caries index and periodontal disease) between the GD
and healthy patient groups.

Only papers providing data at the end of the intervention were included. Exclusion
criteria were the following: (1) Studies on GD with no radiographic exams; (2) Studies with
groups of patients suffering from other systemic diseases; (3) deals with bone manifestations
in other anatomical districts; (4) cross-over study design; (5) studies written in a language
different from English; (6) full-text unavailability (i.e., posters and conference abstracts);
(7) studies involving animals; (8) review articles; (9) case reports.

2.2. Search Strategy

The study used the main scientific databases (PUBMED, WEB of SCIENCE, LILACS,
SCOPUS). The time window considered for the electronic search was from 1 March 1990
to 31 December 2022. The term “Gaucher disease” was first combined with “bone” and
then independently with “oral health” using the Boolean connector “OR”. The web search
was assisted using MESH (Medical Subjects Headings) (Table 1). The keywords used
in the search engine using MeSh are as follows: (“Gaucher disease” [MeSH Terms] OR
(“gaucher” [All Fields] AND “disease” [All Fields] OR “gaucher disease” [All Fields] AND
(“bone and bones” [MeSH Terms] OR (“bone” [All Fields] AND “bones” [All Fields] OR
“bone and bones” [All Fields] OR “bone” [All Fields] OR (“oral health” [MeSH Terms] OR
(“oral” [All Fields] AND “health” [All Fields] OR “oral health” [All Fields]). In addition, a
manual search was performed using the bibliography of found articles and a free search on
Google Scholar.

This systematic review was conducted according to Preferred Reporting Items for
Systematic Reviews (PRISMA) guidelines and the Cochrane Handbook for Systematic
Reviews of Interventions. The systematic review protocol was registered on the Interna-
tional Prospective Register of Systematic Reviews (PROSPERO) with the following number
CRD42022333235 on 21 April 2022.
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Table 1. Search strategy.

PubMed
(gaucher disease) AND ((bone) OR (oral health))

Web of Science
TITLE-ABS-KEY (gaucher disease) AND ((bone) OR (oral health))

Lilacs
(gaucher disease) AND ((bone) OR (oral health))

Scopus
TITLE-ABS-KEY (((gaucher AND disease) AND ((bone) OR (oral AND health))))

2.3. Data Extraction

Two reviewers (GM and RF) independently extracted data from the included studies
using a customized data extraction on a Microsoft Excel sheet. In disagreement, a consensus
was reached through a third reviewer (MC).

The following data were extracted: (1) First author; (2) Year of publication; (3) Nation-
ality; (4) Age of study participants; (5) Sample; (6) Radiographic signs; (7) Evaluation of
oral health.

2.4. Quality Assessment

The risk of bias in papers was assessed by two reviewers using Version 2 of the Cochrane
risk-of-bias tool for randomized trials (RoB 2) (Cochrane Corp., Fredericksburg, VA, USA).
Any disagreement was discussed until a consensus was reached with a third reviewer.

3. Results
3.1. Study Characteristics

After searching the three search motors, 5079 articles were selected. The exclusion
criteria automatically removed the review and non-English articles via the Boolean operator
NOT. Specifically, 25 articles from LILACS, 261 from Web of Science, 273 from PubMed,
and 350 from Scopus were deleted. A fourth search engine on Scopus was used, given the
specificity of the topic. In addition, 1226 articles were eliminated as duplicates. During the
first screening phase, 2953 articles were considered; however, according to the inclusion
criteria, clinical trials and randomized controlled trials were considered, and so 2902 articles
were excluded. One article was excluded because the full text could not be found.

Therefore, 50 articles were after this screening stage; the abstracts were read to assess
eligibility. According to the PRISMA 2020 flowchart in Figure 1, only four were chosen for
this review. The articles were excluded because they were either off-topic and did not meet
PECO or were systematic literature reviews. Figure 1 shows the screening process and why
articles were excluded from this systematic review. A total of 46 articles were excluded:
32 were eliminated because do not answer the question posed in Section 2 by PECO and
therefore were included in this review (assessing the frequency of bone lesions in patients
with GD and evaluating their oral health), and 14 were off-topic. According to the PECO
model, four papers were chosen for title and abstract screening. The included studies have
been published over the past 20 years (1983 to 2022). In parallel, a manual bibliography
search of the selected articles and a search of the main sites were performed. From this it
emerged that ten papers were selected. However, six were excluded because they were
off-topic, and the remaining four articles coincided with those found in the databases. The
studies analyzed were conducted in various parts of the world: South America (Brazil) and
Israel. A total of 430 subjects with GD were analyzed. Regarding the study designs, there
were four clinical studies. Among these four studies, three included a control group; all
used DMFT to evaluate caries and Gingival Index (GI) to assess periodontal status. All
studies evaluated radiographic evidence in the oral cavity by either orthopanoramic or Tc
Cone Beam. Table 2 summarizes the main characteristics of all the study included in the
present systematic review.
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Figure 1. Prisma Flowchart. * papers identified by search methods; ** papers removed because
systematic reviews of the literature.

Table 2. Main characteristics of the studies included in the present systematic review.

Authors Year Sample Age Radiographic
Signs

Evaluation of
Oral Health Nationality

Norbre et al. 2012
10 with GD

compared with
20 healthy

23.2 years

Generalized
rarefaction and

enlarged narrow
space

No difference Brazil

Mohamed et al. 2020
42 with GD

compared with
84 healthy

11.37 years

Generalized
rarefaction,

pseudocysts
radiolucent lesion,

anodontia

No difference Egypt

Fischman et al. 2003 350 with GD
and 31 control 30.7 years

Bone involvement
is frequent. The
finding in the

ortho-panoramic is
always frequent

No statistical
significance

between DMFT,
Gingival Index

Israel

Carter et al. 1998 28 with GD 32.4 years

The most common
findings are

enlargement of
medullary spaces

No dental
findings in oral

health
Israel

3.2. Main Findings

The study of Nobre et al. analyses the principal bone abnormalities of 10 GP. The
study comprises a group of 10 patients affected by GD (4 males; 6 females) and a control
group of 20 healthy patients. The patients underwent radiographic analysis (Cone Beam
Tc and orthopantomography). All patients underwent an anamnestic control, intra- and
extra-oral examination, and a CBCT and panoramic radiography. Although there was
radiological evidence of bone involvement in all ten patients, only four had pathological
fractures or delays in tooth eruption. During CBCT analysis, the jaw showed pathological
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features in all ten patients and the maxilla in six. The radiographic analysis revealed
the presence of generalized rarefaction and enlarged marrow spaces in all patients. Other
radiographic signs were cortical thinning, osteosclerosis (five patients), pseudocystic lesions
(nine patients), mental demineralization (seven patients), flattening in the head of the
condyle (one patient), effacement of anatomical structures (eight patients), thickening of
maxillary sinus mucosa (three patients). The orthopantomography revealed signs in the
mandible and in 8 maxillae. Afterwards, the author compared the radiographic findings
in CBCT and orthopantomography with the study and control groups against a Fisher’s
exact test. CBCT has more predictability to evaluate the following signs: generalized bone
rarefaction (p = 0.0001) and TMJ involvement (p = 0.0002). CBCT is not an important tool to
reveal other bone signs with statistical relevance. CBCT is more effective in highlighting
differences between GD and control groups, thus proving an essential tool for evaluating
patients with GD [15]. The second study by Mohamed et al. focuses on jaw involvement
and radiographic features. The case-control study evaluates a panel of 42 GP (26 males and
16 females with an average age of 9.54 ± 4.25 years) and a control group of 84 (45 males
and 39 females with a mean age of 11.37 ± 1.83 years). The patients all had Gaucher
type 1 and type 3. The following features in the radiographic images were examined:
generalized bone rarefaction, localized rarefaction and enlarged bone marrow spaces
thinning of the cortex, pseudocystic radiolucent lesions, anodontia and dental anomalies.
Cyst-like radiolucent lesions were defined as a pseudocyst. The biopsy was not performed
due to the lack of symptoms of the lesions. Generalized rarefaction is a radiographic finding
in type I and type 3. GD type III presents a localized rarefaction, but type I widens the
bone marrow. The following signs are more frequent in type III: pseudocysts radiolucent
lesions, cortex thinning, anodontia, and dental anomalies. Chi-squared test showed an
association between types I and III and generalized rarefaction, wide bone marrow spaces,
pseudocyst radiolucency, cortex thinning, dental abnormalities, and absence of abnormal
radiographic features with a p-value < 0.05. Generalized rarefaction, wide bone marrow
spaces, and cortex thinning are more frequent in type I GD, but pseudocysts are not
associated with type I. The radiological features are not essential signs in type I (95% CI
0.03–0.39, p-value = 0.0009). On the other hand, type III is associated with some radiological
features (generalized rarefaction, pseudocysts radiolucent lesions, thinning of the cortex,
and dental anomalies). The widening of bone marrow is not a radiological feature of type III
(p-value = 0.3464). In conclusion, the radiological features are associated with type III (odds
ratio of 0.13, 95% CI 0.05–0.37, p-value = 0.0001) [21]. Fischman’s study analyzed a cohort of
350 patients who underwent a periodontal examination and radiological analysis. After the
statistical analysis, the control patients showed a worse periodontal health status than those
with this pathology. Affected patients showed better DMFS levels than carriers (36.8 vs.
49.4), with a p = 0.048. The most significant difference was found between MS (missing
surfaces). Affected patients showed a halving of the missing surfaces, 9.5 versus 18.9,
with a p-value of 0.008. The DMFS index between the two categories did not show large
statistically significant differences. Therefore, this study showed no significant differences
between periodontal health [18]. The study of Carter analyses 25 patients, and 25 of the
28 patients showed radiographic evidence of bone resorption. The most common finding is
the enlargement of the medullary spaces. The most common result is the gross enlargement
of the medullary spaces and the radiolucency and displacement of the mandibular canal. It
has also been shown that delayed eruption of permanent teeth is present. Therefore, the
alterations at the bone level are very significant and very frequent (Table 2) [17].

3.3. Quality Assessment and Risk of Bias

Using RoB 2, the risk of bias was estimated and reported in Figure 2. Regarding the
randomization process, 75% of the studies ensured a low risk of bias. However, 50% of
the studies excluded a performance bias, but 75% reported all outcome data, 50% of the
included studies adequately excluded bias in the selection of reported outcomes, and 75%
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excluded bias in self-reported outcomes. Overall, all four studies were shown to have a
low risk of experiencing bias.
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4. Discussion

The involvement of bones is a prevalent finding in Gaucher disease. It causes deformity
and limits daily activities and patients’ quality of life. In 75% of patients, there is bone
involvement. Recent advances in diagnostic and imaging modalities have revealed that
90% of patients with type I or III Gaucher disease have one or more bone manifestations.
Orthopedic prostheses are the only solution to replace the necrosis of bone and lytic
changes [13,17,18,30,43]. The exact mechanism of bone manifestations is still uncertain, but
the infiltration of Gaucher cells in the bone marrow is the most important feature [34,40].
All long bones are possible Gaucher cell targets. The mandible is classified as a long bone
and is, therefore, involved. About 100 cases with maxilla-facial involvement are described
and documented in the literature database. This is occasionally discovered during a
radiographic survey [11,29]. Regarding oral symptoms, GD is frequently asymptomatic,
but clinical examinations and regular radiographic exams can detect the disease’s early
warning signs. Spontaneous gingival bleeding, yellowish skin pigmentation, petechiae on
the oral mucosa, [11,15,16] and delayed tooth eruption are some of the most typical oral
symptoms. In young GD patients, Fischman et al. 7 found a significant correlation between
the delayed eruption of the permanent teeth and mild to severe bone involvement.
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Asymptomatic mandibular bone disorders are common. The lamina dura has thinned,
there is pervasive osteopenia with loss of trabecular bone structure, and the mandibular
canal has been displaced by pseudocysts lesions, among other recorded radiographic
abnormalities of this area. It has also been shown that nearby teeth, mostly molars and
premolars, undergo apical root resorption. The maxilla is less frequently impacted when
it primarily comprises resorption in the maxillary sinus region. The possible mechanism
of the bone lesion and the presence of radiolucent areas are osteosclerotic reactions or
abnormal bone regeneration in the post-extraction area. Bender et al. [7] assert that a dental
panoramic X-ray is essential for diagnosis. The region between premolars is rich in bone
marrow. Therefore, the presence of 12 cases with radiographic signs in the premolar region
indicates that jawbone marrow is infiltrated by Gaucher cells [7,8,21]. Some cases have later
shown a possible apices reabsorption without pulpal necrosis. The accumulation of Gaucher
cells causes a scalloped appearance in the endosteal bone region [7,11,29,41]. The mandible
and the maxilla manifest diffuse osteoporosis like the radiographic signs of other conditions
such as thalassemia major and sickle cell anemia. Dental X-rays can often provisionally
detect GD [9,15,21]. In the soft tissue, there are no important signs. In some cases, platelet
dysfunction, oral pigmentation, or petechiae are to be interpreted as clinical findings, as
highlighted in the study of Givol et al. [3,30], which evaluates the risk of bleeding after
oral surgery in GD patients. Givol treated a group of GD patients undergoing hematologic
analysis and a platelet function exam [30]. The study showed the following results: patients
with Gaucher disease who suffer from platelet dysfunction must be treated by performing
an accurate hemostasis. Platelet transfusions are recommended if there is a high risk of
bleeding. The first study showed that the main features of GD generalized rarefaction in
the CBCT are enlarged marrow, cortical thinning, osteosclerosis, pseudocysts lesion, and
dental demineralization in seven. This study confirms that the mandible is more affected
than the maxilla [15]. The second study analyzed the prevalence of radiographic features
in the different types of GD [21,44]. Generalized rarefaction has a similar incidence in two
kinds of GD; localized rarefaction is a clinical finding of type III, and widening of the bone
marrow spaces is a clinical finding of type I [8,21]. Pseudocysts radiolucent lesions, cortex
thinning, anodontia and dental anomalies are clinical findings in type III [21]. According to
the previous study by Bender, Saranjam et al. [7,45], the above features are mainly found
in the mandible due to the infiltration of GD cells in the marrow. According to Bender
et al. [10] and Michanowiz et al. [46], the common radiological features in the premolar-
molar region are the presence of pseudocystic or honeycombed radiolucent lesions. Bone
manipulation creates a bone turnover and improves the radiolucent lesions [34,40]. The
jaw is more affected than the maxilla. The delayed eruption of the teeth is widespread
in GD, except if amyloidosis and other pathology take over [17]. GD is a risk factor for
mucosal disease such as amyloidosis; the literature described only five cases, according
to Elstein et al. [41,44]. The salivary flow is lower compared to the control. Spontaneous
or surgically induced bleeding is widespread due to thrombocytopenia and the alteration
of the coagulation cascade. According to the DMFS index, the patient’s dental health was
equal to the controls. Compared to the control group, the patients had roughly half as many
carious surfaces and half as many missing surfaces. Given that the carriers and the patients
come from the same households, it is reasonable to presume that their socioeconomic
circumstances and access to oral healthcare are similar. The negligible variation in filled
surfaces, a measure of dental therapy, supports this notion. Though the patients may have
had better health awareness, including greater concern for their dental health, they were
aware of their Gaucher disease status. The observed differences between the DS and MS
scores could be attributed to a healthier diet and improved dental hygiene. There was
expected to be a connection between Gaucher disease and gingival disease because both
conditions are characterized by anemia, a propensity to bleed, and poor healing. The
patients may have adhered to better oral hygiene practices because they were aware of their
“at risk” status, as was previously suggested. ERT helps the patient to control bleeding
against the increase in platelets. In conclusion, the presence of a lesion, especially in the
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jaw, is a constant feature in dental radiography [7,30,47]. The dentist and must intercept
this lesion to obtain a diagnostic suspicion and diagnose the disease. Today, thanks to new
technologies that allow early diagnosis, it is possible to start therapy early in order to be
able to reduce the adverse effects of the disease [48–51]. In this study, we analyzed the
main radiographic features present radiographically in GD patients and oral health in this
type of patient. Statistics showed that GD patients have radiographic manifestations that
allow early diagnosis. Furthermore, the only study by Fischman et al. evaluated oral health
and stated no statistically significant differences in periodontal and carious health. The
limitations of the studies are that there has not been a classification and a study comparing
the radiographic differences among the three subtypes and also a study analyzing whether
any of these three subtypes have worse oral health. This is mainly due to the condition’s
rarity, which does not allow for a statistically significant sample. Patients with Gaucher
disease frequently report excruciating pain in different skeletal regions but rarely in the
jawbones or craniofacial region. With 13 and 60 years of follow-up, Bender and Bender
reported two instances of Gaucher disease; in the first case, mandibular lesions were present
in the premolar-molar region, and the affected teeth were essential. These results matched
the description of our patient. Additionally, Bender and Bender found that ERT improved
the mandibular rarefaction bilaterally without showing any signs of osteolysis. However,
according to some research, orthopedic intervention such as joint (hip, knee, or shoulder
replacement) replacement is advised because ERT cannot reverse the necrotic and lytic
changes in long bones. Additionally, our patient had a history of having a hip joint replaced
and long bones affected by Gaucher disease. Bender and Bender claimed that without
clinical and laboratory testing and in light of radiographic findings, it is impossible to make
a conclusive diagnosis of Gaucher disease involving the jawbone without biopsy; however,
other studies have only recommended biopsy in situations where other conditions are
suspected in the differential diagnosis, such as in the case described here.

5. Conclusions

This review analyzed Gaucher’s disease’s primary clinical and radiological signs and
symptoms. Although a rare pathology, all radiological and clinical signs must direct the
dental specialist to a correct diagnosis. In addition, this study showed no variation in the
oral health of patients with GD. Therefore, the dentist’s role is to establish and maintain
a healthy periodontium and teeth. In addition, sometimes the dentist’s role in the early
diagnosis of the disease may be necessary.
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CNS Central nervous system
ERT Enzyme replacement therapy
PECO Patients, Exposure, Comparison, Outcome
MeSH Medical subjects headings
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
GI Gingival index
DMFT Decayed, missing and filled teeth
CBCT Cone beam tc
TMJ Temporomandibular joint
MS Missing surface
DMFS Decayed, missing and filled surface
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Abstract: Background and objectives: Even with the demand for high esthetics, the strength of the
material for esthetic applications continues to be important. In this study, monolith zirconia (MZi)
crowns fabricated using CAD/CAM were tested for fracture resistance (FR) in teeth with class II
cavity designs with varying proximal depths, restored through a deep marginal elevation technique
(DME). Materials and Methods: Forty premolars were randomly divided into four groups of ten teeth.
In Group A, tooth preparation was conducted and MZi crowns were fabricated. In Group B, mesio-
occluso-distal (MOD) cavities were prepared and restored with microhybrid composites before tooth
preparation and the fabrication of MZi crowns. In Groups C and D, MOD cavities were prepared,
differentiated by the depth of the gingival seat, 2 mm and 4 mm below the cemento-enamel junction
(CEJ). Microhybrid composite resin was used for DME on the CEJ and for the restoration of the
MOD cavities; beforehand, tooth preparations were conducted and MZi crowns were and cemented
using resin cement. The maximum load to fracture (in newtons (N)) and FR (in megapascals (MPa))
were measured using the universal testing machine. Results: The average scores indicate a gradual
decrease in the load required to fracture the samples from Groups A to D, with mean values of
3415.61 N, 2494.11 N, 2108.25 N and 1891.95 N, respectively. ANOVA revealed highly significant
differences between the groups. Multiple group comparisons using the Tukey HSD post hoc test
revealed that Group D had greater DME depths and showed significant differences compared with
Group B. Conclusions: FR in teeth decreased when more tooth structure was involved, even with MZi
crowns. However, DME up to 2 mm below the CEJ did not negatively influence the FR. Strengthening
the DME-treated teeth with MZi crowns could be a reasonable clinical option, as the force required to
fracture the samples far exceeded the maximum recorded biting force for posterior teeth.

Keywords: computer-aided designing; computer-aided manufacturing; dental crowns; deep marginal
elevation; fracture resistance; zirconia

1. Introduction

Dental caries, or tooth fractures, which extend subgingivally complicate the restorative
treatment approach [1]. They are challenging to restore and could result in the violation
of the supracrestal connective tissue attachment (STA), leading to gingival inflammation
and loss of periodontal supporting tissues [2]. Different techniques and procedures have
been used to restore this critical area, keeping in mind the STA [3]. In fact, up to 10% of all
periodontal surgical procedures are conducted to increase the crown length [4]. However,
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osteotomy itself is not without its shortcomings, such as being invasive with reduced
patient acceptance, and if is not cautiously carried out, it can alter the crown–root ratio [5].

Deep marginal elevation (DME) is an alternative restorative technique suggested by
Dietschi and Spreafico in 1998 [6]. It involves raising the deep margins to supragingival
levels, noninvasively, to counter the difficulties encountered with subgingival margins [7].
This is achieved by using special matrix bands of shortened heights, which are secured
subgingivally and tightened. Various materials have been presented to elevate the mar-
gins; however, DME conducted with composite resin seems to be well tolerated by the
periodontium, even allowing the binding of epithelial fibers [8].

When the marginal ridge/s are involved in large lesions, it is wise to plan for indirect
restorations (IRs), as the strength of the tooth is directly proportional to the integrity of the
marginal ridges [9]. Depending on the extent of tooth structure loss, the need for cuspal
coverage and the amount of reinforcement needed, IRs such as inlays, onlays, overlays and
full-contour crowns are recommended [10]. Historically, IRs fabricated using gold alloys
were considered the gold standard. However, due to increased demand for more natural
and esthetic restorations, the use of composites and ceramics have more or less overhauled
the use of metals [11].

With the advent of CAD/CAM technology and the ever-evolving choice in esthetic
materials, more customizable and predictable restorations are being fabricated, minimizing
the laboratory steps or eliminating them completely [12]. Zirconia (Zi) is usually the mate-
rial of choice when posterior crowns are fabricated through CAD/CAM technology [13,14].
In lieu of the higher chipping rate of veneering porcelains on the Zi copings, full-contour
zirconia crowns/monolith zirconia crowns (MZi) were developed [15]. MZi fabricated
by CAD/CAM has been proven to be precise, stable and homogenous and has improved
qualities compared to its predecessors [15]. Furthermore, Zi has been shown to achieve
higher bond strengths if proper connections are achieved with resin adhesives by following
the manufacturers’ guidelines regarding surface pretreatment [16,17]. Studies related to
the fracture resistance (FR) of teeth with monolith inlays, onlays and endocrowns exist in
the literature. However, a dearth of information regarding the effect of DME on the FR
of teeth with full-contour crowns led the authors to initiate the present study. Thus, by
conducting this research, the authors aimed to evaluate the maximum load and resistance
to fracture in teeth with different designs of DME, which were reinforced by MZi crowns.
The null hypothesis is that there would be no difference in the FR of DME-treated teeth with
MZi crowns.

2. Materials and Methods
2.1. Study Design

This experimental study was performed in the College of Dentistry, Prince Sattam
bin Abdulaziz University (PSAU), Al Kharj, and the College of Dentistry, King Saud Bin
Abdulaziz University (KSAU), Riyadh, after obtaining ethical approval from the Institu-
tional Review Board, PSAU, IRB No (PSAU2021011), and the College of Dentistry Research
Center, KSAU, CDRC No (FR0626).

2.2. Sample Collection

Non-carious maxillary premolars with all cusps and walls intact, freshly extracted
for orthodontic reasons, were collected from the specialist clinic, PSAU. These teeth were
inspected using a stereomicroscope (RX-100, Hirox, Tokyo, Japan) at 16× magnification for
the presence of any deformities, craze lines or indications of fractures, which if found were
excluded. Forty teeth which met the inclusion criteria were disinfected with 5.25% sodium
hypochlorite for 30 min and stored in normal saline at room temperature until further use.

2.3. Description of the Experimental Groups

Selected teeth were divided into four groups, A–D, comprising of ten teeth each, allot-
ted in a random order. All the teeth received full-contour crowns using CAD-CAM tech-
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nology; however, groups would be differentiated based on the depth of DME from crown
margins (Figure 1). Group A: Teeth with full-contour crowns without cavity preparation
(control group). Group B: Teeth with mesio-occluso-distal (MOD) preparation/restoration
with full-contour crowns (gingival seat 2 mm above the crown margin). Group C: Teeth
with MOD preparation/restoration with DME and full-contour crowns (2 mm DME to
crown margin). Group D: Teeth with MOD preparations with DME and full-contour crowns
(4 mm DME to crown margin). The tooth-preparation scheme is shown in Figure 1.
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Figure 1. Schematic representation of groups. Group (A): Teeth with full-contour crowns without
cavity preparation (control group). Group (B): Teeth with mesio-occluso-distal (MOD) prepara-
tion/restoration with full-contour crowns (gingival seat 2 mm above the crown margin). Group (C):
Teeth with MOD preparation/restoration with DME and full-contour crowns (2 mm DME to crown
margin). Group (D): Teeth with MOD preparations with DME and full-contour crowns (4 mm DME
to crown margin).

2.4. Tooth Preparation

Orthodontic resin (Ortho-Resin, DeguDent GmbH, Hanau, Germany) was used to
cover the roots of the teeth up to 5 mm below the CEJ. The preparation of samples was per-
formed by one investigator to maintain uniformity. The proximal box preparations (mesial
or/and distal) were conducted using a using a high-speed contra-angle handpiece Ti-Max
Z900L (NSK, Nakanishi Inc., Tochigi, Japan) at a speed range of 320,000–400,000 rpm with
a round-end tapered diamond (Bur # TR-14, ISO 198/022, Mani Inc., Tokyo, Japan), which
was replaced by a new one for each tooth. The final tooth preparations had the following
dimensions: 3 mm wide isthmus; 2 mm wide box at the gingival third and 4 mm occlusal
width. The apical depth of the boxes in Group B was prepared 2 mm above the level of
CEJ, and for Groups C and D, it was prepared 2 mm and 4 mm below the CEJ, respectively.
For etching the dentin, 37% phosphoric acid gel (Prime-Dent, Chicago, IL, USA) was used
for 15 s and rinsed with water. The excess water was then carefully removed by a brief
burst of air, leaving the dentine and enamel surface slightly moist with a shiny surface. A
fully saturated brush was used to apply the bonding agent (Bonding resin, Prime-Dent,
Chicago, IL, USA) on the etched surface in two consecutive coats; it was air dried for 10 s
and light-cured using an LED curing light (Smart lite max, Dentsply Caulk, Milford, DE,
USA) for another 10 s on both the occlusal and proximal surfaces. The rest of the cavity in
all samples was filled incrementally using a microhybrid composite, Filtek Z250 (3M ESPE,
St. Paul, MN, USA), followed by light curing for 20 s.

Based on current principles of tooth preparation, for all-ceramic zirconia crowns, the
occlusal surfaces were reduced by 2.0 mm, with a function-cusp bevel. A circumferential
reduction by 1.0 mm was conducted, with the margins terminating at the CEJ. The final
preparation had an axial wall taper of 6 to 8 degrees. The preparations were carried out
using a flat-end long tapered diamond (Bur # TF-14, ISO 172/023, Mani Inc., Japan) with a
highspeed contra-angle handpiece Ti-Max Z900L (NSK, Nakanishi Inc., Tochigi, Japan).

2.5. Fabrication of Crowns

All samples were digitally scanned using the Cercon eye scanner (DeguDent GmbH,
Hanau, Germany) and designed by the software of Cercon art 3.2 (DeguDent GmbH,
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Germany) to receive Cercon HT full-contoured crowns. The milling process was accom-
plished with a Cercon Xpert machine (DeguDent GmbH, Germany) after selecting a zirconia
bur and a Cercon disc (DeguDent GmbH, Germany) containing 94.5% pure zirconium. To
attain full strength, sintering was accomplished in the dental lab in a Cercon heat plus
P8 machine (Dentsply Sirona, NC, USA) set at 8 h and 30 min by a dental technician with
a sintering device Cercon Heat (DeguDent GmbH, Germany). The visually unacceptable
teeth and those with margin damages were rejected, and another coping was made as
needed. The intaglio surface of the Zi crowns were pretreated, mechanically, through air
blasting with alumina oxide and cleaned with an alkaline agent, Ivoclean (ivoclar vivadent,
Schaan, Liechtenstein), before cementation.

2.6. Cementation

The cementation of the crowns was conducted using an A2 shade, dual-cure, self-
adhesive resin cement, RelyX U200 (3M, St. Paul, MN, USA), under a constant load of 20 N.
The load was applied using a surveyor assembly machine to ensure equal pressure over
the crowns, which were then light-cured for 20 secs per surface after cleaning the excess
cement beyond the margins.

2.7. Aging

The aging of the samples to stimulate clinical conditions was conducted in a thermo-
cycling machine (SD Mechnotronik THE 1100, Feldkirchen-Westerham, Germany). The
samples were placed in a 10 × 10 open specimen basket and subjected to 5000 cycles in a
water bath at (5 to 55 ◦C) for 30 s/cycle and a 5 s transfer time.

2.8. Fracture Test

Samples were subjected to a fracture test using the MTS 810 Universal Testing Machine
(Eden Prairie, MN, USA). After mounting the samples on a metal base at a vertical angle, a
stainless-steel flat-load cell was used, making sure that it contacted both the cusps before
the force was applied in a vertical direction along the long axis of the tooth (Figure 2). The
maximum force until fracture (1 mm/1 min) of the sample was recorded.
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2.9. Statistical Analysis

ANOVA was used for the statistical analysis of the data. The comparative evaluation
of the means was performed using the Tukey HSD post hoc test. A calculated p-value of
less than 0.05 was considered significant.

3. Results

The maximum load-to-fracture values in newtons (N) and fracture-resistance values
in megapascals (MPa) for the samples in all groups are listed in Table 1.
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Table 1. Maximum load and fracture-resistance scores of samples in different groups.

Sample Control Mesio-Occluso-Distal (MOD) Tooth Preparation

A B C D

Maximum
Load (N)

FR
(MPa)

Maximum
Load (N)

FR
(MPa)

Maximum
Load (N)

FR
(MPa)

Maximum
Load (N)

FR
(MPa)

1 3436.55 72.65 2040.66 56.06 1460.13 34.97 1368.39 30.23

2 3586.65 75.82 2072.61 45.22 2012.64 42.62 2285.31 40.88

3 3479.02 73.55 1801.64 49.57 2253.41 51.77 2168.52 45.84

4 3219.50 68.06 2222.84 48.38 2704.48 57.17 2103.77 41.80

5 3357.72 70.98 2959.94 62.57 2173.11 45.94 2180.15 43.61

6 3485.54 73.69 3170.40 67.02 2452.58 51.85 1358.02 32.16

7 3411.18 72.11 2737.58 57.87 1582.64 47.36 1883.83 48.56

8 3393.20 71.73 2654.50 56.12 2014.36 42.58 1979.91 45.99

9 3436.22 72.64 2773.51 58.63 2597.09 54.90 1854.38 41.00

10 3350.55 70.83 2507.50 53.01 1832.15 49.87 1737.28 36.72

N, Newtons; FR, Fracture resistance; MPa, Megapascals. Group A: Tooth preparation to receive full-contour
crowns. Group B: Tooth preparation to receive full-contour crowns and mesio-occluso-distal (MOD) cavity
preparation. Group C: Tooth preparation to receive full-contour crowns and MOD cavity preparation with DME
(2 mm DME to crown margin). Group D: Tooth preparation to receive full-contour crowns and MOD tooth
preparation with DME (4 mm DME to crown margin).

To compare and interpret the results of the experimental data seen in Table 1, analysis
of variance (ANOVA) was performed using the mean values of each group, as seen in
Table 2 and represented as bar diagrams in Figures 3 and 4.

Table 2. Comparison between groups using one-way ANOVA.

Units Groups n Mean Std. Deviation 95% Confidence Interval p-Value

Lower Bound Upper Bound

Max
load(N)

A 10 3415.61 97.52 3345.8503 3485.3757

<0.00001 ***
B 10 2494.11 443.97 2176.5202 2811.7158

C 10 2108.25 412.15 1813.4246 2403.0934

D 10 1891.95 325.14 1659.3600 2124.5520

FR (MPa)

A 10 72.21 2.06 70.737 73.687

<0.00001 ***
B 10 55.45 6.63 50.701 60.199

C 10 47.90 6.64 43.157 52.659

D 10 40.68 6.00 36.391 44.979

***, Very high levels of significance with p value ≤ 0.05.

The results showed very high levels of significance among the groups, with the highest
load and resistance to fracture seen in the control group, where the Zi crown was cemented
on the prepared tooth without any cavity preparation or use of DME. On the other hand,
the crowned teeth in Group D, which had MOD restorations and DME with a depth of
4 mm on either side, displayed the least load and resistance to fracture.

In order to compare and assess the significance between individual groups, the Tukey
HSD post hoc test was performed, Table 3.
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Table 3. Dependance of variable; Tukey HSD intergroup comparison.

Groups Comparative
Groups

Mean
Difference p 95% Confidence Interval

Lower
Bound

Upper
Bound

A
Group B 921.49500 <0.001 *** 465.0409 1377.9491

Group C 1307.35400 <0.001 *** 850.8999 1763.8081

Group D 1523.65700 <0.001 *** 1067.2029 1980.1111

B
Group C 385.85900 0.133 −70.5951 842.3131

Group D 602.16200 0.004 ** 145.7079 1058.6161

C Group D 216.30300 0.664 −240.1511 672.7571
*** very highly significant; ** highly significant; with p value ≤ 0.05.

Very high levels of significance were seen when the control, Group A, was compared to
all the other groups. Values of Group B also showed a very significant difference compared
to Group D. Although the difference in means was noticeable between all the other groups,
the results were not of significance.

Table 4 shows the percentages of failed patterns grouped under “restorable” for those
samples with the presence of fracture lines or cracks on the Zi crowns, and “unrestorable”
for those which failed below the CEJ.
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Table 4. Failure patterns.

Groups n R (%) U (%)

A 10 1 (10) 9 (90)

B 10 1 (10) 9 (90)

C 10 1 (10) 9 (90)

D 10 2 (20) 8 (80)
n, number of samples; R, restorable, with crack lines in the Zi crowns; U, unrestorable, with fractures below
the CEJ.

4. Discussion

Modern restorative dentistry aims to preserve healthy dentition and replace missing
tooth structures conservatively [18]. However, some clinical situations dictate excessive
removal, compromising the strength of the remaining tooth structure, especially when
the marginal ridges are removed [7,9]. Reeh et al. demonstrated that the tooth loses 63%
of its stiffness if MOD preparations are made, and its FR was found to be lower than
those teeth in which access opening was performed with intact walls [19]. More recently, a
finite-element analysis (FEA) study demonstrated the least resistance to fracture in teeth
where both the marginal ridges were removed, re-establishing the concept that the loss of
tooth structure adversely affects the strength of the tooth [4]. The consolidation of such
teeth should be accomplished by using IRs such as onlays or overlays, and in teeth which
are compromised, full-coverage restorations are preferred [20].

Additionally, complete caries removal can also lead to the establishment of deep
subgingival margins, which are often difficult to restore [21,22]. Surgical crown lengthening
(SCL) is often the recommended treatment in such situations, where the cavity margins are
relocated by apically displacing the periodontal attachment [23]. Despite its advantages,
SCL is not always acceptable, due to delayed healing, loss of bony support, the elongation
of clinical crowns, the development of black triangles and difficulties in estimating the final
position of the margins [24].

Studies on the effect of DME on the periodontium indicate that it is well tolerated,
both clinically and histologically [25]. In a long-term study comparing the survival rate
of teeth, Mugri et al. suggested that the teeth in which DME was performed had a better
rate of survival than those in which SCL was performed [24]. Dablanca-Blanco, in a case
series, suggested the use of DME in teeth where the subgingival margins are limited in
the epithelial tissue attachment, and SCL in teeth where the margins have reached the
connective tissue attachment or the crestal bone level [2]. Ghezzi et al. proposed a new
classification designed for choosing the line of treatment, based on the ability to isolate the
tooth after caries removal and cavity preparation into class 1: nonsurgical DME, class 2a:
surgical DME (gingival approach) and class 2b: surgical DME osseous approach [26].

In the present study, a traditional hybrid composite was used for the DME, as it is
known to reduce marginal gap formation. The use of other materials such as glass ionomers,
resin-modified glass ionomers and smart dentin replacement (SDR) bulk-fill composites for
DME have also provided acceptable results with regards to FR, marginal adaptation and
microleakage [27,28]. However, contrasting reports on the use of flowable composites have
been reported in other studies [29]. The choice in hybrid composite in this study for DME
and simultaneous restoration of the cavity was believed to eliminate the development of
different interfaces.

The comparison of IRs such as onlays, overlays/partial crowns and full crowns have
been extensively studied in the literature, with the majority of these studies reporting
them to have clinical efficacy in excess of 93% [20,24]. Full-contour crowns continue to
be used widely throughout the world, particularly in teeth which are extensively worn
or severely destroyed [30]. A study comparing them to partial crowns found that the full
crowns performed better from a technical, biologic and esthetic point of view [31]. Their
use is time-tested and successful, regardless of the material and technique used to fabricate
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them [32]. However, with the use of CAD/CAM technology, monolith crowns fabricated
entirely with Zi have gained popularity for use in posterior teeth due to their high strength
and esthetics [20]. More recent studies on the clinical service of MZi crowns have shown a
clinical success rate of more than 98% [14,33,34].

The FR of posterior teeth was determined previously to be in the range of
1120–2500 N [35]. In this study, the mean value for the maximum load required to fracture
the teeth with MZi crowns, without being influenced by the effects of prior cavity prepara-
tions or DME, was found to be 3415.613 N (Group A). A 27% reduction in load to fracture
was seen in Group B, which had mean values of 2494.118 N. This could be explained by the
reduction in strength seen in teeth due to the effects of MOD cavity preparation/restoration.
However, unlike in the teeth without crowns, where the effects of MOD preparations are
severe, a less drastic reduction in strength was noticed due to the use of MZi crowns, which
are known to provide cushioning and protection to the underlying tooth structures [36].
The mean values in this study were lower than those described by Nakamura et al., who
reported that a load of 5000 N was required to fracture the crowns, slightly higher when
than in another study which reported a mean value of 2337 N [37,38]. These differences
could be due to the use of molar dyes fabricated using a hybrid polymer resin in the study
by Nakamura, who also reported that the heights of axial walls could influence the FR of
teeth under all ceramic crowns [37].

Research on the effects of DME on FR among indirect CAD/CAM restorations have
generally focused on teeth with inlays, onlays, overlays and endocrowns. Most of these
studies reported that the use of DME did not significantly impact the FR of teeth [21,22,39].
Grubbs et al., comparing the use of 2 mm-deep DME to CEJ in MOD cavities restored with
onlays, displayed mean FR values between 1700 and 2029 N, which are slightly lower than
in our study [28]. Furthermore, Zhang et al. demonstrated improved FR on root-canal-
treated teeth, restored with CAD/CAM endocrowns following the use of DME [27,40].
Despite many such studies on IRs, the effect of DME on teeth under full-contour crowns
have rarely been reported. Only one study could be partially compared to our study, in
which the authors used CAD-/CAM-based monolith lithium–disilicate crowns over MOD
prepared/restored premolars with DME [35]. The results showed fracture forces in the
range of 1638–2253 N, comparable to values achieved in the experimental groups of this
study where cavities (Groups B-D) were prepared, 1891.956–2494.118 N [41].

The type and site of fracture was visually evaluated. Failure type was classified based
on the adaptation and modification from previous studies, as “restorable” for those with
visible cracks and fracture lines on the zirconia crowns and “unrestorable” for those in
which the fractures were seen below the CEJ [27,42,43]. In most of the samples in the present
study, the teeth were unrestorably fractured below the CEJ. The results were expected due
to the fact that MZi crowns usually fracture at higher loads and present with complete
cohesive fractures, unlike the veneered zirconia crowns, which tend to chip [15]. Similar
high percentages of unrestorable failure were seen in other in vitro studies [28,41,44].
The rationale for this could be the transmission of forces to the underlying natural teeth
abutments, resulting in their fractures at high loads [15]. However, the choice in natural
teeth in the present study was necessary to evaluate the effects of DME on FR, to better
replicate the clinical scenario based on adhesive characteristics, strength and modulus
of elasticity. The occurrence of restorable failures seen in the study could be related to
fabrication defects compromising the integrity of MZi [45].

Under the limitations of this study, DME under normal depths (2 mm) rarely influ-
enced the FR of teeth, except when the tooth structure was severely compromised, as
in Group D. However, the load required to fracture the crowned teeth decreased as the
extension of DME apical to the CEJ increased, thus rejecting the null hypothesis. Most of
the samples failed unfavorably under maximum load. Nevertheless, more importantly,
from a clinical point of view, the load required to fracture these samples far exceeded the
maximum recorded biting force in posterior teeth, which is in the range of 800–1000 N [15].
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In spite of the perceived advantages in this study, it has some limitations; a. The ease
in performing the DME, especially where the distance to the crown margins is greater than
2 mm, might not be established in clinical settings without STA violations. b. Natural teeth
variances in strength and morphology when compared to the dyes used in some of the
other studies could have an influence on the results. c. The fracture of the teeth/MZi crown
assembly was evaluated visually in this study; a more detailed fractographic evaluation
would have provided precise details regarding the initiation and causes of cracks. The fu-
ture trends in research will change the ever-evolving material choices for direct restorations
and the development of monolith crowns using newer CAD/CAM technologies, which
will help establish an ideal restorative choice, esthetically and functionally.

5. Conclusions

The loss of tooth structure, especially the marginal ridges, adversely affects the strength
of teeth, even if supported by high-strength full-contour Zi crowns. The DME technique is
suitable for use when deep margins are encountered, and the length of the DME-to-crown
margins does not significantly impact its fracture resistance. However, caution should be
undertaken in MOD preparations where the distance between the DME and the crown
margins reaches 4 mm. Although unfavorable failures were common in this study, the
load required to fracture all the samples, regardless of the DME margins, far exceeded the
maximum recorded biting force.
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35. Göktürk, H.; Karaarslan, E.Ş.; Tekin, E.; Hologlu, B.; Sarıkaya, I. The effect of the different restorations on fracture resistance of
root-filled premolars. BMC Oral Health 2018, 18, 196. [CrossRef] [PubMed]

36. Rekow, E.D.; Harsono, M.; Janal, M.; Thompson, V.P.; Zhang, G. Factorial analysis of variables influencing stress in all-ceramic
crowns. Dent. Mater. 2006, 22, 125–132. [CrossRef] [PubMed]

37. Nakamura, K.; Harada, A.; Inagaki, R.; Kanno, T.; Niwano, Y.; Milleding, P.; Örtengren, U. Fracture resistance of monolithic
zirconia molar crowns with reduced thickness. Acta. Odontol. Scand. 2015, 73, 602–608. [CrossRef]

38. Jassim, Z.M.; Majeed, M.A. Comparative evaluation of the fracture strength of monolithic crowns fabricated from different
all-ceramic CAD/CAM materials (an in vitro study). Biomed. Pharmacol. J. 2018, 11, 1689–1697. [CrossRef]

39. Chen, Y.C.; Lin, C.L.; Hou, C.H. Investigating inlay designs of class II cavity with deep margin elevation using finite element
method. BMC Oral Health 2021, 21, 264. [CrossRef]

40. Zhang, H. Fracture resistance of endodontically treated premolar with deep class II: In vitro evaluation of different restorative
procedures. Investig. Clin. 2019, 60, 154–161.

41. Alahmari, N.M.; Adawi, H.A.; Moaleem, M.M.A.; Alqahtani, F.M.; Alshahrani, F.T.; Aldhelai, T.A. Effects of the cervical marginal
relocation technique on the marginal adaptation of lithium disilicate CAD/CAM ceramic crowns on premolars. J. Contemp. Dent.
Pract. 2021, 22, 900–906. [CrossRef] [PubMed]

42. Sorrentino, R.; Nagasawa, Y.; Infelise, M.; Bonadeo, G.; Ferrari, M. In vitro analysis of the fracture resistance of CAD-CAM
monolithic lithium disilicate molar crowns with different occlusal thickness. J. Osseointegr. 2018, 10, 50–56. [CrossRef]
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Abstract: Background and Objectives: Today, oral diseases are well-known for their effects, not only
on daily life but also on quality of life (QoL). Dental caries, especially early childhood caries (ECC),
are considered a public health concern as regards their impact on the life quality of children and
parents from multiple aspects. The present research was conducted to assess the effect of anemia on
oral-health-related quality of life (OHRQoL) in terms of children and parents. Materials and Methods:
The current study was performed in two independent stages. In the first stage, the Turkish version
of the Early Childhood Oral Health Impact Scale (ECOHIS), and in the second stage, the Turkish
version of the Parental-Caregivers Perceptions Questionnaire (P-CPQ) were used to measure the
effect of anemia-related dental caries among children and parents. SPSS and Jamovi software were
used for all calculations, graphs and comparisons. Results: A total of 204 participants (child–parent
pairs) were incorporated in the present study. A considerable number of children (81.5%) reported
occasional or more frequent oral/dental pain. Secondly, the subscale scores were determined for
child symptoms (2.25 ± 0.067), child function (6.8 ± 0.22), child psychology (3.87 ± 0.128), self-image
and social interaction (1.74 ± 0.063), parental distress (3.82 ± 0.143), and family function (3.5 ± 0.121).
Additionally, more than half of the parents (56.3%) responded “fair” for the health of their children’s
teeth, lips, jaws and mouth. Similarly, the child’s overall well-being was stated as being affected “a lot”
by the condition of their child’s teeth, lips, jaws or mouth by half of the parents (49.5%). Conclusions:
Anemia-related dental caries has a highly negative impact on the quality of life of children and
parents according to both of the questionnaires. Therefore, children with high scores should be
prioritized for preventive procedures and timely dental treatments.

Keywords: anemia; quality of life; children; parent

1. Introduction

Today, oral diseases are well-known for their effects not only on daily life but also on
quality of life (QoL), as oral health exhibits the main physiological, social and psychological
characteristics that are fundamental for quality of life [1,2]. In this sense, the evaluation of
oral health related to quality of life (OHRQoL) has come into prominence. The existence of
dental disease, treatment experience, and oral health issues can cause unfavorable effects
on the quality of daily life of children and parents [3–5]. Dental caries, especially early
childhood caries (ECC), sre considered a public health concern due to their impact on
the quality of life of children and parents through multiple aspects such as pain, eating
disorders, sleeping problems, taking time off from school, social embarrassment for chil-
dren, and financial problems related to treatment fees and time off work for parents [6–8].
Evaluating and measuring the child’s OHRQoL to help display the priority of care and the
interpretation of treatment outcomes have gained popularity [9].

Even though various studies have mentioned the multifactorial etiology of ECC, in-
cluding behavioral, socioeconomic, biological, and environmental factors, the relationship
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between anemia (particularly associated with malnutrition, iron deficiency, and vitamin
D deficiency) and ECC has recently been highlighted. According to recent studies, it has
been shown that there is a correlation between ECC and anemia, which is defined as the
number of red blood cells or the oxygen-carrying capacity of blood being below normal
levels [10–13]. Particularly, the possible mechanism of iron deficiency anemia (IDA) in the
development of dental caries is the potential inhibitory effect of iron on cariogenic microor-
ganisms [14]. The clinical and practical significance of iron and ferritin deficiency on dental
caries was identified by the findings of a recent meta-analysis, which reported that children
with caries had significantly lower levels of salivary and serum iron and ferritin [15]. Previ-
ous cross-sectional and case studies have also demonstrated that children with anemia or
IDA have a higher risk of caries development. Additionally, the anticariogenic potential of
iron in Streptococcus mutans (S. mutans) has been shown through the following mechanisms:
(1) prevention of enamel demineralization in an acidic environment; (2) decreasing the level
of dental plaque acidity, and (3) disinfectant and bacteriostatic capacity in S. mutans; and
(4) inhibition of the glycosyltransferase activity [16–21]. Although the reasons regarding the
theoretical basis for the link between anemia and ECC are described and discussed, there
has been no research reported in the literature that underlines the effect of anemia-related
dental caries on the OHRQoL of children and families. To date, numerous questionnaires
have been developed in order to evaluate the OHRQoL for children, adults, and for families.
However, self-reports of very young children on their oral health tend to be unreliable, and
the reports are inefficient for different age groups [22]. Hence, the Early Childhood Oral
Health Impact Scale (ECOHIS) was designed to measure the relationship between parents’
perceptions of their children’s quality of life and their oral health [23] together with the
Parental-Caregivers Perceptions Questionnaire (P-CPQ), which is another scale that is used
to evaluate oral health quality of the child from the perception of the parental/caregiver by
providing good evidence of responsiveness [24].

In the current literature research, no study was found showing the effect of the presence
of anemia on OHRQoL. The present research was conducted to assess the effect of anemia
on oral-health-related quality of life (OHRQoL) in terms of children and parents.

2. Materials and Methods
2.1. Ethical Approval

The present cross-sectional study was conducted between June 2022 and August 2022
and performed at the Dr. Burhan Nalbantoğlu Government Hospital located in Northern
Cyprus. The current research was approved by the Dr. Burhan Nalbantoğlu Government
Hospital (YTK 1.01-30/22).

2.2. Data Collection and Participants

All data were collected following ethical approval. Firstly, all parents (mother/father)
of children attending the Dr. Burhan Nalbantoğlu Government Hospital and diagnosed
with anemia were analyzed and detected from the hospital’s archive. Later, the children
aged between 2 and 18 years who presented at the dental clinic (Dr. Burhan Nalbantoğlu
Government Hospital) with the complaint of dental caries, and without any accompanying
systemic disease or an otherwise noncontributory medical history (except for anemia),
were determined as meeting the inclusion criteria of the current study. Children with no
anemia diagnosis or dental caries, parents living outside of Northern Cyprus, uncooperative
children and families, children with a mental disorder, children who applied to the dental
clinic with signs that constituted advanced infection (dental trauma/cellulitis), and children
undergoing long-term antibiotic treatment were excluded from the study. Parents who
enrolled in the study did so on a voluntary basis and received an informed-consent form to
answer their questions.

The children who participated in the present study were screened by two of the pedi-
atric dentists for the presence or absence of S-ECC, according to the AAPD guidelines [25],
the first time they applied at the dental clinic. Five percent of all inspection objects were
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randomly selected and repeated for each day. Repeat checks were carried out in agreement
with inter-investigator agreement.

2.3. Sample Size Determination and Questionnaire Design

G* power software (Ver.3.1.9.4) was used for the calculation of sample size. With a
confidence level of 95% and a confidence interval of 7.5%, the targeted statistical power of
80% was calculated as 190. The current study was performed in two independent stages.
In the first stage, the Turkish version of the ECOHIS was used, and in the second stage,
the Turkish version of the P-CPQ was used to measure the effect of anemia-related dental
caries among children and parents [26,27].

The questionnaire consisted of 61 questions divided into three parts: demographic
information, ECOHIS questionnaire, and P-CPQ. Questions about parents’ relationship to
the child, age, education level, occupation, marital status, number of children, income level,
and their duties are asked in the demographic information section. Medication prescribed
for the anemia, age of diagnosis, and age of starting medication questions were determined,
and responses were recorded in the demographic information. The second part of the
questionnaire includes the Early Childhood Oral Health Impact Scale (ECOHIS), which
assesses Oral Health Related Quality of Life (OHRQoL). In the present study, the accepted
and reliable Turkish form of the ECOHIS was used (26). The scale includes two parts,
child impact and family impact, with 13 questions. The child impact part has subscales of
child symptoms (1 question), child function (4 questions), child psychology (2 questions),
and child self-image and social interaction (2 questions). The family impact part includes
parental distress (2 questions) and family function (2 questions). Response classes for every
question were rated on a five-point Likert scale: 0 = never; 1 = hardly ever; 2 = occasionally;
3 = often; 4 = very often; 5 = don’t know. For the child impact section, the score for children
can vary from 0 to 36, and for the family impact section, the score can vary from 0 to 16,
and so the system creates a total score range of 0 to 52. ECOHIS scores were calculated
separately as a straightforward addition of the response codes for the child impact and
family impact sections. According to the scale, higher scores demonstrate greater impact.
For the ECOHIS scale, all “don’t know” (DK) responses were coded as missing. For the
third part, the Turkish-accepted validity and reliability version of the Parental-Caregiver
Perceptions Questionnaire (P-CPQ) was used to evaluate the QoL of children [20]. The scale
includes 31 questions with 4 subscales of oral symptoms (6 questions), functional limitations
(8 questions), emotional well-being (7 questions), and social well-being (10 questions). As
with the ECOHIS, the P-CPQ was also rated on a 5-point Likert scale of never: 0; once/twice:
1; sometimes: 2; often: 3; and every day/almost every day: 4. General well-being was
scored as follows: not at all = 0; very little = 1; somewhat = 2; a lot = 3; and very much = 4.
For subscales, scores can vary for oral symptoms from 0–24, for functional limitations from
0–32, for emotional well-being from 0–28, and for social well-being from 0–40. Total scores
were added, and a total-scale score was obtained. Similarly to the ECOHIS scale, a higher
score represents a worse effect on quality of life. Parents who enrolled in the study did
so on a voluntary basis and received the informed consent form of the study. Before the
participating parents were selected, children were confirmed to have dental ECC.

2.4. Statistical Analysis

Descriptive statistics for qualitative variables (frequency and percentage) and quanti-
tative variables (arithmetic mean ± standard deviation) were calculated. Parametric test
assumptions were controlled for the data, and the Shapiro–Wilk or Kolmogorov–Smirnov
normality test was applied where appropriate. Non-parametric hypothesis tests were
accordingly performed due to the distribution characteristics. For two independent groups,
the Mann–Whitney U test was applied to evaluate the significance of the differences. In
the case of more than two independent groups, the Kruskal–Wallis test was performed. In
the case of significance, the Dwass–Steel–Critchlow–Fligner test was further performed to
assess the pairwise significance. To investigate the associations between scale scores, the
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Pearson correlation test was performed. Cronbach’s alpha was calculated for each scale
and subscale score to evaluate the reliability of the surveys. The level of significance was
accepted to be 0.05. SPSS (Demo version 25.0 for Mac) and Jamovi (Version 2.2.0) software
were used for all calculations, graphs, and comparisons.

3. Results
3.1. Sociodemographic Characteristics of Parents and Children

A total of 204 participants (child–parent pairs) were incorporated in the present study.
Among the participants, 146 (71.6%) were mothers, and 58 (24.8%) were fathers, while
94 (46%) of children were male, and 110 (54%) were female. The age of parents ranged be-
tween 21 and 30 (26/12.7%), 31 and 40 (104/51%), and >40 (74/36.3%). Furthermore, the ma-
jority of respondents (79.3%) were well-educated (graduate–postgraduate level). Anemia
type and medical treatment for this disease were also assessed. Responses related to anemia
type were as follows: 54.5% for iron deficiency anemia, 29.5% for 25-hydroxyvitamin D
deficiency anemia, and 9.3% for vitamin B12 deficiency anemia. Additionally, 151 (74%) of
children had received medical treatment, and 53 (26%) of them had received no medical
treatment for anemia. All details related to sociodemographic characteristics of parents and
children are given in Table 1.

Table 1. Sociodemographic characteristics of parents and children.

Characteristics Number (n) Percentage (%)

Demographic characteristics of parents

Parental Relationship

Mother 146 71.6

Father 58 28.4

Age (Years)

21–30 26 12.7

31–40 104 51.0

>40 74 36.3

Educational Level

Primary–high school 42 20.7

Graduate–postgraduate 161 79.3

Employment Status and Occupation

Non-health professional 103 50.5

Health professional 78 38.2

Unemployed 23 11.3

Marital Status

Married 176 86.3

Single 28 13.7

Family Income (Monthly/EUR) *

333 (minimum wage) 45 22.3

334–555 57 28.2

>555 100 49.5

Demographic characteristics of children
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Table 1. Cont.

Characteristics Number (n) Percentage (%)

Gender

Male 94 46.1

Female 110 53.9

Anemia type

Iron deficiency anemia 111 54.4

25-hydroxyvitamin D deficiency anemia 60 29.4

Vitamin B12 deficiency anemia 19 9.3

Other 13 6.4

Medical treatment for anemia

Yes 151 74.0

No 53 26.0
* Monthly family income measured in TRY (Turkish lira, EUR 1 = TRY 18).

3.2. Results of P-CPQ

The answers to two general questions which were asked to parents before the Turkish
version of the P-CPQ, “How would you rate the health of your child’s teeth, lips, jaws and
mouth?” and “How much is your child’s overall well-being affected by the condition of
his/her teeth, lips, jaws or mouth?” are shown in Table 2.

Table 2. Child’s oral health and well-being from Parental Caregiver Perception Questionnaire (P-CPQ).

Health of Your Child’s Teeth, Lips, Jaws
and Mouth Number (n) Percentage (%)

Excellent 11 5.4

Very good 14 6.9

Good 52 25.5

Fair 115 56.4

Poor 12 5.9

Child’s oral well-being affected by the condition of
his/her teeth, lips, jaws or mouth

Not at all 14 6.9

Very little 20 9.8

Some 51 25

A lot 101 49.5

Very much 18 8.8

More than half of parents (56.3%) responded “fair” for the health of their children’s
teeth, lips, jaws and mouth. Similarly, the child’s overall well-being was stated as being
affected “a lot” by the condition of their child’s teeth, lips, jaws or mouth by half of
parents (49.5%).

Besides the abovementioned two general questions, the descriptive statistical analyses
(the values of mean, standard error, and percentage) of each item in all four subscales with
general impacts are given in Table 3.

The subscale scores for oral symptoms (OS), functional limitations (FL), emotional
well-being (EWB), and social well-being (SWB) domains were calculated as 12 ± 0.413,
10.36 ± 0.385, 7.75 ± 0.412 and 7.13 ± 0.513, respectively. Moreover, the P-CPQ total score
(TS), which was determined by summing up the scores of all 31 items, was 36 ± 1.36. The
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highest percentages of impacts were reported as “often” in the oral symptoms subscale for
the items of “pain in teeth and mouth/45.1%”, “bleeding gums/38.2%”, “mouth sores/37.3%”,
“bad breath/40.4%”, and “food caught between teeth/39.7%” by parents. Furthermore, few “don’t
know (DK)” responses, which were accepted as “missing”, were recorded. Only 11 parents
ticked DK as an answer in one item of oral symptoms and three items of emotional and
social well-being.

The results of association between overall and subscale scores of the P-CPQ with
demographic factors are given in Table 4, and more than one statistically significant com-
parisons were obtained in the subscale scores regarding demographic factors. Firstly, the
scores of functional limitations between parental relationship were detected to be signif-
icant (p = 0.032). Mothers (10.01 ± 0.44) reported less functional limitation compared to
fathers (12.05 ± 0.749). Another statistically-significant difference was detected between
the educational level of parents in the oral symptoms subscale (p = 0.002). The parents
with higher educational levels reported a higher impact in comparison to parents with
lower education levels (8.38 ± 0.866, 11.43 ± 0.419, respectively). When the responses
for medical treatment for anemia (yes/no) were analyzed, all differences in each subscale
and total score were observed as significant (p = 0.006 for OS, p < 0.001 for FL, p = 0.008
for EWB, p = 0.03 for SWB, and p < 0.001 for TS). To elaborate on this further, the parents
whose children take medical treatment for anemia reported a larger effect on children in
all subscale scores. Another significant difference was observed for the sensitive analysis
conducted between health professionals and unemployed groups in the oral symptom
subscale. Health professional groups responded that their children were more affected in
the oral symptom subscale compared to those of unemployed parents (p = 0.04).

3.3. Results of ECOHIS

The responses to each item in the ECOHIS questionnaire are represented in Table 5
by giving detailed descriptive statistical analyses (the values of mean, standard error
and percentage). First of all, a large number of children (81.5%) reported occasional or
more frequent oral/dental pain. Secondly, the subscale scores were determined for child
symptoms (2.25 ± 0.067), child function (6.8 ± 0.22), child psychology (3.87 ± 0.128), self-
image and social interaction (1.74 ± 0.063), parental distress (3.82 ± 0.143), and family
function (3.5 ± 0.121). The values of child impact, family impact and total score were
calculated according to responses to each item (16.3 ± 0.486, 7.32 ± 0.242, 23.6 ± 0.701,
respectively). Moreover, a detailed analysis on descriptive statistics of the ECOHIS further
showed that several children (160, 79.2%) had difficulty drinking and that 152 (76.7%)
children had trouble eating food occasionally or more frequently. According to family
impact section responses, the majority of parents reported that they felt upset (142/70.6%)
and guilty (138/69.3%) occasionally or more frequently. Likewise, 73.1% of parents stated
that they take time off from work, and 69% of parents reported that their child’s dental
procedures occasionally or more frequently had a financial impact on the family.

The association between overall and subscale scores of the ECOHIS and demographic
data is given in Table 6.

The statistically-significant results were observed in groups of educational level and
medical treatment for anemia. The most dramatic results were seen in the medical treatment
group for parents with children taking medical treatment for anemia, who reported a much
larger impact on the child and family and larger total scores in comparison to parents
with children not taking medical treatment (p < 0.001 for all comparisons). Regarding
parental education level, the results for primary–high-school graduated parents for child
impact and total score were lower than those for graduate–postgraduate parents (p < 0.016,
p < 0.025 respectively). An additional pairwise comparison regarding employment status
and occupations of parents revealed that the comparison between non-health professional
and unemployed parents had a statistically significant value in the total score (p = 0.028).
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3.4. Internal Consistency Evaluation

The examination of the internal consistency of each questionnaire was performed by
determining Cronbach’s alpha. Cronbach’s alpha values of the ECOHIS were 0.918, 0.859,
and 0.946 for the sections of child impact, family impact and total score, respectively.

In terms of the P-CPQ, Cronbach’s alpha values ranged from 0.844 to 0.941. Cronbach’s
alpha for the oral symptoms, functional limitation, emotional well-being, social well-being,
and total scale was calculated as 0.932, 0.844, 0.853, 0.916 and 0.941, respectively.

All details for Cronbach’s alpha evaluation are given in Table 7.

Table 7. Cronbach’s alpha results.

Impacts Validity Percentage (%) Number of Items Cronbach’s α

P-CPQ impacts

Oral symptoms subscale 99.5 6 0.932

Functional limitation subscale 100 8 0.844

Emotional well-being subscale 98 7 0.853

Social well-being subscale 97.1 10 0.916

Total score 94.5 31 0.941

ECOHIS impacts

Impacts

Child impacts 92.5 9 0.918

Family impacts 95.6 4 0.859

Total score 89.7 13 0.946

4. Discussion

The objective of the present study was to evaluate oral-health-related quality of life
(OHRQoL) for children and for parents regarding the dental effects of anemia. Within
the study, Turkish versions of the P-CPQ and ECOHIS were preferred to measure the
OHRQoL of parents and children. Assessing the parental opinion of children’s OHRQoL is
important from different perspectives, since the child’s health and their parents’/caregivers’
opinion are correlated and reveal the treatment needs of the child. Moreover, the reports
of parents/caregivers provide more comprehensive analysis of the child’s OHRQoL [28].
Hence, a strength of the current study was that it followed the Turkish version of the
P-CPQ that was adapted cross-culturally, with a good internal consistency and reliability of
subscales regarding parents [27]. The impact of anemia on OHRQoL was measured using
the reliable and valid Turkish version of the ECOHIS questionnaire to expose the effects
of anemia-related dental caries and to create a strategy for oral health improvement for
children and their families [26]. To the best of our knowledge, there are no similar studies
regarding OHRQoL of anemia-related dental caries in the literature.

Turning back to the present findings of the P-CPQ, it is clear that more than half of
the parents stated their children’s oral health and well-being was affected substantially
by the presence of anemia. The perceptions of parents of oral QoL could be associated
with oral symptoms of their child, including the complaints of pain in the teeth and
mouth, bad breath, and food caught between teeth. Hence, the results of questions which
were answered prior to the P-CPQ showed greater agreement with the study of Gültekin
et al. [27]. When the parental relationship is evaluated within the subscale scores, fathers
reported a more negative impact on the functional limitations of their child compared to
mothers. The mentioned result has been clarified by better mother–child communication,
which allows mothers to more reliably monitor their child’s difficulties during drinking and
eating. Even though the results of the current study could not be directly compared with the
study of Fernandes et al. [29]. due to different points of investigation, their featured results
concerning parental monitorization of their child were partially consistent with the present
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results. Moreover, families with higher education level (graduate–postgraduate) reported
greater negative impact on the oral symptoms subscale of their child in comparison with
primary–high school-educated families. A possible reason for this is the better knowledge
of the anemia–oral effect relationship of families with higher education level.

According to the latest report of the World Health Organization (WHO), it was esti-
mated that 42% of children aged less than five years are anemic. Iron deficiency, including
deficiencies in folate and vitamins B12 and A, is considered the main cause of anemia. In
addition, hemoglobinopathies and infectious diseases, such as malaria, tuberculosis, and
HIV, and parasitic infections, are reported as important etiological factors of anemia [30].
Iron deficiency is the predominant etiological factor of anemia, showing numerous oral
manifestations (e.g., angular cheilitis, angular stomatitis, erythematous stomatitis, atrophic
glossitis) across countries [31]. Similarly, iron-deficiency anemia was detected at a high
level in the current study. Besides the beforementioned oral symptoms of anemia, black-
stain formations on tooth surfaces are also among the most common oral manifestations
due to iron supplementation during anemia treatment [32]. Strikingly, however, medical
treatment for anemia significantly affected all subscales of the P-CPQ consisting of oral
symptoms, functional limitations, emotional well-being, social well-being, and overall
well-being in the present study. Therefore, the negative impact of medical treatment for
anemia on children’s well-being in all attitudes may be associated with the pharmacological
side effects of anemia syrups, especially iron supplements, in our study.

When the results of the ECOHIS questionnaire were evaluated, there was a correla-
tion between anemia and oral-health impact. Generally, the most negative impacts were
revealed on the functions of children during drinking/eating, and their symptoms related
to oral/dental pain in a similar vein to the studies of Farsi et al. [33] and Hashim et al. [34].
The ECOHIS findings also were comparatively evaluated from the standpoint of each so-
ciodemographic factor. Even though a weak and non-significant relationship was observed
between parental relationship and all subscale scores of the ECOHIS, a strong correlation
was observed between education level of parents and the child-impact section. Moreover,
similar to the answers to the P-CPQ, parents with graduate—postgraduate education level
reported that anemia created greater negative effects on their child. Besides the similarity
in educational levels of two different questionnaires, medical treatment for anemia showed
powerful adverse impacts on all subscales of the ECOHIS along with the P-CPQ.

The reliability and Internal consistency of each questionnaire were evaluated by using
Cronbach’s alpha. Cronbach’s alpha values for both questionnaires were satisfactory for
the current study. For the ECOHIS, Cronbach’s alpha values were close to those of Turkish
version of the ECOHIS (0.981, 0.859, 0.946 for child impact section, family impact, and
total score, respectively) [26]. For the P-CPQ, Cronbach’s alpha estimation showed high
internal consistency reliability and parallelism with the original Turkish version (0.932,
0.844, 0.853, 0.916, 0.941 for oral symptoms, functional well-being, emotional well-being,
social well-being, and total score, respectively [27].

Lastly, the lack of data on age of anemia diagnosis was the major limitation in the
present research. However, importantly, the age at which anemia was diagnosed could
not be the exact age of disease onset. It was therefore possible that data related to age of
anemia diagnosis were not always reliable.

The clinical significance of this work is that understanding the adverse relationship
between anemia-related ECC and quality of life of children and parents may lead to the
design of cost-effective and approachable international preventive programs, especially for
infants and preschool children.

The most important findings of the study are as follows:

• Anemia-related dental caries leads to negative impacts on the quality of life of children
and families.

• A large number of children (81.5%) reported occasional or more frequent
oral/dental pain.
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• More than half of parents (56.3%) responded “fair” for the health of their children’s
teeth, lips, jaws, and mouth. Similarly, children’s overall well-being was stated as
being affected “a lot” by the condition of their child’s teeth, lips, jaws or mouth by half
of parents (49.5%).

• The age of anemia diagnosis is a very significant issue in analyzing the main mecha-
nism of anemia in ECC development.

• Further investigations must be designed to determine the exact oral adverse effects of
anemia related to ECC.

5. Conclusions

Within the limitations of the present study, it may be concluded that anemia-related
dental caries has a highly negative impact on the quality of life of children and parents,
according to both questionnaires. Therefore, it could be possible to prioritize children with
high scores for preventive procedures and timely dental treatments. However, further
investigations must be developed to understand the exact oral effects of anemia by further
evaluation of each subscale.
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Abstract: Background and Objectives: The use of desensitizing agents (DA) after tooth preparation to
prevent hypersensitivity is well documented in the literature. A fixed dental prosthesis (FDP) should
have good retention to be successful. Inadequate retention may result in microleakage, secondary
caries, and, eventually, dislodgement of the FDP. The effect of DAs on the retention of FDPs has
been widely studied in the literature, but the results are conflicting. Thus, this study aimed to
conduct a systematic review to assess the effect of dentine desensitizing agents, used to prevent
post-cementation hypersensitivity, on the retention of cemented FDPs. The null hypothesis framed
was that there is no effect of dentine desensitizing agents on the retention of cemented FDPs. The
focused PICO question was as follows: “Does the application of dentine desensitizing agents (I) affect
the retention (O) of cemented fixed dental prosthesis (P) when compared to non-dentine desensitizing
groups (C)”? Materials and Methods: Four electronic databases were systematically searched and, on
the basis of the predefined inclusion and exclusion criteria, 23 articles were included in this systematic
review. A modified CONSORT scale for in vitro studies was used to assess the quality of the selected
studies, as all included studies were in vitro studies. Results: Most of the studies compared the
effect of more than one type of DA on retention. The results of the selected studies varied due to
differences in the composition of tested dentine DAs and types of luting cements. Conclusions: Within
the limitations of this study, it can be concluded that the retention values of FDPs cemented using
zinc phosphate cement were reduced with most of the DAs, whereas retention values increased when
GIC, resin-modified GIC, and resin cements were used with the majority of DAs. These findings are
important, as they can guide dentists in selecting the DA before cementing the crowns with the luting
agent of their choice, without compromising the retention of the crowns.

Keywords: dentin hypersensitivity; desensitizing agent; retention; luting cements; bond strength;
GLUMA; glass ionomer cement; resin cement; tooth preparation

1. Introduction

A fixed dental prosthesis (FDP) is a common treatment modality for replacing missing
teeth and for transforming unhealthy teeth into functional and esthetically pleasing ones [1].
To prepare a tooth for an FDP, the coronal tooth structure is prepared, which involves the
removal of 1–2 mm of the tooth structure [1]. This procedure leads to the opening of
millions of dentinal tubules [2–4]. Preparation also reduces the thickness of the dentine
(depending upon the type of preparation and location of preparation), which increases
the permeability of the dentine [3–7]. This causes pulpal irritation and post-operative
hypersensitivity [7,8].

Heat generation [9–11], desiccation [9–11], aggressive tooth preparation [9], microleakage
underneath provisional restoration [11,12], and the acidic pH of many luting agents [10,11,13]
lead to irritation of the dentinal tubules, which in turn irritate the pulp and cause discomfort
to the patient in the form of sensitivity.

The use of desensitizing agents (DA) after tooth preparation to prevent hypersen-
sitivity has been well documented in the literature [14–17]. Various generations of DAs
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have been used in the past, and they have shown promising results in reducing post-
preparation sensitivity [14–20]. These include 2-hydroxyethyl-methacrylate (HEMA),
urethane dimethacrylate (UDMA), Tolnyl ethyl glycidal dimethacrylate (TEGMA), N-
Olyglycine glycidyl methacrylate (NTG-GMA), biphenyl dimethacrylate (BPDM), 5% glu-
taraldehyde + HEMA, Low and highly filled resins, etc. [14–20]. Recent studies have demon-
strated that new types of DAs have comparable desensitizing effects on dentine. These
include nano-hydroxyapatite (n-HAp) [21–23], photobiomodulation therapy (PBM) with a
low-level infrared laser [24], nano-sized carbonate apatite (n-CAP) [25], zinc-containing
desensitizer [26], etc. Most of the DAs block the opening of the bulk of the dentinal tubules
and make the dentinal surface smooth by filling the irregularities, thereby decreasing the
sensitivity [14–17].

For an FDP to be successful, it should have good retention. Multiple factors affect
the retention of FDP, including adequacy of tooth preparation, impression-making, fit
and precision of the retainer, space and type of luting agent [27–31]. Inadequate retention
may result in microleakage, secondary caries, and dissolution of luting agent [30–33]. A
dislodged FDP is considered to be a failure from the patient’s perspective, and he/she may
doubt the reliability of the treatment provided by the dentist.

The effect of DAs on retention of FDPs has been widely studied in the literature, but the
results are conflicting. Studies by Johnson et al. [34], Jalandar et al. [18], Chandavarkar et al. [8]
and Himashilpa et al. [35] have reported higher retention values when GIC was used with
Gluma DA, whereas lower retention values were reported by Swift et al. [36], Yim et al. [37]
and Sipahi et al. [38]. Similarly, studies by Chandavarkar et al. [8] and Pilo et al. [39] re-
ported higher retention values when GIC was used with pro-argenine-based DAs, whereas
Himashilpa et al. [29] reported lower retention values for the same combination. Retention
of FDP was reported to be affected by the combined effect of the type of luting agent
and DA.

To the best of our knowledge, this is the first systematic review to assess the effect of
DAs on the retention of cemented FDPs. The findings are important, as they can guide
dentists in selecting the DA before cementing the FDPs with the luting agent of their choice,
without compromising retention. Thus, the objective of this study is to conduct a systematic
review to assess the effect of dentine desensitizing agents, used to prevent post-cementation
hypersensitivity, on the retention of cemented FDPs. The null hypothesis framed is that
there is no effect of dentine desensitizing agents on the retention of cemented FDPs.

2. Materials and Methods
2.1. Permission and Registration

For the planning of this systematic review, registration in the International Prospective
Register of Systematic Reviews (PROSPERO) was applied for (CRD388403). The preferred
reporting items for systematic reviews and meta-analyses (PRISMA) guidelines were used
to structure this systematic review [40].

2.2. Search Criteria

Studies were selected based on the following inclusion and exclusion criteria. All
published in vitro and in vivo studies in the English language that compared the effect of
dentine desensitizers on the retention of full- and partial-coverage FDPs after cementa-
tion were included in this systematic review. Studies that were under trial, unpublished
abstracts, commentaries, letters to editors, case reports, or dissertations were excluded.
Exclusion criteria also included studies in languages other than English, animal studies,
studies comparing the sensitivity or bond strength of luting agents to dentine after the
application of dentine desensitizers, and studies evaluating materials under trial.

The focused PICO question was as follows: “Does the application of dentine desen-
sitizing agents (I) affect the retention (O) of cemented fixed dental prosthesis (P) when
compared to non-dentine desensitizing groups (C)”?

P: Cemented fixed dental prosthesis
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I: Dentine desensitizer application
C: Non-dentine desensitizer application
O: Retention of crowns
Four electronic databases (MEDLINE/PubMed, Scopus, Cochrane Library, and Web

of Science–Core Collection) were systematically searched in October 2022 for relevant
titles with respect to the formulated PICO question. Details of the keywords and Boolean
operators used in the search strategy are listed in Supplementary Table S1. On the basis of
the requirements of each electronic database, slight amendments were made to the search
strategy. A reference list of articles was searched manually for further relevant titles.

2.3. Screening, Selection of Studies, and Data Extraction

After performing the search on the selected electronic databases, the collected titles and
their abstracts were independently examined by two reviewers (MES and MM). Duplicate
titles were removed, and the titles and abstracts of the remaining studies were assessed
against the preset inclusion and exclusion criteria. Full texts of the selected titles were
reviewed and the studies that met the inclusion criteria were collected. Two reviewers
(MES and MM) discussed the selected studies, and any disputed studies were discussed
with third reviewer (S.J.) to resolve disagreements. The reference list of the selected
studies was searched manually to check for any supplementary relevant studies that
met the requirements. Relevant data were extracted from the studies that fulfilled the
inclusion criteria and were tabulated in a self-designed table. Table 1 is a self-designed
master table containing information related to Author, Year and Country; Study Design;
Sample Size; Abutment Type; Specimen Fabrication Technique; Type of Framework (Single
Crown/3 Unit FPD); Crown/FPD Fabrication Technique; Control; Intervention; Name of
DA (Manufacturer); Main Chemical Composition of DA; Type of Cement, Trade Name and
Manufacturer; Test and Machine Used; Mean Tbs/Retentive Strength; Primary Outcomes;
Secondary Outcomes; and Authors’ Suggestions/Conclusions/Inferences.

2.4. Quality Assessment of the Included Studies

A modified CONSORT scale for in vitro studies [50,51] was used to assess the quality
of the selected studies. The standards of different sections of the published studies can be
assessed using the checklist, which includes 14 items. The items included were as follows:
“Item 1: Abstract containing structured summary of study design, methodology, results,
and conclusions; Item 2a: Introduction should have scientific background and detailed
explanation of rationale; Item 2b: Introduction should have study objectives with a defined
hypothesis; Item 3: Methodology should contain approach used in the experiment with
sufficient details to enable replication; Item 4: Precisely stated primary and secondary
outcomes to enable comparison; Item 5: Details of how sample size was determined; Item
6: Details of how random allocation sequence was generated; Item 7: Method used for
random allocation concealment; Item 8: Who implemented randomization? Item 9: If
randomization is performed, how was blinding followed? Item 10: Statistical assessment;
Item 11: Results outcome and estimation; Item 12: Study limitations; Item 13: Details
related to funding; Item 14: Details related to the availability of study protocol, if available”
(Table 2).
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Table 2. Quality analyses of the included studies using the modified CONSORT scale.

Item→
1 2a 2b 3 4 5 6 7 8 9 10 11 12 13 14

Studies

Mausner et al., 1996 [41] Y Y Y Y Y N Y N N N Y Y N N N

Swift et al., 1997 [36] Y Y Y Y Y N Y N N N Y Y N N N

Johnson et al., 1998 [34] Y Y Y Y Y N N N N N Y Y N N N

Yim et al., 2000 [37] Y Y Y Y Y N Y N N N Y Y Y Y N

Wolfart et al., 2003 [12] Y Y Y Y Y N Y N N N Y Y Y N N

Johnson et al., 2004 [42] Y Y Y Y Y N N N N N Y Y N N N

Sipahi et al., 2007 [38] Y Y Y Y Y N N N N N Y Y N N N

Jalandar et al., 2012 [18] Y Y Y Y Y N N N N N Y Y Y N N

Stawarczyk et al., 2012 [19] Y Y Y Y Y N Y N N N Y Y Y N N

Patel et al., 2013 [20] Y Y Y Y Y N N N N N Y Y Y N N

Chandrasekaran et al., 2014 [43] Y Y Y Y Y N Y Y N N Y Y Y N N

Kumar et al., 2015 [44] Y Y Y Y Y N N N N N Y Y N N N

Chandavarkar et al., 2015 [8] Y Y Y Y Y N N N N N Y Y Y Y N

Janapala et al., 2015 [45] Y Y Y Y Y Y N N N N Y Y Y Y N

Lawaf et al., 2016 [31] Y Y Y Y Y N N N N N Y Y Y N N

Pilo et al., 2016 [10] Y Y Y Y Y N N N N N Y Y N N N

Mapkar et al., 2018 [11] Y Y Y Y Y N N N N N Y Y Y Y N

Pilo et al., 2018 [39] Y Y Y Y Y N N N N N Y Y Y Y N

Asadullah et al., 2018 [46] Y Y Y Y Y N N N N N Y Y N Y N

Himashilpa et al., 2019 [35] Y Y Y Y Y N N N N N Y Y N N N

Supraja et al., 2020 [47] Y Y Y Y Y Y N N N N Y Y Y Y N

Hanjik et al., 2021 [48] Y Y Y Y Y N N N N N Y Y N N N

Dewan et al., 2022 [49] Y Y Y Y Y N N N N N Y Y Y Y Y

3. Results
3.1. Identification and Screening

An electronic search in PubMed, Scopus, Cochrane, and Web of Sciences resulted in
1454 hits. Of these, 202 articles were duplicates and, hence, were removed. After screening
the titles and abstracts of these articles, 1234 articles were removed. The full texts of the
remaining 18 articles were reviewed by two authors and, after discussion, all 18 articles
were selected for final inclusion in the study. Five articles were added after manual search
of the references of the selected articles. Thus, finally, a total of 23 articles were included
that satisfied all the selection criteria and addressed the PICO question (Figure 1).

3.2. Characteristics of the Selected Studies

A total of 23 in vitro studies were assessed via a selection process in this systematic
review. Out of the 23 total studies, 10 studies were conducted in India, 4 in the USA, 2 in
Israel, and 1 each in Georgia, Iran, Saudi Arabia, Syria, Turkey, Germany, and Switzerland.
The most recent studies were published in 2022, and the oldest was published in 1996
(Table 1). All 23 studies demonstrated comparative analysis of the test and control groups
and assessed the effect of desensitizing agents on the retention of cemented crowns. The
sample size in the selected studies ranged from n = 20 [31] to n = 420 [35].
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for systematic reviews and meta-analyses.

Twelve out of the twenty-three studies used human molars, whereas eleven studies used
human premolars for evaluating the bond strength of the cemented crowns/copings. In most of
the studies, the taper for preparation of the tooth was kept between 6◦ and 20◦. All studies used
full-coverage crowns/copings for retention assessment. The materials used to fabricate these full-
coverage retainers were base metal alloys in seventeen studies [8,11,12,18,20,31,34,35,37–39,43–48],
noble/high noble alloys in three studies [36,43,45], and zirconia ceramic in three
studies [10,19,49]. In most of the studies involving metal alloys, the fabrication tech-
nique of crowns/copings was lost wax casting, whereas in two studies, an additive man-
ufacturing technique (3D printing) was used [39,47]. In all of the studies using zirconia
crowns/copings, the subtractive manufacturing technique (CAD/CAM milling) was used
for fabrication [10,19,49]. (Table 1).

The majority of the studies compared the effect of liquid-based DAs on retention, whereas
three studies compared the effect of lasers as DA along with liquid-based DAs [8,38,44]. Most
of the studies compared the effect of more than one type of DA on retention. Nearly
thirteen studies used glutaraldehyde-based DAs [8,11,12,18,19,31,34–36,45,46,48,49], six
used arginine-based DAs [8,10,35,39,46], five used CPP-ACP-based DAs [8,18,35,43,47],
and three studies each used phosphoric acid-based [20,36,42] and resin-based [11,12,37]
DAs. Few studies assessed the effect of other types of DAs (D-TMR-based, HEMA NTG-
GMA-based, etc.) on the retention of cemented crowns. (Table 1).

Most of the studies compared the bond strength using different types of luting
cement [10–12,18–20,34–37,39,41–44,47–49]. Commonly used cements include zinc phos-
phate, glass ionomer cement, resin-modified GIC, and resin cement. Only one study also
compared polycarboxylate cement along with the above-mentioned cements [41]. (Table 1).
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3.3. Findings of Quality Analysis

As all of the studies selected in this systematic review were in vitro studies, the
modified CONSORT scale [50,51] for in vitro studies was used to perform quality analysis
of the selected studies, on the basis of which 61.7% (213/345) of the entries were positively
rated (Table 2). Entries related to the quality of the abstract (Item 1), the introduction
(Item 2a, 2b), the intervention (Item 3), the outcomes (Item 4), the statistical methods used
(Item 10) in the methodology section, and the results section (Item 11) were rated positively
for all of the selected articles. Thirteen studies reported their limitations (Item 12), eight
reported details related to the sources of funding (Item 13), six briefly reported details on
the randomization method (Item 6), only two reported of the method used for sample
size calculation (Item 5), and one study made the full study protocol accessible (Item 14).
One study reported steps taken to conceal the random allocation (Item 7), but none of
the studies reported having taken steps necessary to prevent bias, such as who made the
random distribution sequence (Item 7) and how blinding was performed (Item 9). Overall,
the quality of the selected articles was good, with a moderate risk of bias.

3.4. Results of Individual Studies

The results of the selected studies varied due to differences in the composition of the
tested dentine DAs and the types of luting cements. After the application of liquid-based
DAs, the studies reported an increase in the retention of crowns when cemented with
resin cements [19,31,36,37,41,46,49], when cemented with GIC [8,18,20,39,42,43], and when
cemented with RMGIC [18,37,45,47,48]. However, the use of DAs with ZPC was reported in
almost all of the studies to decrease the retention of cemented crowns [11,18,20,37,39,41–43].
The studies also reported a reduction in retention when GIC or resin cements were used
with specific DAs [35,37,41,46–48]. The use of a laser as a DA was reported to reduce
the retention of crowns when cemented using GIC [8,38,44]. However, Kumar et al. [44]
reported that retention increased when laser was used as a DA and resin cement was used
for the cementation of retainers (Table 1).

4. Discussion

Tooth preparation for full-coverage FDP involves reduction of the coronal tooth struc-
ture. Hypersensitivity is commonly reported after cementation of crowns/FPDs on pre-
pared vital teeth [52]. Dentine desensitizing agents are commonly applied on the teeth
before cementation to prevent this hypersensitivity, but their effect on the retention of
cemented crowns is still debatable [8,10–12,18–20,31,34–39,41–49]. The current systematic
review is the first of its kind to evaluate the quality of the published literature assessing
the effect of DAs on the bond strength of cemented crowns. All 23 included articles were
in vitro prospective randomized controlled trials [8,10–12,18–20,31,34–39,41–49]. The find-
ings of the 23 included studies suggest that the use of DAs affects the bond strength of
cemented crowns, and that the results vary according to the type of DA and the cement
used for cementation, thereby rejecting the proposed null hypothesis.

Multiple reasons for post-cementation hypersensitivity have been postulated in the lit-
erature, including the opening of dentinal tubules, the chemical composition and the initial
low pH of the luting cements, microleakage and bacterial leakage due to polymerization
shrinkage of luting agents, desiccation of the tooth, hydraulic pressure on tubules during
luting, higher permeability due to smear layer removal, etc. [47,53–56]. To minimize this
post-cementation hypersensitivity, DAs are commonly used before cementation. These DAs
can be in the form of liquids or lasers [8,12,38,42–47]. They act in multiple ways, which
include blocking the opening of dentinal tubules, reducing inflammation, depolarization
of the nerves, etc. [11,47]. The protective layer formed by DA can affect the retention of
cemented crowns by reducing the micromechanical retention tags [15,16,44].

When evaluating the retention of crowns cemented with ZPC, most studies report a
decrease in retention values after the application of DAs. [11,18,20,35,37,39,41–43]. ZPC
uses irregularities on the dentine surface to attain mechanical retention. Application of
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most of the DAs blocked these irregularities, thus making the surface smooth and causing
a decrease in retention. Meanwhile, in three studies, the retention values were slightly
higher [11,18,34]. All three studies used the GLUMA desensitizer, which has been reported
to obliterate the bulk of dentinal tubules and infiltrate into them as plugs [57]. This does not
alter the irregularities on the dentine and, thus, does not reduce the retention of cemented
crowns [18,57].

With GIC as a luting agent, studies have reported contrasting results for retention
values with the application of DAs. The type of DA used affected the retention values to
a great extent. The retention values were reported to be higher in all studies that used
GC Tooth Mousse [8,18,35,43] and One Step [20,36,42] as a DA before cementation. The
mechanism of bonding of GIC is chemico-mechanical. The use of GC Tooth Mousse makes
the dentine surface smooth, thus helping to increase retention values, as GIC bonds better
on smoother surfaces [18,35]. Higher retention values with the application of One Step
DA may be due to the chemical affinity of GIC towards HEMA monomers of resin DAs.
Thus, after the interface of GIC and resin has been set, it is reported to be like that of
RMGIC [20,36,42]. Four studies reported higher retention values when Gluma DA was
used [8,18,34,35], whereas three studies reported lower retention values [36–38]. The
increase in retention values was proposed to be due to the chemical affinity of GIC towards
resin sealers containing glutaraldehyde and HEMA [18], whereas the reduction in retention
values was proposed to be due to GLUMA being a non-polymerizing resin-based sealer
that fills the irregularities of dentine, thus preventing the formation of chelating bonds with
dentine [37]. The use of Colgate Sensitive Pro-Relief was reported in two studies to increase
retention values [8,39] and in one study to reduce retention values [35]. Chelation between
polyalkenoic chains in GIC and calcium carbonate in Pro-Arging-based DAs was presumed
to be a possible cause of higher retention values [39], whereas interference in bonding due
to the delicate plugs formed by the DAs was presumed to be the cause of poor retention
values [35]. Systemp DA increased the retention values in one study [35] and reduced them
in the other [48]. The binding of calcium and fluoride minerals released from GIC with
the system protein plugs was proposed to be the cause of higher retention values [35]. All
Bond [37,41] and lasers [8,38,44] reduced retention values in all of the studies that used
them as DAs. Lasers were reported to cause desiccation of the collagen fibrils, as well as
producing micro-explosions on the top surface of the dentinal tubules, leading to smear
layer formation. These changes interfere with the chemical bonding of GIC with dentine,
thus reducing the retention values [44,58].

Retention values when RMGIC is used as a luting agent after DA application varied
in different studies. In general, the use of Systemp DA increased retention values [35,48].
Gluma as DA increased retention values in three studies [18,36,45] and decreased them in
two studies [35,37]. The use of Tooth Mousse [18,43] or Colgate Sensitive Pro-Relief [10,35]
as DAs had no effect on retention values. The binding of protein plugs formed by Systemp
with resin tags was proposed to be the cause of higher retention values when Systemp DA
was used with RMGIC [35,48]. The increase in retention values with Gluma was proposed
to be due to the chemical affinity of RMGIC towards resin sealers containing HEMA [18,45].

Most of the studies reported higher retention values for crowns cemented using resin
cements after the application of different DAs [19,31,34,35,37,41,46,49]. Polymerization
between the HEMA complex (at the dentine–DA junction) and resin cement [31,59,60], the
rewetting properties of HEMA, the buffering capacity of resins [61], and micro-mechanical
bonding between protein plugs formed by DAs and resin tags [35,62] may be possible rea-
sons for increased retention values when RC is used with DAs. The use of Pro-Argenine [10]
and lasers [44] as DAs was reported to cause no change in retention values when RC was
used. It has been proposed that lasers increase the calcium ions on the surface of the
dentine, which may increase chelating reactions and resin cements, partially decalcifying
the smear layer (formed after laser treatment), thus forming resin tags [44,63].

In the absence of DAs, the retention values were reported to be highest for RC, followed by
RMGIC and GIC, while ZPC displayed lowest retention values [18,20,34,35,37,39,41–44,47,48].
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Adhesive bonding between calcium ions and monomers in resin cement was shown to
possess increased retention values compared to other cements [64,65].

The type of dentine desensitizing agent used in the selected studies influenced the
outcome of this systematic review. With time, new generations of DAs have evolved that
have better handling and properties. The comprehensive search and selection protocol
is a key feature of this systematic review. Limitations of this systematic review include a
moderate to high risk of bias in the selected studies, the wide variety of tested materials,
and the differences in testing conditions. The current systematic review aimed to discuss
the effects of DAs on the retention of crowns. The effect of these DAs on hypersensitivity
also needs to be addressed, as this is an important parameter when selecting the best DA
for patients before crown cementation to minimize post-operative sensitivity.

5. Conclusions

The following conclusions can be drawn on the basis of this systematic review:

1. The type of dentine desensitizing agent and luting agent used affect the retention
values of the cemented FDPs.

2. In general, the retention values of FDPs cemented using zinc phosphate cement
are reduced with most of the DAs, whereas retention values increase when GIC,
resin-modified GIC, and resin cements are used with the majority of DAs.

3. Blinding protocols should be followed in future in vitro studies to avoid bias.
4. Dentists should have knowledge regarding the compatibility of DAs and luting

cements in order to provide the best treatment to their patients.
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Abstract: Background and Objectives: Nowadays, indication of composite materials for various clin-
ical situations has increased significantly. However, in the oral environment, these biomaterials
are subjected (abnormal occlusal forces, external bleaching, consumption of carbonated beverages,
etc.) to changes in their functional and mechanical behavior when indicated primarily for patients
with masticatory habits. The study aimed to recreate in our lab one of the most common situations
nowadays—in-office activity of a young patient suffering from specific parafunctional occlusal stress
(bruxism) who consumes acidic beverages and is using at-home dental bleaching. Materials and Meth-
ods: Sixty standardized class II cavities were restored with two nanohybrid biocomposite materials
(Filtek Z550, 3M ESPE, and Evetric, Ivoclar Vivadent); the restored teeth were immersed in sports
drinks and carbonated beverages and exposed to an at-home teeth bleaching agent. The samples
were subjected to parafunctional mechanical loads using a dual-axis chewing simulator. A grading
evaluation system was conducted to assess the defects of the restorations using different examination
devices: a CBCT, a high-resolution digital camera, and periapical X-rays. Results: Before mechanical
loading, the CBCT analysis revealed substantially fewer interfacial defects between the two resin-
based composites (p > 0.05), whereas, after bruxism forces simulation, significantly more defects were
identified (p < 0.05). Qualitative examination of the restorations showed more occlusal defects for the
Evetric than the other nanohybrid composite. Conclusions: There were different behaviors observed
regarding the studied nanocomposites when simulation of parafunctional masticatory forces was
associated with aging treatments.

Keywords: CBCT; nanohybrid biocomposites; masticatory parafunction; surface aging treatment;
dental bleaching; digital X-ray; two-body wear simulation; bruxism; imaging in dentistry

1. Introduction

It is known that the most resistant material that withstands the oral cavity environment
is the natural tooth, with its biological tissues, enamel, and dentine [1]. However, due to
possible tooth diseases or traumas, these naturally engineered tissues may be damaged by
carious lesions, resulting in tooth decay and defects that need to be reconstructed with oral
biomaterials. These materials must be biocompatible, with optimal physical, mechanical,
chemical, and aesthetic properties. One of the most often indicated groups of restorative
materials is resin composite, which has shown an acceptable survival rate in clinical and
in vitro studies [2].

During recent decades, research and development of resin-based composites have
generated different subcategories of restorative materials that include composites con-
taining nano-sized filler particles [3–6]. Nano-filled composites have nanometric-sized
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particles, while nanohybrid ones contain finely ground glass fillers and nano-fillers in a
pre-polymerized filler form [7,8]. Some professionals claim that the newly introduced
materials [7] offer reduced polymerization contraction, enhanced mechanical properties,
and improved aesthetics [7–9].

Aesthetics has always been an important topic for patients. Thus, for over two decades,
bleaching treatments, especially those carried on at home, under a doctor’s supervision,
are often treatments of choice for improving dental color in adolescents and young adults,
particularly those interested in their body image [8–11]. This group of patients is known
to prioritize body aesthetics and practice sports regularly. Along with cutting-edge new
technologies in sports coming into play, there are also various sports drinks, energy drinks,
or soft drinks containing other sugary and mineral compounds [10].

It was reported in the literature that oral biofilm might induce surface changes in
dental restorative materials, leading to their chemical degradation and thus a higher chance
for the dental fillings to develop marginal percolation and other defects [12]. It was also
reported that chewing gum might lead to leaching of chemical compounds of resin-based
composites [13]. It is well known that any change in the architecture of the oral cavity may
interfere with the whole oral equilibrium, disturbing it at different levels (e.g., muscles,
teeth, TMJ) [8,9]. Consequently, parafunctional occlusal habits that generate increased
forces on teeth are frequently encountered and reported to highly affect tooth-adhesive
interface and tooth wear strength [1,8,9,14].

In this established environment, dramatic oral changes were observed due to low-pH
drink consumption and at-home dental bleaching or other whitening pastes. This problem
could be clinically translated with dental erosions and surface and interfacial failure of
different dental fillings [12,13,15–20].

Micro-computer tomography is a non-destructive X-ray 3D image analyzer used
mainly in laboratory investigations. Digital radiography is the most often clinically in-
dicated imagistic analysis used by dental practitioners. This radiographic method uses
2D images, but new systems or devices can analyze a broader range of oral environment
changes. One of these systems is cone-beam computed tomography (CBCT), which offers
a three-dimensional view of oral tissues for different clinical indications (such as caries
detection, TMJ disorders, or bone density) [21,22]. A few years ago, CBCT was proposed as
a 3D image analyzer for in vitro studies [22–24].

The literature did not thoroughly analyze the consequences of combined patients’
high aesthetic demands, sugar-added carbonated beverages, and parafunctional occlusal
habits. Based on the research data on this subject, the present in vitro study aimed to
assess behavior of two direct resin-based nanocomposites subjected to two surface ag-
ing treatments (external bleach and acid beverages) combined with simulated occlusal
parafunctional forces.

The null hypothesis was that the two restorative nano-biocomposites had very similar
mechanical, aesthetic, and functional behaviors regardless of type of surface aging and
higher impact loads applied.

2. Materials and Methods

The study protocol was approved by the Research Ethics and Methodology Depart-
ment, University of Medicine and Pharmacy “Iuliu Hatieganu”, Cluj-Napoca, Romania
(247/30.06.2021).

For this investigation, the sample size was determined based on a previous pilot study,
for which the effect size was 1, power (1-β) of 0.8, and the level of significance = 0.05. The
data were analyzed using a t-test family for matched pairs, with G*power software version
3.1.9.7 (Kiel University Software, Germany) for Windows software. The optimal sample
size was calculated as up to 10 dental cavities based on the abovementioned assumptions.

Before the experimental test, the teeth were checked for cracks, fractures, or other
surface defects using dental loupes (3× magnification) and a sharp explorer. Then, the
teeth were cleaned, and any soft tissue was removed using an ultrasound scaler (U600 LED,
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Woodpecker Medical Instruments Co. Ltd., Guilin, China). After the cleaning procedure,
the teeth were kept in 1% Chloramine T, and, after a thorough rinse, they were stored in
distilled water at 4 ◦C.

Sixty standardized class II cavities (mesio-occlusal, disto-occlusal) were prepared on
intact human premolars extracted for periodontal or orthodontic reasons upon the patient’s
consent. Two proximal cavities were prepared for each tooth with the following dimensions:
3 mm occlusal depth, 4 mm in buccal-lingual width, 2 mm proximal depth, 4 mm width at
the cervical area; all the proximal cavities had the gingival margin placed at 1 mm above
the cementoenamel junction (CEJ). The teeth were randomly divided into two groups
(n = 30 cavities/material) and restored using the following nanohybrid resin-based compos-
ites: Group 1, Evetric, Ivoclar Vivadent (Gr 1 EV); Group 2, Filtek Z550, 3M ESPE (Gr 2 FZ).
A self-etch universal adhesive (Opti-bond XTR Universal Self-Etch, Kerr Corp, USA) was
applied before the respective restorative composite (). The composites were applied based
on the zig-zag technique (2 mm/layer/material). For polymerization of each increment
(40 s/layer), we used a 2nd generation LED light-curing lamp (SDI, Radi-plus, light inten-
sity = 1500 mW/cm2; wavelength range = 440–480 nm). The tip of the curing lamp was
placed in direct contact with the dental wall where the material increment was placed. Then,
the restorations were finished and polished using oval carbide burs (SS White, T&F, Carbide
burs, FG, 7406), Sof-Lex abrasive disk (3M ESPE), Occlubrush impregnated polishers (Kerr
Co.), and Super Polish Paste (Kerr Co.).

The teeth were immersed twice a day for 28 days in a sports drink ((Gatorade Red
Orange with a pH of 3.2) and then in a carbonated beverage (Coca-Cola, pH = 2.4)) [10].
The pH of the two beverages was tested using a pH meter HI-98103 (Hanna Instruments)
three times for each. After immersion in each acid beverage, the teeth were thoroughly
cleaned and rinsed. Then, they were subjected to external home bleaching treatment
(Natural White 5 min Whitening) for 14 days, 5 min/day, according to the manufacturer’s
recommendations [25]. After external bleaching procedures, the samples were cleaned and
rinsed with distilled water.

For high-impact occlusal forces simulation, a dual-axis chewing simulator was used
(CS 4.2, SD Mechatronik, Germany). Before the simulation, the roots of the restored
teeth were wax-sealed apically, covered with a type 3 polyvinyl siloxane (PVS), and then
embedded in self-cured acrylic resin according to a previously published article [14]. While
subjected to mechanical loading and surface treatments, the restored teeth were immersed
in artificial saliva.

In the chewing simulator device, the restored teeth were placed side by side in the
test chambers so that the stylus simultaneously touched the contact point between two
opposed adjacent restorations. Thus, half of the samples from each nanocomposite were
subjected to mechanical loads and surface aging treatments (ML + ST, n = 15 samples). Half
of them were only subjected to surface treatments (ST, n = 15 sample restorations). The
following parameters were used for parafunctional mechanical loading: 125,000 cycles at
7 kgf (70N) per stylus at 1.6 Hz frequency with lateral travel of ±3 mm.

The description of the setup protocol is shown in Figure 1.
The samples were covered with two layers of nail polish with 1 mm preservation

around the margins of the restorations; then, the restored teeth were immersed in 50 wt% of
silver nitrate solution. After a thorough rinse, the teeth were immersed in a photo-developer
for eighth (Dental X-ray Developer, Kodak Co, Rochester, NY, USA) and analyzed with a
digital X-ray and CBCT device.

Qualitative analysis was accomplished by one observer according to macro-morphological
characteristics based on Modified Clinical parameters criteria [26,27] using dental loupes
(3× magnification) and a high-resolution digital camera.

Using modified clinical parameters criteria, the restored teeth were observed and
evaluated for the following characteristics based on a grading system (Gr 0–Gr 2) (Table 1):

1. Color match (CM)
2. Marginal adaptation (MA)
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3. Surface roughness (SR)
4. Anatomical form (AF)
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Table 1. The grading system used based on modified clinical parameters criteria.

Grade Color Match (CM) Marginal Adaptation (MA) Surface Roughness (SR) Anatomical Form (AF)

GR 0 No change in color The tooth-restoration margin
is undetectable.

Smooth surface of
the restoration

No change of the
ana-tomical shape

GR 1 Slight change in color
Detectable tooth-restoration

margins without any
crevicular ditch

Slightly rough surface of
the restoration

Detectible under- or
over-contoured

ana-tomical shape of
the restoration

GR 2 Obvious change in
color of the restoration

Detectable tooth-restoration
margins with visible

crevicular space

Rough surface of
the restoration

Detailed information on the materials used in the study appears in Tables 2 and 3.
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Table 2. Chemical composition of the restorative materials used in the study [7,28].

Material
[Lot Number]

Organic Matrix
(+ Photo-Initiator) * Inorganic Phase * Medium Particle

Size *

Particles’
Distribution wt%
(vol%) *

Manufacturer

Evetric (EV)
[Z03XB7]
A3 shade

-BisGMA
-BisEMA
-UDMA
+Ivocerin®

-Barium glass
-Ytterbium trifluoride
-Oxides
-Pre-polymerized
particles

0.04–3 µm 80–81 (55–57)
Ivoclar, Vivadent,
Schaan
Liechtenstein

Filtek Z550 (FZ)
[NC35371]
A3 shade

-BisGMA
-BisEMA
-UDMA
-PEGDMA
-TEGDMA
+Camphorquinone (CQ)

-Zirconium oxide
silica
-Silica particles

0.005–3 µm
(Cluster 0.6–1.4 µm) 82 (68) 3M ESPE, St Paul,

MN, USA

BisGMA: bisphenol A diglycidyl ether dimethacrylate; TEGDMA: triethylene-glycol dimethacrylate BisEMA6:
bisphenol A polyethylene glycol diether dimethacrylate; UDMA: urethane dimethacrylate; PEGDMA: polyethy-
lene glycol dimethacrylate; * in accordance with the information provided by the manufacturers.

Table 3. The chemical composition of the adhesive used in the study [29].

Material Composition * Manufacturer

Optibond eXTRa Universal two-step self-etch Adhesive
[Primer: 7247705
Adhesive:7247706]

Primer: GPDM, hydrophilic co-monomers,
water/ethanol, acetone
Adhesive: resin monomers,
inorganic fillers, ethanol

Kerr Corporation

* In accordance with the information provided by the manufacturers.

For quantitative assessment of the dental filling defects, the following devices were
used: the digital X-rays device and the CBCT device (Planmeca USA Inc, Hoffman Estates,
IL, USA) (the thickness of the smallest slice was established at 200 µm).

Statistical Analysis

For statistical analysis, the samples were evaluated by material, by grade of defects,
and by mechanically loaded or not. Shapiro–Wilk test was performed to test the normal
distribution of the results. The data were subjected to different non-parametric statistical
tests (Kruskal–Wallis, Mann–Whitney U) using IBM SPSS software, version 21.0 (SPSS Inc,
Chicago, IL, USA). The Spearman rho test was used to verify any statistical correlation
between the extrinsic modified clinical parameters criteria system and the radiographic and
tomographic intrinsic grading system. The level of statistical significance was established
at p < 0.05.

3. Results

This study observed the restorations after surface aging treatments (ST) and after the
mechanical loading and surface treatments were applied (ML + ST) and evaluated them
based on qualitative and quantitative analysis.

3.1. Qualitative Analysis

When using the modified clinical parameters criteria to compare the two tested mate-
rials, the statistical analysis revealed the following:

(1) For color match parameters (CM) of Filtek Z550 and Evetric restorations, the
Kruskal–Wallis test showed significant differences among the grades for both aging treat-
ments (ML + ST and ST) (p < 0.0000001) (Table 4).
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Table 4. Kruskal–Wallis test for color match parameter (CM).

Test Statistics a,b

CM_ Filtek Z550 ST CM_ Evetric ST CM_ Filtek Z550 ML + ST CM_ Evetric ML + ST

Chi-Square 22.880 35.787 9.387 12.320
df 2 2 2 2
Asymp. Sig. 0.000 0.000 0.009 0.002

a. Kruskal–Wallis test; b. grouping variable: grade CM.

The Mann–Whitney test indicated the following results: for ST and ML + ST aging
groups, higher statistically significant differences for Gr 0 compared to Gr 1 and Gr 2 for
both tested restorative materials (p < 0.05). Less statistically significant color changes were
observed for Grade 2 compared with Grade 1 for tested materials and aging treatments
(p < 0.05).

(2) When the Kruskal–Wallis test was applied, the marginal adaptation parameter
(MA) for both resin-based composite materials had statistically significant differences
among the grades for both aging treatment groups (p < 0.05). After being subjected to
mechanical forces (ML + ST), both materials showed higher statistically significant values
for Grade 2 (Figure 2). For the restorations that were only subjected to surface treatments
(ST), the Mann–Whitney test showed a higher amount of Evetric samples without marginal
adaptation defects (Gr 0) than the Filtek restorations.
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(3) For the surface roughness parameter (SR), the Kruskal–Wallis statistical test re-
vealed significant differences only for the Evetric ST group between the grades (p < 0.000001)
(Table 5). At the same time, the Mann–Whitney U test showed significantly higher values
for Gr 1 than Gr 0 (p = 0.001) for the same group. After the Evetric samples were subjected
to mechanical loading treatment (ML + ST), a higher number of restorations with Gr 2
were observed (p > 0.05). Regarding Filtek Z550 samples, the statistical tests did not show
significant differences among the tested groups (ST versus ML + ST) (Table 5).

Table 5. Kruskal–Wallis test for surface roughness (SR) parameter.

Test Statistics a,b

SR_ Filtek Z550 ST SR_ Evetric ST SR_ Filtek Z550 ML + ST SR_ Evetric ML + ST

Chi-Square 4.808 15.840 2.347 4.107
df 2 2 2 2
Asymp. Sig. 0.090 0.000 0.309 0.128

a. Kruskal–Wallis test; b. grouping variable: grade SR.
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(4) For the anatomical form parameter (AF), the statistical tests indicated significant
differences for both groups of restorations no matter whether they were subjected or not to
simulated bruxism forces (p < 0.05) (Figure 3).
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Figure 3. Error bars chart representing the ‘grades’ distribution of the anatomical form (AF) parameter.

When comparing the restorations by material, the Kruskal–Wallis test did not reveal
any statistical difference in terms of color changes between the tested resin composites for
both mechanically and non-mechanically loaded groups (ML + ST and ST) (p > 0.05). On
the other hand, when comparing surface roughness (SR), a smoother surface (Gr 0) was
observed for the samples restored with FZ material compared to EV after surface aging
treatments (ST) (p = 0.021) (Figure 4).
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The Kruskal–Wallis test revealed no defects of marginal adaptation for the EV restora-
tions after surface treatments (ST) compared to FZ restorations (p < 0.00001). On the other
hand, similar marginal adaptation defects were observed for both resin-based biocompos-
ites subjected to ML + ST (p > 0.05) (Figure 4).

3.2. Quantitative Analysis

The quantitative evaluation was based on a grading system of the defects that ap-
peared at the interface and occlusal level of the restorations, respectively (Tables 6 and 7).
Importantly, all the restorations were assessed with the help of periapical X-ray and
CBCT images.
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Table 6. The grading system used in the study to assess occlusal defects of dental restorations.

Grade Significance

0 -without occlusal defects
1 -occlusal defects

Table 7. The grading system used in the study to assess interfacial defects of dental restorations.

Grade Significance

0 -without interfacial defects
1 -interfacial defects at the cervical
2 -interfacial defects at the cervical level and pulpal wall

It was observed that Evetric restorations were more radio-opaque than Filtek Z550
restorations (Figure 5). More cervical defects were observed radiographically for the Evetric
nanohybrid material compared with the samples restored with Filtek Z550. When degree of
impairment at the level of dental fillings was evaluated based on CBCT images, Filtek Z550
showed similar occlusal defects with Evetric biocomposite (p > 0.05). At the same time,
for Filtek Z550 composite material, we observed a detachment line at the tooth-restoration
interface after high-impact bruxism simulation.
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Figure 5. (A) Qualitative evaluation of the restorations based on high-resolution photos, digital
X-rays, and CBCT images. (B) Restored teeth samples before and after immersion in sports drinks
and carbonated beverages. (C) CBCT images of 200 µm slice evaluating the occlusal and interfacial
defects after the bruxism forces simulation.
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The Kruskal–Wallis test revealed statistically significant differences between grades
of impairment for Evetric composite for both situations (with and without high occlusal
forces simulation) (p = 0.001). For Filtek Z550 material, similar behavior was observed for
samples were treated only with sports drink/carbonated juice and bleaching substance
(ST) (p = 0.56). In contrast, for those that underwent high-impact occlusal force simulation
(ML + ST), a statistically significant difference was observed between grades of impairment
(p = 0.017) (Figure 5A).

Mann–Whitney U test showed a statistically significantly lower number of non-
mechanically loaded restorations (ST) of Filtek Z550 composite material that presented
Gr 0 interfacial defects compared with Evetric (p = 0.029). For Grade 2, there were not
found any statistical differences between samples of materials that were not subjected to
parafunctional simulation (ST) (p > 0.05).

For Evetric restorations, on one side, the non-mechanically simulated restorations
(ST) did not present any interfacial defects compared with Filtek Z550 samples (Gr 0,
p < 0.000001); on the other side, a statistically significant higher number of restorations
graded at level 2 with interfacial defects after high-impact bruxism force simulation
(ML + ST) was accomplished compared with Filtek Z550 samples (p = 0.009) (Figure 6).
Both resin-based composite materials had statistically significant differences in Gr 2 in-
terfacial defects after simulation of parafunctional occlusal forces (ML + ST) compared to
non-mechanically loaded samples (ST) (p < 0.05).
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When comparing by material, the Kruskal–Wallis test did not reveal any statistical
difference between the tested resin composites for both mechanically and non-mechanically
loaded groups no matter the presence of occlusal defects (p > 0.05). Regarding occlusal
defects, there were statistically significant differences observed between Gr 0 and Gr1
among the samples restored with Evetric material subjected only to surface treatments
(ST) (p = 0.009). In contrast, the samples restored with the same material subjected to
high-impact parafunctional force simulation (ML + ST) showed a statistically significantly
higher number of occlusal defects (Gr 1) compared with the Gr 0 mechanically simulated
probes (p < 0.000001) (Figure 6B).

Importantly, Spearman’s rho correlation coefficient revealed a strong relationship
between anatomical form parameter (AF)—(our scoring system) occlusal defects and
marginal adaptation parameter (MA)—interfacial defects, respectively (ST and ML + ST
groups) for both tested biocomposite restorative materials (p < 0.05).

4. Discussion

For many decades, indication of biocomposite materials for various clinical situations
has increased significantly. However, these dental restorative biomaterials are subjected in
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the oral environment (abnormal occlusal forces, external bleaching, consumption of carbon-
ated beverages) to changes in their functional and mechanical behavior when indicated
primarily for patients with masticatory habits.

The study aimed to recreate one of the most common situations of a young patient
suffering from specific parafunctional occlusal stress (bruxism) who consumes acidic
beverages and uses at-home dental bleaching.

Dental aesthetics has always been a primary concern. Thus, home-use dental bleaching
gels or other whitening pastes are now widely available online. Bleaching gels often
advertise that 5 min home use is enough to whiten one’s teeth [25]. The target audience for
this type of product is teenagers and young adults ages 17 to 30. It is called into question
whether these types of gels, indicated by the dentist, have a mild or strong effect only on
natural teeth or dental restorations. Because the bleaching agent acts on the surface of the
teeth or restorations, it was observed that it may affect fracture toughness of resin-based
composite restorations [30,31]] and may lead to release of some organic matrix polymers in
the oral environment [32]. According to Schuster L. et al., bleaching procedures may cause
reduced or enhanced elution of chemicals from the composites [33].

Another critical issue nowadays is the high percentage of patients who consume large
quantities of sports drinks (Gatorade, Isostar, etc.) and carbonated beverages (e.g., Coca-
Cola, Pepsi, Fanta, etc.), who represent the same target audience mentioned above [10,11].
When these two extrinsic elements are combined with intrinsic ones, such as parafunc-
tional occlusal forces, it is essential to understand the affected dental areas and what the
practitioner can use to restore the teeth [15–20].

In our in vitro investigation, we combined two surface treatments (home-use den-
tal bleaching gel and immersion in sports drinks and carbonated beverages) with high-
parafunctional masticatory simulation to assess both qualitatively and quantitatively the
behavior of two resin-based biocomposites. Thus, we used a dual-axis chewing simula-
tor with the loading force established at 70N [8] corresponding to the non-physiological
masticatory force of a bruxer human subject [34]. It must be pointed out that there are not
enough studies on this specific subject—consumption of acidic beverages and simulated
bruxism forces in association with uncontrolled at-home tooth whitening procedures and
their effect on mechanical behavior of composite restorative materials.

Qualitative analysis revealed significantly rougher surfaces for Evetric biocomposite
subjected to surface treatments compared to Filtek Z550. This result may be explained based
on the chemical composition of the restorative materials: Evetric contains pre-polymerized
particles and a distribution of 55–57% vol. of the inorganic fillers, while Filtek Z550 contains
68% vol. distribution (nanoparticles and nanoclusters). Given the values, it can be noted
that the fillers protect the remaining organic matrix for Filtek Z550. Thus, it might be a
higher chance for Evetric to wear its surface matrix much easier due to the low volume
distribution of the filler particles [35]. (Table 2).

The slight color change observed is based on the size of the particles mentioned above. Fil-
tek Z550 has smaller particles and, therefore, has a smoother surface and will have lower exter-
nal coloration (Figure 7); the same results were obtained by Ozkanoglu S. et al. [35]. Although
nanohybrid composite resins should be resistant to external coloration,
Güler et al. and other researchers [36,37] reported that excess silane-binding agent and
resin amount have a significant difference that increases coloration. Therefore, similar
behavior of the color parameters of grades 1 and 2 was observed for the tested samples
(Figures 4 and 7).

When discussing the materials’ composition, two other aspects are worth mentioning:
the influence of filler percentage and the photoinitiator. Dikova T et al. [38] conducted an
in vitro study that analyzed three composites (Filtek One Bulk Fill, Evetric, and FC G-aenial
Universal Flo) and concluded that the Filtek material (with a similar distribution of matrix
and filler particles to Filtek Z550), due to its higher filler content and composition, has the
highest microhardness in comparison to Evetric [39]. Similar results were also obtained in
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our study: Filtek Z550 showed better preservation than Evetric of the initial anatomical
form after high parafunctional simulated forces (Figure 3).
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It is essential to note that properties of composite materials are also influenced by
a patient’s diet (erosive factors), the materials’ composition, and the polymerization
method [40,41].

In our study, the tested nanohybrid composites had different photoinitiators: Ivo-
cerin (390–445 nm wavelength), for Evetric and for Filtek Z550, camphorquinone (CQ;
360–510 nm wavelength). Kowalska A. et al. [39] demonstrated that the highest hardness
and microhardness are associated with Filtek Z550, which contained CQ as a photoinitia-
tor [35]. In our study, the LED light-curing unit had a very narrow range of wavelength
(440–480 nm), which increased the possibility for Evetric to have a higher depth of cure and
polymerization degree, even if the filler particles content was low [38,39]; on the other side,
in the case of Filtek Z550, there was higher inorganic filler content and a wider range of
the wavelength compared with that of the LED lamp. Our investigation observed similar
changes (p > 0.05) in mechanical surface behavior related to anatomical form and occlusal
defects of the tested composite materials when surface treatments (ST) were simulated
(Figures 4, 5C, 6 and 7). Our findings are in accordance with other studies [8,18,38,39].

On the X-ray and CBCT images, it was observed that the samples restored with
Evetric were more radio-opaque than those restored with Filtek Z550 (Figure 5A,C). This
observation agrees with the results reported by other researchers [7,42,43]. Thus, the
following possible explanation may be taken into consideration: within the inorganic phase
composition, Evetric has different variants of filler particles (BaO glass, Ytterbium fluorides,
oxides) and a low number of variants of organic polymers (Table 2) [28], while Filtek Z550
is highly represented by a variety of organic matrix monomers and only a few types of
inorganic fillers (Zirconia and Silica particles) [7,43], so, the higher the variety of inorganic
filler particles, the higher the radio-opacity.

Use of micro-CT is considered a “golden standard” non-destructive radiographic
method for evaluating small areas for different human structures [23], especially detection
of tooth-restorative material interfacial defects [22–24,44–46]. This method uses high
radiation values for tiny areas and thus may be used only with a specific type of prepared
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samples along with laboratory investigations [23,44–46]. To better detect defects, dental
samples are immersed in 50% silver nitrate solution [44–46]

For many years, cone beam computer tomography (CBCT) has been widely used
for different dental specialties, especially surgical ones. This non-invasive investigation
method was preferred in the past decade and is often indicated for endodontics and caries
detection [21,24,47]. With CBCT, it is possible to explore dental tissues based on three-
dimensional analysis, which can be completed from different plans and sectioning of the
assessed tissues at different levels [21,23]. Thus, CBCT analysis on a daily dental basis may
help a dental practitioner with more elements and information three-dimensionally evalu-
ated than simple radiography at high resolution. Thus, both methods may be corroborated
by the dental clinician to improve a single radiographic analysis.

The reason for using a cone beam CT device for our investigation was based on its
clinical indication by dental practitioners [21,24,47]. This analysis was accomplished by
respecting the conditions of clinical practice to identify its limits as correctly as possible.
Our results have demonstrated similar detections with micro-CT images used by other
investigators [44,45].

In our study, quantitative analysis completed with an X-ray and CBCT device showed
significantly higher interfacial and occlusal defects for Evetric than Filtek Z550 (Gr 2,
p < 0.05) after the samples were subjected to high-impact masticatory forces simulation
(Figures 5 and 6). Other studies also reported similar results [14,20,44].

When interfacial defects were analyzed, based on silver nitrate infiltration, CBCT
images revealed statistically significant higher differences between the samples of both ma-
terials when these were subjected to bruxism simulation compared with those samples that
underwent only surface treatments (immersion in carbonated juice and dental bleaching
gel) (p < 0.05). Other researchers also observed similar effects [19,44–46,48]; moreover, for
interfacial microleakage analysis, they reported [44–46] immersion of the samples in silver
nitrate 50%, which is the same tracer used in our study.

Summing up, the Spearman rho correlation coefficient revealed a relationship between
the two variables, which may strengthen the reliability of our grading system. Moreover,
there is a correlation between the clinical parameters that evaluate the restorations exteriorly
(modified clinical parameters criteria) and the internal ones (X-rays and CBCT).

The present study was based on the hypothesis that there is no difference between
the tested composites regarding their mechanical behavior, aesthetics, and functional
behaviors regardless of type of surface aging treatment and bruxism simulation forces.
After qualitative and quantitative analysis, the null hypothesis was rejected.

Our study had some limitations, such as laboratory setup, simulation of high parafunc-
tional occlusal forces, type of restorative materials, and lack of elution chemical compounds
collected for both assessment methods (ST and ML + ST), as well as the use of a thermocycler.
Nevertheless, we want to emphasize some of the strong points of this investigation: simu-
lation of the periodontal ligament for tooth mobility using a polyvinyl siloxane material
along with the Willytec Chewing simulator type (C.S.-4.2, SD Mechatronik, Feldkirchen-
Westerham, Germany); to our knowledge, this study design has not yet been reported by
different groups of researchers from another academic university. Along with periodontal
ligament simulation, the whole laboratory setup had the goal to implement a real clinical
situation from a daily basis dental activity. The restored teeth were placed in contact
proximally so that the ceramic stylus met both restored teeth. Another strong point is
use of the assessment devices (high-resolution camera, digital X-rays, and CBCT device)
recommended daily by dental practitioners. Moreover, to analyze the restored samples,
we used loupes and digital images, enabling us to evaluate the dental restorations from an
extrinsic and intrinsic 3D point of view.

However, more clinical and in vitro studies should analyze this vast domain of
cone-beam computed tomography assessment and the effects of combined bruxism–acid
beverages–dental bleaching on more types of dental restorative materials, other types of
dental fillings, and different lab-simulated clinical setups.
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5. Conclusions

Within the limits of this in vitro investigation, the following conclusions may
be drawn:

- simulation of bruxism forces combined with surface treatments (immersion in car-
bonated juice and external bleaching) induced different mechanical and functional
behavior patterns of the analyzed resin-based biocomposites.

- radiographic and CBCT evaluation revealed more details regarding the mechanical
behavior of the tested restorative biomaterials compared with other analyzed methods
(digital camera and loupes).

- use of different surface agents (carbonated juice and dental bleaching agent) dramati-
cally impacts surface behavior of tested materials for simulated bruxism conditions.

- higher radio-opacity was observed for Evetric compared with Filtek Z550.
- more cervical defects were observed on radiographic and CBCT images for Evetric

compared with Filtek Z550.
- color parameter indicated a slight color change between tested materials.
- aging treatments increased surface roughness of Evetric restorations compared with

Filtek Z550 samples.
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merization Affect the Mechanical Properties of a Dental Composite Resin. Materials 2023, 16, 113. [CrossRef] [PubMed]

42. Dionysopoulos, D.; Tolidis, K.; Gerasimou, P.; Papadopoulos, C. Analyzing the radiopacity of dental composite restoratives.
SPEPRO 2017. [CrossRef]

43. Ermis, R.B.; Yildirim, D.; Yildiz, G.; Gormez, O. Radiopacity evaluation of contemporary resin composites by digitization of
images. Eur. J. Dent. 2014, 8, 342–347. [CrossRef]

44. Neves, A.A.; Jaecquesa, S.; Van Ende, A.; Cardoso, M.V.; Coutinho, E.; Lührs, A.K.; Zicari, F.; Van Meerbeek, B. 3D-microleakage
assessment of adhesive interfaces: Exploratory findings by µCT. Dent. Mater. 2014, 30, 799–807. [CrossRef]

45. Jacker-Guhr, S.; Ibarra, G.; Oppermann, L.S.; Lührs, A.K.; Rahman, A.; Geurtsen, W. Evaluation of microleakage in class V
composite restorations using dye penetration and micro-CT. Clin. Oral Invest. 2016, 20, 1709–1718. [CrossRef]

46. 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]

47. Tyndall, D.A.; Rathore, S. Cone-Beam CT Diagnostic Applications: Caries, Periodontal Bone Assessment and Endodontic
Applications. Dent. Clin. N. Am. 2008, 52, 825–841. [CrossRef] [PubMed]

48. Labunet, , A.; Objelean, A.; Almăs, an, O.; Kui, A.; Buduru, S.; Sava, S. Bruxism’s Implications on Fixed Orthodontic Retainer
Adhesion. Dent. J. 2022, 10, 141. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

160



Citation: Jánosi, K.M.; Cerghizan, D.;

Berneanu, F.D.; Kovács, A.; Szász, A.;
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Abstract: The impairment of aesthetic function leads to a decreased quality of life. An unaesthetic
smile due to excessive gingival exposure demands, most of the time, a complex treatment in which
the objective is the vertical reduction of the amount of exposed fixed gingiva by obtaining a complete
exposure of the anatomical crown of the teeth and restoring the ideal dimensions of the biological
width. This paper presents a case of a 48-year-old female patient who was unsatisfied with her
aesthetics and had disturbed masticatory function due to the absence of some posterior teeth. The
cone beam computed tomography was performed to evaluate the facial and dental morphology. The
treatment plan included diode laser and piezo-surgery utilization for the frontal area of the upper
arch and implants to restore the distal area of the lower and upper arch. Zirconia ceramic was used
for the final restorations. This complex and multidisciplinary full-mouth rehabilitation lasted for two
years, and the patient was pleased with the result. This case showed that a well-established treatment
plan is necessary to obtain long-lasting results. The use of adequate procedures and equipment
ensures a predictable result.

Keywords: oral rehabilitation; laser-assisted crown-lengthening; piezo-surgery; implants; zirconia ceramics

1. Introduction

Inadequate facial aesthetics due to an unaesthetic smile, especially in the case of a
gummy smile, with a high smile line, can harm patients’ quality of life, even leading to
psychical problems in some cases [1]. The American Academy of Periodontology (AAP)
defines the gummy smile as a deformity and mucogingival condition that affects the area
around the teeth [2]. The excessive gingival display is characterized by overexposure of
the maxillary gingiva during smiling or speaking [3]. According to Allen, gum exposure
of less than 2–3 mm can be considered attractive. An overexposure of more than three
mm is known as the gummy smile [4] and is generally considered an aesthetic problem [5].
In some European countries, a gingival display up to 4 mm or more is acceptable [4].
Etiological factors related to a gummy smile can be gingival (passive eruption), skeletal
(vertical maxillary excess), and muscular (upper lip hyperfunction) [6]. The high smile line
and excessive gingival exposure must be considered during the treatment plan [6] because
sometimes corrections are needed during full-mouth rehabilitation.

The treatment procedure depends on the diagnosis and the etiological factors.
Aesthetic crown lengthening is one of the most common surgical treatments for a

gummy smile. The objective of this procedure is the vertical reduction of the amount of
exposed fixed gingiva by obtaining a complete exposure of the anatomical crown of the
teeth and restoring the ideal dimensions of the biological width [7]. Following crown-
lengthening surgery, the biological width is restored to a minimum of 2 mm, with the
epithelial attachment of 0.97 mm and connective tissue of 1.07 mm width [8].
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Medicina 2023, 59, 197

During the development of the treatment plan, tridimensional imagistic investigations
are necessary. Cone beam computed tomography (CBCT) can provide accurate information
about the alveolar bone and the periodontal status of the teeth. Measurements can be
performed to define the length of the anatomical crown and root, which is necessary to
realize the surgery correctly [9].

The greatest desire during the surgery is good visibility, without bleeding in the work-
ing area. The diode laser’s most significant advantages are the non-bleeding operative field,
tissue evaporation ability, adequate sterilization of the interventional area and minimal
postoperative pain and edema [10].

Piezo-surgery offers a promising alternative to bone resection with significant benefits
compared to traditional methods. It reduces the bleeding rate by 25–30% because it does
not damage the soft tissues or blood vessels, ensuring a clean operating field during the
intervention [11]. Its combination with the minimal flap technique significantly reduces
postoperative pain and edema [12].

The gingival phenotype and the suture technique influence the evolution of the healing
process after the surgery [13].

Dental implants have been considered one of the most important discoveries in den-
tistry in the past decades. In modern dentistry, the implant-prosthetic approach allows the
treatment of partially edentulous spaces with fixed restorations, considerably improving
the patient’s quality of life [14]. The implant therapy, combined with zirconia ceramic
restorations, allows the rehabilitation of function and aesthetics [15].

2. Case Report

This case report is a full-mouth rehabilitation of a 48-year-old female patient. She
wanted to improve her aesthetics, disturbed by the shape and orientation of the upper
frontal teeth and the excessive visibility of the gingiva. The patient also reports difficulties
in mastication due to the absence of numerous posterior teeth in the lower arch. To
establish the preliminary diagnosis, intraoral examinations (Figure 1a) and a panoramic
X-ray (Figure 1b) were performed.
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Figure 1. Initial situation of the patient: (a) Unaesthetic metal-ceramic crowns with chronic inflam-
mation of the gingival margins and oblique interincisal line; (b) Initial panoramic X-ray.

The clinical examination revealed the presence of inadequate metal-ceramic restora-
tions, teeth with unsatisfactory periodontal status (grade I mobility), aesthetical and func-
tional problems. A full-mouth CBCT scan was performed for the final diagnosis and to
establish the treatment plan. The treatment objective was to perform full-mouth rehabilita-
tion and improve the smile’s aesthetics by reducing the excessive gingival displacement.

A crown-lengthening surgery was planned before the prosthodontic rehabilitation.
The long-term success of future restorations is conditioned by accurately reestablishing
the vertical dimension and the occlusal plane. The functional rehabilitation of the jaws
needed an implant-prosthodontic approach. The treatment plan was established following
the patient’s agreement, considering the principles of the Declaration of Helsinki involving
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humans as revised in 2013. Informed consent was obtained from the patient regarding the
treatment, and written informed consent has been obtained to publish this paper.

The full-mouth rehabilitation of this case was performed for two years.
Based on the CBCT measurements, the postoperative maxillary crown/root ratio was

defined (Figure 2). The right central incisor presented a short root length to support future
exposure during the crown-lengthening procedure. Therefore, it was decided to extract
this tooth. The extraction of periodontally compromised 17 and 15 teeth was recommended
with implant-prosthodontic rehabilitation of the right posterior area.
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Figure 2. Evaluation of the periodontal status and root length of the maxillary teeth on CBCT.

The surgical pre-prosthetic treatment protocol combines laser therapy with the piezo-
surgery to achieve a minimally invasive intervention with reduced postoperative symp-
tomatology. Intraoral mock-ups were created to simulate and individualize future results
and to guide the surgery (Figure 3).
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Figure 3. Planning the surgical treatment outcomes: (a) Initial mock-up; (b) Surgical guide.

The old restorations were removed. The surgical guide was realized after the pre-
liminary preparation of the abutments with the vertical preparation technique. During
the surgical interventions, the Optragate (Ivoclar Vivadent AG, Schaan, Principality of
Liechtenstein) retractor was used, which ensured good visibility and adequate access to the
working area. The Lasotronix Smart M Pro diode laser (Lasotronix Sp. z o.o., Piaseczno,
Poland) was used for the guiding incisions at the gingival margin, following the cervical
line of the mock-up. No elongation was performed at the right central incisor because this
tooth needed to be extracted at the end of the surgery. The alveolar bone margins were
removed using the Ultrasurgery US-III LED piezo-surgery device (Guilin Woodpecker
Medical Instrument Co., Ltd, Guangxi, P. R. China) (Figure 4).

To obtain long-lasting results, the placement of the margins of the future restorations
must be at a minimum distance of 5 mm from the alveolar bone. Therefore, this desirability
was considered during the surgery (Figure 5).
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Figure 5. The steps of the crown-lengthening surgery: (a) The abutments after the removal of the
old restorations and a preliminary preparation before the surgery; (b) Predefinition of the gingival
margins using the surgical guide and the Lasotronix Smart M Pro laser; (c) The limits of the new
gingival margins after the removal of the surgical guide; (d) The aspect of the prosthodontic field
after the piezo and laser surgery.

After performing the surgery and extracting the right central incisor, socket preserva-
tion and bone augmentation were done to maintain the alveolar bone dimensions. Provi-
sional restoration was made to restore the aesthetics and function temporarily. Complete
healing was achieved after six months. As expected, the results obtained were stable. The
gingival contour was exposed but symmetrical and satisfactory during the smile. The final
preparation of the abutments was performed with a heavy chamfer finish line, and zirconia
ceramic restorations were used for the prosthodontic rehabilitation (Figure 6). The bite
template was used to reestablish the vertical dimension. The color of the restorations was
B1 (Vita Classical shade guide).
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Figure 6. The steps of the prosthodontic rehabilitation: (a) Final aspect of the abutment after the
healing period; (b) One-step impression with A silicone—Variotime Heavy Tray and Medium Flow
(Zhermack); (c) The zirconia frame on the master cast; (d) The try-in of the zirconia frame; (e) The
final restoration after cementation.
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After the extraction of teeth 15 and 17, two implants were inserted. The osteointegra-
tion of the implants can be seen in the panoramic X-ray after six months (Figure 7).
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Figure 7. Panoramic X-ray with the osseointegrated implants and the maxillary prosthodontic
rehabilitation on the natural teeth.

Pre-prosthetic treatments were performed on the lower arch during the upper arch
healing period. The endodontic retreatments of the lower premolars were successful. The
preparation of the teeth was carried out with a subgingivally placed heavy chamfer finish
line. Single crown zirconia ceramic restorations and a bridge were realized, preserving
tooth vitality in all abutments (Figure 8).
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Figure 8. The steps of the prosthodontic rehabilitation: (a) The prepared abutments with the first
impression cord; (b) One step impression with A silicone; (c) The zirconia frame on the master cast;
(d) The try-in of the zirconia frame; (e) The final restoration after cementation.

For the restoration of the edentulous space on the lower arch, implant therapy was
applied. Two implants were inserted.

In the case of the upper arch, a screw-retained titanium-based zirconia ceramic bridge
was realized after the osseointegration period. The closed impression tray technique was
used (Figure 9).

A panoramic X-ray was taken to verify the osseointegration of the lower implants
(after six months) (Figure 10).

Due to the lack of parallelism of the implant bodies, a cemented zirconia ceramic
bridge was realized to re-establish the function on the lower arch. In this case, the open-tray
technique was used for the impression (Figure 11).

The final aspect of the complex, multidisciplinary full-mouth rehabilitation is pre-
sented in Figure 12.
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Figure 9. The sequences of the implant-prosthodontic therapy in the maxilla: (a) The emergence
profile after the removal of the healing caps; (b) The impression copings in the mouth; (c) The transfer
caps applied on the impression copings; (d) The master cast with the artificial gingiva and titanium
abutments; (e) The zirconia frame on the master cast; (f) The intraoral try-in of the titanium abutments;
(g) The intraoral try-in of the zirconia frame; (h) The final restoration after the intraoral fixation.
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marginal adaptation of all the restorations.
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3. Discussion 
Several studies have demonstrated the need for these surgical interventions to obtain 

an aesthetic smile, predominantly in the case of female patients [16], as in the presented 
case. The patient’s initial problem was the gingival smile with the visibility of unaesthetic 
metal-ceramic prosthetic works. In this situation, resolving the patient’s primary 
problems was possible only by performing full-mouth rehabilitation. 

The surgical correction of the upper clinical crown:root ratio and gingival 
displacement was necessary before the prosthodontic approach. 

According to Narayan et al., the pretreatment planning included a complex clinical 
evaluation regarding: 
• The patient’s systemic health and her expectations; 
• The evaluation of the face and smile line; 
• The lip thickness and size; 
• The size and shape of the teeth; 
• The gingival biotype and the width of keratinized gingiva; 
• The thickness and contour of the alveolar bone [17]. 

Figure 11. The sequences of the implant-prosthodontic therapy in the mandible: (a) The healing caps;
(b) The impression copings in the mouth; (c) The try-in of the open tray; (d) The impression with the
technical analogs (e) The prepared abutments and the artificial gingiva on the master cast; (f) The
zirconia framework on the cast.; (g) The final restoration on the cast; (h) The try-in of the zirconia
frame; (i) Closing the hole on the abutments; (j) The final restoration after the cementation.

166



Medicina 2023, 59, 197

Medicina 2023, 59, x FOR PEER REVIEW 7 of 11 
 

 

    
 

(f) (g) (h) (i) (j) 

Figure 11. The sequences of the implant-prosthodontic therapy in the mandible: (a) The healing 
caps; (b) The impression copings in the mouth; (c) The try-in of the open tray; (d) The impression 
with the technical analogs (e) The prepared abutments and the artificial gingiva on the master cast; 
(f) The zirconia framework on the cast.; (g) The final restoration on the cast; (h) The try-in of the 
zirconia frame; (i) Closing the hole on the abutments; (j) The final restoration after the cementation. 

The final aspect of the complex, multidisciplinary full-mouth rehabilitation is 
presented in Figure 12. 

  
(a) (b) 

 
(c) 

Figure 12. The final result of the full-mouth rehabilitation: (a) Intraoral aspect of the restorations; 
(b) The improved smile with minimal gingival display; (c) Panoramic X-ray after one year. 

3. Discussion 
Several studies have demonstrated the need for these surgical interventions to obtain 

an aesthetic smile, predominantly in the case of female patients [16], as in the presented 
case. The patient’s initial problem was the gingival smile with the visibility of unaesthetic 
metal-ceramic prosthetic works. In this situation, resolving the patient’s primary 
problems was possible only by performing full-mouth rehabilitation. 

The surgical correction of the upper clinical crown:root ratio and gingival 
displacement was necessary before the prosthodontic approach. 

According to Narayan et al., the pretreatment planning included a complex clinical 
evaluation regarding: 
• The patient’s systemic health and her expectations; 
• The evaluation of the face and smile line; 
• The lip thickness and size; 
• The size and shape of the teeth; 
• The gingival biotype and the width of keratinized gingiva; 
• The thickness and contour of the alveolar bone [17]. 

Figure 12. The final result of the full-mouth rehabilitation: (a) Intraoral aspect of the restorations;
(b) The improved smile with minimal gingival display; (c) Panoramic X-ray after one year.

3. Discussion

Several studies have demonstrated the need for these surgical interventions to obtain
an aesthetic smile, predominantly in the case of female patients [16], as in the presented
case. The patient’s initial problem was the gingival smile with the visibility of unaesthetic
metal-ceramic prosthetic works. In this situation, resolving the patient’s primary problems
was possible only by performing full-mouth rehabilitation.

The surgical correction of the upper clinical crown:root ratio and gingival displacement
was necessary before the prosthodontic approach.

According to Narayan et al., the pretreatment planning included a complex clinical
evaluation regarding:

• The patient’s systemic health and her expectations;
• The evaluation of the face and smile line;
• The lip thickness and size;
• The size and shape of the teeth;
• The gingival biotype and the width of keratinized gingiva;
• The thickness and contour of the alveolar bone [17].

CBCT evaluation was performed by measuring the existent and the future crown: root
ratio and the crestal bone relation to the cementoenamel junction to decide the surgery type.

In the presented case a, mock-up guided crown lengthening procedure was performed
based on the diagnostic wax-up, similar to the technique described by Jurado et al. [18] in
their case report. Using a precise 3D-printed surgical guide for crown lengthening can help
to prevent or reduce the chance of under or over-contouring hard and soft tissues during
the procedure [19].

The crown-lengthening surgery combined two modern, minimally invasive techniques
(laser therapy for soft tissue remodeling and piezo-surgery for bone resection) and the con-
ventional technique to obtain long-lasting results with minor post-interventional symptoms
and reduced healing time. The methods reduced surgical chair time and operative trauma,
accelerating the healing process and making the patient more comfortable. The flapless
surgery was undesirable because it did not allow direct visualization of the operative
field and can be challenging regarding soft tissue damage [20]. Performing a reduced flap
without vertical incisions was beneficial.
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The thick gingival phenotype of the patient facilitated the healing process. Three
months post-operatively, stabile results were obtained, probably due to minimally invasive
techniques and the favorable gingival phenotype. The recovery period, a controversial topic
in the literature, can differ individually. After soft tissue remodeling, the final rehabilitation
can be done after a healing period of three months [21,22]. According to Herrero et al.,
in the case of bone remodeling with biological width modification, the healing period
must be about six months before the prosthodontic rehabilitation [23], and it is essential to
define a proper distance between the finish line and the bone margin during post-surgical
prosthodontic treatment [24]. In our case, the healing period was six months.

After this period, the re-preparation of the teeth was carried out with a subgingivally-
placed heavy chamfer finish line at a greater distance from the bone margin than 5 mm. Zir-
conia ceramic single crown restorations and bridges were used for aesthetic and functional
rehabilitation. Several studies have been carried out regarding the marginal adaptation of
these restorations, which are superior to conventional metal-ceramics [25,26]. Proper teeth
preparation and a good impression technique are essential to achieve the best results [27,28].
In the case of digital workflow during the zirconia frame’s design, the cementation space
can influence the quality of the marginal adaptation. Defining the dimensions of this space
must be done with caution [29]. Dittmer et al. [30] and Kohorst et al. [31] demonstrated
in their studies that the successive application and firing of ceramic layers on the zirconia
frame could cause marginal discrepancies, contradictory to Vigolo et al. findings [32]. The
zirconia framework presents a lower occurrence of discrepancies than metal-ceramics [33];
this can contribute to obtaining long-lasting aesthetical results. The perfect marginal fit of
the restorations is essential in maintaining periodontal health and ensuring the restorations’
natural appearance, especially in the frontal area.

In the literature, different recommendations can be found for the cementation of
zirconia ceramic restorations on teeth and implants. Some studies recommend the adhesive
cementation technique in case of poor retention of the abutments [34,35]. Other studies
have shown the importance of treating the inner surfaces of zirconia restorations to achieve
good adhesion after cementation [36,37]. In the presented case, the zirconia restoration
internal surface was sandblasted and treated with Ivoclean (Ivoclar). The vitality of the
teeth influenced our choice of adhesive material. The adhesive cementation was abandoned
to avoid pulpal irritation related to etching. Resin-modified glass ionomer cement was
used for the final cementation of the restorations in the case of natural teeth.

In the case of implants, the fixation method (screw or cement retained) of the restora-
tions might not directly influence their survival rate. However, it can lead to certain
complications (mainly periimplantitis) [38]. Each retention method has its indication
with advantages and disadvantages [39]. According to de Brandao et al., there is no ev-
idence of differences in the marginal bone loss around the cement and screw-retained
restorations [40]. Several studies demonstrated a higher success rate of screw-retained
restorations versus classically cemented ones [38,41]. Park et al. recommend choosing the
appropriate fixation method depending on the implants’ parallelism and considering the
occlusal relations. It is crucial in the case of the upper premolar region the possibility to
place the access hole of the screw on the central fossa [42], as it was in our case.

The patient was satisfied with the obtained results, even though she still had a moder-
ate gummy smile. The lip-repositioning surgery represents future possibilities for better
aesthetical results [43], as does the injection of botulinum toxin A [44].

The patient chose a less invasive way to improve the final aesthetics in the future by
using hyaluronic acid filler to make the lips look fuller and more youthful.

The limitations during the follow-up:

• Lack of periodical CBCT evaluation (at three months, six months, and one year)
• Lack of periodical periodontal evaluation using periodontal probing.

Digital planning and using a 3D-printed surgical guide can improve the expected
results. A good collaboration between a multidisciplinary dental team and a facial plastic
surgeon can result in even better aesthetics.
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4. Conclusions

The crown-lengthening surgery is an efficient method to improve aesthetics in the
case of a gingival smile. Laser therapy and piezo-surgery are modern methods that allow
minimally invasive and efficient interventions with fast postoperative recovery. The zirco-
nia ceramic restorations can be used to restore aesthetics and function with good results.
Screw-retained restorations have a better long-term prognosis compared to cemented ones,
demonstrated by the one-year follow-up Panoramic X-ray.
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Abstract: Background and Objectives: The ever more complex modern dental education requires per-
manent adaptation to expanding medical knowledge and new advancements in digital technologies
as well as intensification of interdisciplinary collaboration. Our study presents a newly developed
computerized method allowing virtual case simulation on modular digital dental models and 3D-
printing of the obtained digital models; additionally, undergraduate dental students’ opinion on the
advanced method is investigated in this paper. Materials and Methods: Based on the digitalization of
didactic dental models, the proposed method generates modular digital dental models that can be
easily converted into different types of partial edentulism scenarios, thus allowing the development
of a digital library. Three-dimensionally printed simulated dental models can subsequently be manu-
factured based on the previously obtained digital models. The opinion of a group of undergraduate
dental students (n = 205) on the proposed method was assessed via a questionnaire, administered as a
Google form, sent via email. Results: The modular digital models allow students to perform repeated
virtual simulations of any possible partial edentulism cases, to project 3D virtual treatment plans and
to observe the subtle differences between diverse teeth preparations; the resulting 3D-printed models
could be used in students’ practical training. The proposed method received positive feedback from
the undergraduate students. Conclusions: The advanced method is adequate for dental students’
training, enabling the gradual design of modular digital dental models with partial edentulism, from
simple to complex cases, and the hands-on training on corresponding 3D-printed dental models.

Keywords: dental students; digital dental models; digital technology; 3D printing; digital libraries;
dental education; digital learning

1. Introduction

The digital revolution has spread across all medical fields, including dentistry [1], and,
as expected, it has also touched the under- and postgraduate medical education. In dentistry,
we are witnessing extraordinary progress generated by digital technology, such as clinical
and technical procedures related to intraoral or extraoral scanning [1–5], 3D printing [6,7],
guided dental implantology, complex maxillo-facial guided surgery or orthodontic digital
planning [8], design and production of diverse prosthetic restorations using subtractive or
additive methods [9–12], computerized validation of diverse fixed or mobile prostheses
and computerized patient monitoring [1]. The importance of these beneficial elements
constantly increases due to the encouraging perspectives in the development of digital
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dentistry. Today’s top trending elements in dentistry digitalization and in influencing
the directions of scientific research in this field are considered to be the following: rapid
prototyping (RP); augmented and virtual reality (AR/VR), artificial intelligence (AI) and
machine learning (ML); personalized and precision medicine; and tele-medicine [13–17].

Dental students’ training holds a special place in this technological universe and, as
a consequence, it must adapt to the characteristic rhythm of development of the actual
digital era [18–20]. Thus, the concept of “virtual teaching and learning” (“e-teaching and
e-learning”), which includes the use of digital dental didactic models, has been proposed
and successfully applied in university education, facilitating students’ understanding of
theoretical and practical aspects [21–23]; these methods ensure students’ efficient transition
from a preclinical to a clinical context, thus proving their high educational value [21–23].
Haptic models employing virtual reality techniques represent an alternative to the standard
models used in the preclinical training of students [24–26]. The famous Simodont (Nissin
Dental Products Europe BV, Nieuw-Vennep, The Netherlands) was the first simulator that
offered the possibility of learning proprioceptive abilities. The results of certain studies
demonstrate that a clinically relevant qualitative feedback can be provided via a VR dental
simulator [27,28]. While the cost of virtual simulation equipment is, unfortunately, still
high, Nassar [29] pointed out in a relatively recent review that “none can deny the benefits
of using these simulations strategies especially in saving faculty time as well as allowing
the students to perform repeated attempts to achieve mastery at their own pace and
after hours”.

On the other hand, digital applications are not intended to completely replace the
traditional, conventional methods of teaching and learning [18,30], which have proved their
efficiency and have already been validated. In this respect, the training on mechanical pa-
tient simulators (“phantom heads”) using standard dental models undisputedly remains an
important stage in the preclinical training of dental students. Practical exercises performed
on standard dental didactic models aim to form and, subsequently, to enhance the practical
abilities of under- and postgraduate dental students, so that, in contact with real patients,
they can demonstrate appropriate precision, correctness and expeditiousness in performing
practical daily dentistry [31–33]. The dental models obtained with 3D printing have been
used in dental education for some time. Deployment of 3D scanners, of CBCT and of
3D printers has enabled the precise replication of real anatomical structures, achieving
simulated dental models having a real clinical correspondent, which can be successfully
used in dental education [34,35] The combination of traditional simulation techniques with
digital simulation broadens the educational possibilities towards decision-making training
and deliberate practice, which are less possible in traditional settings.

Given the previously presented context, this paper has two major objectives:
(Objective 1) to advance a new computerized method that allows the simulation of different
virtual partial edentulism cases on modular digital dental models and the 3D printing of
the obtained digital models; (Objective 2) to assess the opinion of a group of undergraduate
dental students (n = 205) on the use of the proposed method in university dental education.

2. Materials and Methods

As previously mentioned, our study includes two distinct sections: the first one
addresses a computerized method for obtaining modular digital and 3D-printed den-
tal models and the second one presents undergraduate dental students’ opinion on the
advanced method.

2.1. Obtaining the Modular Digital and 3D-Printed Dental Models

The construction of the simulation models is based on CAD/CAM technology and
consist of the following phases:

Section 2.1.1: scanning of standard dental models (with intact anatomic teeth), and
separate scanning of intact artificial teeth and of prepared artificial teeth for different types
of fixed prosthetic restorations;
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Section 2.1.2: based on the acquired data, simulated modular dental models are
developed using CAD software;

Section 2.1.3: based on the previously obtained digital models, 3D-printed simulated
dental models can be manufactured.

2.1.1. Digital Data Acquisition

The proposed method for creating and accessing modular digital dental models is as
follows. As a first step, digital dental models were achieved by digitalizing a maxillary and
a mandibular standard dental model, their artificial teeth having intact anatomic dental
crowns (Frasaco AN3, Frasaco GmbH, Tettnang, Germany). Subsequently, the upper and
lower digital dental models were positioned in maximum intercuspation and scanned
accordingly. All digital data corresponding to the dental arches, alveolar processes and
maximum intercuspation position were obtained as .stl files (Standard Tessellation Lan-
guage) using a Trios 3 intraoral scanner (3Shape, Copenhagen, Denmark). Successively,
two groups of teeth were scanned separately, as follows: group A: represented by 32 artifi-
cial unprepared teeth, with intact anatomic dental crowns and their radicular extensions,
corresponding to the full upper and lower dental arches, as produced by the manufacturer
(Frasaco GmbH, Tettnang, Germany); group B: represented by 69 artificial teeth prepared
for various types of fixed prosthetic restorations for total or partial coverage (Frasaco
GmbH, Tettnang, Germany). These two groups were formed so that each unprepared artifi-
cial tooth, with an intact dental crown (from group A), corresponds to at least two prepared
artificial teeth from Group B.

2.1.2. Design of the Modular Dental Models

The digital models of the two dental arches were uploaded in a prosthetic restorations
design application (CAD) (Ceramill Mind, Amann Girrbach AG, Koblach, Austria) and,
observing anthropometric criteria, were mounted in the virtual articulator (Figure 1).
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Figure 1. Image of digital dental model mounted in the virtual articulator in maximum intercuspa-
tion position.

The .stl files corresponding to the intact (unprepared) artificial teeth that were sep-
arately scanned (group A) were uploaded one by one, in the same order, in the form
of “Generic Visualization Mesh”, by indexing them with the intact dental models. The
scanned images were indexed by reference to the corresponding surfaces of the dental
crowns (Figure 2). The same procedure was applied for all the teeth of the two dental
arches. Each artificial tooth scanned image (from Group A) was exported as a standard .stl
file, maintaining the reference system.
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Figure 2. Image representing the .stl file obtained after separate scanning of the unprepared tooth
# 1.1 (crown and radicular extension) indexed by reference to the corresponding surfaces of the digital
dental model.

The scanned images of the prepared artificial teeth belonging to group B were up-
loaded one at a time, also in the form of “Generic Visualization Mesh”, by indexation
in relation with intact teeth models, using as reference the corresponding surfaces of the
radicular extensions (Figure 3). The same procedure was applied for all prepared teeth from
group B. Each prepared scanned image was exported as a standard .stl file, observing the
reference system. The areas of the digital dental model corresponding to alveolar processes
were isolated using the “Edit Mesh” tool (teeth are separated and their corresponding
alveolar spaces are “closed”) (Figure 4). The two dental alveolar processes, corresponding
to upper and lower dental arches, were exported as .stl files, observing the reference system.
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Following the steps previously presented, the system of modular didactic digital
dental models was created. This system is formed of: 1. edentulous ridge models;
2. unprepared teeth models (group A); 3. prepared teeth models (group B). It is im-
portant that all models should observe the same reference system so that, when combined,
they will be placed in the correct position in relation to both their adjacent teeth and their
antagonists. The resulting modular digital models allow students to perform repeated
virtual simulation of any possible partial edentulism scenario. In order to generate a didac-
tic modular digital dental model corresponding to a certain configuration, a new order is
created in the CAD (Computer Aided Design) program. The two dental alveolar processes
are uploaded as a digital wax-up, to which Boolean additions of prepared or unprepared
teeth are performed.

We present a clinical situation corresponding to the absence of tooth #2.6/first upper
left molar (edentation of 2.6), where the teeth next to the edentation (the abutment teeth)
are prepared for complete fixed prosthetic coverage, with a circular cervical shoulder. At
the lower arch, we generate a digital dental model corresponding to the edentation of
all molars. In order to obtain the complete system of the modular didactic digital dental
model, the following steps are to be followed: the .stl files corresponding to the two alveolar
processes, respectively “MX GINGIVA FILLED.stl” (maxillary alveolar process) and “MD
GINGIVA FILLED.stl” (mandibular alveolar process) are uploaded as digital wax-ups;
the .stl files of the unprepared teeth from #1.8 to #2.4 and tooth #2.8 (Figure 5), and the
respective files of the prepared teeth #25 and #27—the abutments—(Figure 6) are added
to the “MX GINGIVA FILLED.stl” file as Boolean addition; the .stl files of the unprepared
teeth from #3.5 to #4.5 are added to the file “MD GINGIVA FILLED.stl” (Figure 7). The
areas corresponding to edentulous ridges can be edited in order to simulate bone resorption
(Figure 8).

Moreover, this method can also use a dental model generated from a real patient. In
this case, the following steps are required: 1. obtain digital intraoral impression; 2. generate
models with removable dies/abutments; 3. print the removable dies/abutments; 4. prepare
the abutments from the previous point (3) for different types of crowns; 5. re-scan the
printed model with intact teeth and prepared teeth (abutments). A digital library is thus
created, as in the case of the commercial didactic model.
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Figure 8. The obtained modular didactic dental model; the areas corresponding to edentulous ridges
can be edited to simulate bone resorption.

All procedures in this scientific study were conducted in accordance with the man-
ufacturers’ recommendations. It should also be noted that the software’s license is cur-
rently available.

2.1.3. Additive Manufacturing of the Dental Models

The obtained digital dental models (corresponding to standard models or to real
patients) can be 3D printed. The STL files were generated and exported to an SLA (Stere-
olithography) 3D printer (Form 3B+, Formlabs Inc., Somerville, MA, USA) in order to
fabricate the printed resin models using their proprietary resin (White Resin, Formlabs
Inc., Somerville, MA, USA). Printing tests were performed at a layer height of 0.050 mm,
0.100 mm and 0.020 mm; a layer height of 0.050 mm was chosen to be used in printing,
combining both a reduced printing time and a proper level of detail. The resulting plates
designated for printing consisted of 7 models, placed in a vertical position, to maximize the
available space. Printing was carried out at a layer height of 0.050 mm, 4.5 s layer exposure
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time, at 60% UV power. The printing time of 7 h and 38 min allowed for multiple plates to
be printed per day, significantly reducing the total production time. When the printing pro-
gram had finished, the printed models were removed from the platform and first cleaned
(washed) for ten minutes in 98% Isopropyl Alcohol (Anycubic Wash & Cure Plus Machine,
Hongkong Anycubic Technology Co., Kowloon, Hong Kong, China) to remove any excess
resin. After cleaning and drying, the printed models rested for at least 10 min to make sure
that they were dry and free of ethanol residue. The printed parts were placed for 6 min
for curing under UV light (Formlabs Cure Station, Formlabs Inc., Somerville, MA, USA)
at ambient temperature, for final, optimal polymerization. The support structures were
removed and the obtained 3D-printed dental models did not require any further finishing
or polishing. In case of the modular dental model, this can be printed with or without
mobile dies/abutments. It is worth noting that the dental models’ bases were designed
and 3D printed so that they can be mounted (using a magnetic metal plate) in the dental
patient simulators (Dental Patient Simulator (DPS) “Adam” TM, KaVo Dental GmbH,
88400 Biberach/Riß, Germany) which the faculty makes available to students.

2.2. Evaluation of Undergraduate Students’ Opinion on the Use of Modular Digital and
3D-Printed Dental Models in University Dental Education
2.2.1. Survey Methodology and Ethical Approval

This survey was approved by the Scientific Research Ethics Committee of “Carol
Davila” University of Medicine and Pharmacy, Bucharest, Romania (Project identification
Code: PO-35-F-03; Protocol number:15596; date: 8 June 2022). The students’ opinion on the
use of modular digital dental models and 3D-printed simulated dental models in university
dental education was assessed via a questionnaire, administered as a Google form sent
via email. The study was conducted in accordance with the Declaration of Helsinki of
1975, revised in 2013. Subjects selected to participate in the study were invited to fill in the
questionnaire and were informed about the survey in accordance with the World Medical
Association Declaration of Helsinki and the current European privacy law, highlighting,
in an introduction section of the questionnaire, the scientific aim of the study, that the
questionnaire was anonymous and that they had the right to interrupt the completion of the
form at any moment in case of withdrawal. Subjects who were invited to participate in this
study received an e-mail containing written information about the study and the informed
consent. All subjects gave their informed consent for inclusion before they participated in
the study. All subjects that agreed to participate in the study expressed their consent by
completing the survey; informed consent was obtained from the subjects involved in the
study to publish this paper. No personal data were collected through the form and, as an
anonymous web survey, no sensitive data were collected. The questionnaire was secured
so as to be completed only once by every participant.

2.2.2. Selection of Participants

This study was designed to be a pilot study and was conducted among third- and
fourth-year dental students undergoing theoretical and practical training in Prosthodontics,
Faculty of Dentistry, “Carol Davila” University of Medicine and Pharmacy, Bucharest,
Romania. The inclusion criteria for the participants were: third- and fourth-year dental stu-
dents; students that completed the theoretical and practical training in Fixed Prosthodontics
and Occlusology, for an entire semester; students that used the modular digital and 3D-
printed dental models in their training activities, during an entire semester (14 weeks), at
least once per week; females or males aged >18 years. The exclusion criteria were: students
not willing to participate in the study; students that have not completed their training in
Fixed Prosthodontics and Occlusology for an entire semester. These students’ opinions
on the use of modular digital dental models and 3D-printed simulated dental models in
university dental education was assessed via a questionnaire, administered as a Google
form sent via email. The request to participate in the survey was applied to 240 students, of
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which 205 voluntarily agreed to participate, which means a percentage of acceptance of
participation of 85.42%.

2.2.3. Survey Questionnaire

The questionnaire used for the assessment (as presented in Table 1) was formed of
20 items represented by both multiple or single-choice questions, referring to the following
main aspects: (1) socio-demographic data (age, gender, year of study—first three questions
of the questionnaire); (2) participants’ perception of the proposed computerized method
allowing virtual case simulation on modular digital dental models (questions 4 to 10);
(3) participants’ perception of the practical training on 3D-printed dental models (questions
11 to 17); (4) participants’ perception of certain particularities of the proposed methods and
on their further use in university dental education (questions 18 to 20). Items 4 to 7 and
11 to 14 were represented by multiple-choice questions; the other items were represented
by single-choice questions. The estimated time needed to fill in the questionnaire was a
maximum of 5 min.

Table 1. The questionnaire used to assess the opinions of dental students on the use of modular digital
and 3D-printed dental models in university dental education; the questionnaire was administered as
a Google form and sent via email.

Investigated Aspects Questions (Q) and Possible Answers

(1) Socio-demo-graphic data

Q1. Please enter your age

Q2. Please enter your gender

Q3. Please enter your study year

(2) Modular digital dental models

Q4. Modular digital dental models allow the following:

a. realistic simulation of various classes of partial edentulism

b. easy identification of various classes of partial edentulism

c. realistic simulation of the alveolar ridges resorption of various degrees

d. realistic simulation of malpositioned teeth and the destruction of dental
crowns, of various degrees

e. easy elaboration of various treatment plans

Q5. The three main advantages of using modular digital dental models in my
university training are as follows:

a. it allows a 3D visualization of details, in contrast to 2D images

b. it allows repeated virtual simulations (reiteration of virtual simulations)

c. it is an accessible and flexible method of learning

d. it is a quick way to learn

e. it is a comfortable way of learning

Q6. The three main advantages of using modular digital models as a method of
e-learning in university dental education are as follows:

a. it allows easy access from various locations

b. it allows virtual interaction (synchronous and asynchronous) between
students and teachers

c. it allows fast virtual feedback to students from teachers

d. it allows the storage of digital data for a long time

e. it allows the evaluation of the program’s effectiveness (number of
registered downloads)
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Table 1. Cont.

Investigated Aspects Questions (Q) and Possible Answers

Q7. The three main disadvantages of using modular digital models as a method
of e-learning in university dental education are as follows:

a. it requires technological resources (dedicated electronic devices: computer,
laptop etc.)

b. it requires (minimum) experience in the field of computers/(minimum)
digital skills

c. limitation of direct interaction with teachers (face-to-face contact)

d. limitation of direct interaction with patients

e. dependence on internet connection

Q8. Using the proposed virtual simulation method makes me feel better
prepared for my clinical activity:

a. Yes

b. No

Q9. The proposed virtual simulation method fits my way of learning:

a. Yes

b. No.

Q10. I am interested in further use of the proposed virtual simulation method in
my university training:

a. Yes

b. No

(3) 3D-printed dental models

Q11. Practical training on 3D-printed dental models allows me the following:

a. to improve my practical skills

b. to learn diverse practical procedures risk-free

c. hands-on training under the supervision of teachers

d. to better understand the performed procedures (dental preparations,
impressions, wax-up procedures, interim restorations)

e. good visualization of teeth (position, destruction) and edentulous areas

Q12. The three main advantages of using 3D-printed dental models in my
university training are as follows:

a. it allows a real/3D visualization of the details, in contrast to the 2D images

b. it allows repeated attempts of various practical procedures

c. it is an accessible, flexible method of learning

d. it is a quick way to learn

e. it is a comfortable way of learning

Q13. The three main advantages of using 3D-printed dental models in university
dental education are as follows:

a. 3D-printing of models is facilitated by the university

b. it allows direct interaction between students and teachers

c. it allows direct feedback to students from teachers

d. 3D-printed models can be scanned and archived as digital models which
allow virtual evaluation

e. 3D-printed models can be used for practical training in various dental
specialties in different years of study
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Table 1. Cont.

Investigated Aspects Questions (Q) and Possible Answers

Q14. The three main disadvantages of using 3D-printed dental models in my
university dental training are as follows:

a. the colour of the printed material is different from that of natural teeth

b. the hardness of the printed material is different from that of natural teeth

c. the lightness of the printed material is different from that of natural teeth

d. the absence of a gingival mask

e. the 3D-printed models are brittle

Q15. Practicing on 3D-printed dental models makes me feel better prepared for
my clinical activity:

a. Yes

b. No

Q16. The practical training on 3D-printed dental models fits my way of learning:

a. Yes

b. No

Q17. I am interested in further use of 3D-printed dental models in my
university training:

a. Yes

b. No

(4) Aspects common to both modular digital
and 3D-printed dental models

Q18. I believe that obtaining virtual and 3D-printed dental models from real
clinical cases through the proposed methods is an advantage:

a. Yes

b. No

Q19. I believe that the use of the proposed methods in my university training
can help me to improve my own professional skills in digital technology and
3D-printing:

a. Yes

b. No

Q20. I think that the development of these teaching / learning methods (virtual
and 3D-printed dental models) would be of interest to future generations
of students:

a. Yes

b. No

2.2.4. Data Analysis

All the data from the study were analyzed using IBM SPSS Statistics 25 and illustrated
using Microsoft Office Excel/Word 2021. Quantitative variables were tested for normal
distribution using the Shapiro–Wilk Test and were summarized as averages with standard
deviations or medians with interquartile ranges. Qualitative variables were reported as
counts or percentages and differences between groups were tested using Fisher’s Exact
tests. Quantitative independent variables with non-parametric distributions were tested
between groups using Mann–Whitney U. Correlations between quantitative variables with
non-parametric distributions were measured using Spearman’s rho correlation coefficients.
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3. Results
3.1. Modular Digital and 3D-Printed Dental Models

Theoretical and hands-on courses on the use of modular digital dental models and of
3D-printed simulated dental models were organized weekly by experienced specialists in
prosthodontics (university teaching staff) for the third- and fourth-year dental students,
and the students used these models in their training activities during an entire semester
(14 weeks) at least once per week. The modular digital models were used by the dental
students under the supervision of the teaching staff. The students could perform repeated
virtual simulation of any possible partial edentulism scenario, the virtual identification of
classes of partial edentulism requiring prosthetic treatment, the digital analysis of diverse
partial edentulous cases, occlusal examination (i.e., malpositioned teeth, occlusal plane) and
the selection of the proper dental preparation and of fixed dental prostheses for different
virtual clinical situations.

In Figures 9–13 certain sequences from the development of a modular digital dental
model are presented; this specific model was classified by our teaching staff as a “training
digital dental model”. The “training digital dental model” was designed to be relevant
to undergraduate students in fixed prosthodontics, as it presented different edentulous
areas, migrated teeth and bone resorptions. Based on this “digital training dental model”,
“3D-printed training dental models” were subsequently manufactured. The previously
mentioned 3D-printed models were made available to both third-year and fourth-year
dental students, who performed hands-on practice on these models throughout an entire
semester. Students’ practical training on these 3D-printed models included procedures
related to fixed prosthodontics, such as teeth preparations, wax-ups, fabrication of interim
restorations, partial and full-arch impressions, evaluation and provisional cementation of
interim fixed prosthetic restorations. Additionally, 3D-printed dental models that presented
diverse ideal teeth preparations for prosthetic restorations were made available to students;
students could check their own dental preparations using these models as reference. During
the respective semester, the students succeeded in combining virtual training on modular
digital dental models with practical training on their corresponding 3D-printed models.
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Figure 9. Sequence for obtaining the “training digital dental model”: the .stl files of the unprepared
teeth are added to the .stl file of the maxillary alveolar process (“MX GINGIVA FILLED.stl” file) as
Boolean additions.
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Figure 10. Sequence for obtaining the “training digital dental model”: the migrated tooth (#2.6) is
separately added.
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Figure 11. Sequence for obtaining the “training digital dental model”: the areas corresponding to
edentulous ridges are edited to simulate bone resorption (indicated by red arrows).
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Figure 12. Sequence for obtaining the “training digital dental model”: As an additional option, the
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Figure 13. The corresponding printable digital model is obtained.

3.2. Students’ Opinion on the Use of Modular Digital and 3D-Printed Dental Models in
University Dental Education

The statistical analysis of the results obtained from the applied survey revealed the
following presented aspects. Data in Table 2 show the demographic characteristics of
the analyzed students. Mean age was 22.31 ± 1.74, with a median of 22 years. Most
of the students were women (74.6%). A 58% proportion of the students were in their
fourth academic year and 42% of the students were in their third academic year.
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Table 2. Demographic characteristics of the analyzed students.

Parameter Value

Age (Mean ± SD, Median (IQR) 22.31 ± 1.74, 22 (21–23)

Gender (No., %) 153 (74.6%) Female, 52 (25.4%) Male

Year of study (No., %) 86 (42%) Third year, 119 (58%) Fourth year

Data in Table 3 show the distribution of the students according to their answers in the
survey. The results show the following elements:

– the most-selected answer for the functions of modular digital dental models (question
4) was the realistic simulation of various classes of partial edentulism (81%); corre-
sponding to functions of 3D-printed dental models (question 11), the most-selected
answer was option A (improvement of practical skills) (78.5%);

– the most-selected answer for advantages of modular digital dental models in uni-
versity training (question 5) was option A (3D visualization of details) (85.9%); in
the same line, the most-selected answer for the advantages of 3D-printed dental
models in university training (question 12) was option A (real/3D visualization of
details) (82.9%);

– the most-selected answer for advantages of modular digital dental models as a method
of e-learning (question 6) was option A (easy access from various locations) (86.8%);
in the case of 3D-printed dental models, the most-selected advantage was that the use
of these 3D-printed models allows direct feedback to students from teachers (77.1%);

– the most-selected answer for the disadvantages of modular digital dental models as a
method of e-learning (question 7) was option D (limitation of direct interaction with
patients) (69.3%); as for the 3D-printed dental models, the most-selected answer for
their disadvantages was option B (hardness of the printed material is different from
that of natural teeth) (91.7%);

– most responses were affirmative to questions 8 (76.6%), 9 (82.9%) and 10 (91.7%),which
are related to the virtual simulation method, and to questions 15 (84.9%), 16 (90.2%),
and 17 (92.7%), which are related to the 3D-printed dental models. The students were
asked if they feel better-prepared for their clinical activity by using the proposed
methods (question 8 and 15), if the methods fits their way of learning (question 9 and
16) and if they are interested in further use of the proposed methods in university
training (question 10 and 17). It can be noted that the questions related to 3D-printed
dental models registered a slightly higher affirmative response percentage than the
questions related to the virtual simulation method (modular digital models);

– most of the students responded affirmatively to question 18 (obtaining virtual/3D-
printed models from real clinical cases is an advantage) (96.6%), question 19 (usage
of virtual/3D-printed models improves professional skills in digital technology and
3D-printing) (92.7%), and question 20 (development of virtual/3D-printed dental
models would be of interest to future generations of students) (96.6%).

Data from Table 4 show the comparison of ages between different question item
answers. The distribution of age between groups was non-parametric according to the
Shapiro–Wilk test (p < 0.001). According to the Mann–Whitney U test, students who
selected item 5D (modular digital dental models are a quick way to learn) had a signifi-
cantly lower age (median = 22 years, IQR = 21–23) than students who did not select 5D
(median = 22 years, IQR = 22–23) (p = 0.034).
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Table 3. Distribution of the students according to the answers from the survey.

Question Selected/Affirmative Answer (No., %)

Q4 4A-81%, 4B-79.5%, 4C-59.5%, 4D-70.2%, 4E-78%

Q5 5A-85.9%, 5B-68.3%, 5C-66.3%, 5D-35.6%, 5E-43.9%

Q6 6A-86.8%, 6B-76.6%, 6C-56.6%, 6D-64.4%, 6E-15.6%

Q7 7A-62.4%, 7B-55.6%, 7C-57.6%, 7D-69.3%, 7E-55.1%

Q8 48 (23.4%) Negative, 157 (76.6%) Affirmative

Q9 35 (17.1%) Negative, 170 (82.9%) Affirmative

Q10 17 (8.3%) Negative, 188 (91.7%) Affirmative

Q11 11A-78.5%, 11B-75.6%, 11C-54.6%, 11D-78%, 11E-62.9%

Q12 12A-82.9%, 12B-70.2%, 12C-35.6%, 12D-35.6%, 12E-42.9%

Q13 13A-53.2%, 13B-51.7%, 13C-77.1%, 13D-52.7%, 13E-64.9%

Q14 14A-61.5%, 14B-91.7%, 14C-58%, 14D-42.4%, 14E-44.4%

Q15 31 (15.1%) Negative, 174 (84.9%) Affirmative

Q16 20 (9.8%) Negative, 185 (90.2%) Affirmative

Q17 15 (7.3%) Negative, 190 (92.7%) Affirmative

Q18 7 (3.4%) Negative, 198 (96.6%) Affirmative

Q19 15 (7.3%) Negative, 190 (92.7%) Affirmative

Q20 7 (3.4%) Negative, 198 (96.6%) Affirmative

Table 4. Comparison of ages between different question item answers.

Age/Item Q5-D Q5-E Q6-E Q13-B

Average ± SD 22.48 ± 1.98 22.18 ± 1.78 22.22 ± 1.75 22.01 ± 1.07

Median (IQR) 22 (22–23) 22 (21–23) 22 (21–23) 22 (21–23)

Mean Rank 109.22 96.12 98.49 93.64

Selected

Average ± SD 21.99 ± 1.15 22.47 ± 1.69 22.78 ± 1.66 22.58 ± 2.16

Median (IQR) 22 (21–23) 22 (22–23) 23 (22–23) 22 (22–23)

Mean Rank 91.75 111.79 127.41 111.75

p * 0.034 0.048 0.008 0.022
* Mann–Whitney U Test.

Also, students who selected item 5E (modular digital dental models are a comfortable
way of learning) (median = 22 years, IQR = 22–23 vs. median = 22 years, IQR = 21–23,
p = 0.048), 6E (modular digital dental models allow the evaluation of the program’s effec-
tiveness) (median = 23 years, IQR = 22–23 vs. median = 22 years, IQR = 21–23, p = 0.008)
or 13B (3D-printed dental models allow direct interaction between students and teachers)
(median = 22 years, IQR = 22–23 vs. median = 22 years, IQR = 21–23, p = 0.022) had a
significantly higher age than students who did not select these items.

Data from Table 5 show the distribution of the students according to academic year of
study and item answers. The results show the following:

– Students who selected option 4A (modular digital dental models allow realistic simu-
lation of various classes of partial edentulism) were more frequently in their fourth aca-
demic year (85.7% vs. 74.4%) (p = 0.048);

– Students who selected option 4C (modular digital dental models allow realistic simu-
lation of alveolar ridge resorption) were more frequently in their fourth academic year
(65.5% vs. 51.2%) (p = 0.044);
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– Students who selected option 4D (modular digital dental models allow realistic simu-
lation of malpositioned teeth and destruction of dental crowns) were more frequently
in their fourth academic year (76.5% vs. 61.6%) (p = 0.030);

– Students who selected option 5D (modular digital dental models are a quick way to
learn) were more frequently in their third academic year (46.5% vs. 27.7%) (p = 0.008);

– Students who selected option 7C (modular digital dental models are limited in terms
of direct interaction with teachers) were more frequently in their fourth academic year
(64.7% vs. 47.7%) (p = 0.022);

– Students who answered that modular digital dental models fit their way of learning
(question 9) were more frequently in their third academic year (89.5% vs. 78.2%)
(p = 0.039);

– Students who selected option 12D (3D-printed dental models are a quick way to learn)
were more frequently in their third academic year (45.3% vs. 28.6%) (p = 0.018);

– Students who selected option 13B (3D-printed dental models allow direct interaction
between students and teachers) were more frequently in their fourth academic year
(59.7% vs. 40.7%) (p = 0.011);

– Students who answered that virtual/3D-printed dental models would be of interest
to future generations of students (question 20) were more frequently in their third
academic year (100% vs. 94.1%) (p = 0.043).

Table 5. Distribution of the students according to academic year of study and item answers.

Selected Item
/Year of Study

Third Year (N = 86) Fourth Year (N = 119) p *
No. % No. %

Q4-A 64 74.4% 102 85.7% 0.048

Q4-C 44 51.2% 78 65.5% 0.044

Q4-D 53 61.6% 91 76.5% 0.030

Q5-D 40 46.5% 33 27.7% 0.008

Q7-C 41 47.7% 77 64.7% 0.022

Q9 (Affirmative) 77 89.5% 93 78.2% 0.039

Q12-D 39 45.3% 34 28.6% 0.018

Q13-B 35 40.7% 71 59.7% 0.011

Q20 (Affirmative) 86 100% 112 94.1% 0.043
* Fisher’s Exact Test.

Data from Table 6 show the comparisons of item answers among the analyzed students.
Differences between groups that are significant according to Fisher’s Exact Tests (p < 0.05)
show the following:

– Students who selected item 5A (modular digital dental models allow 3D visualization
of details) more frequently also selected item 12A (3D-printed dental models allow 3D
visualization of details) (90.6% vs. 62.9%) (p < 0.001);

– Students who selected item 5B (modular digital dental models allow repeated virtual
simulations) more frequently also selected item 12B (3D-printed dental models allow
repeated attempts of various practical procedures) (81.9% vs. 36.1%) (p < 0.001);

– Students who selected item 5C (modular digital dental models are an accessible and
flexible method of learning) more rarely also selected item 12C (3D-printed dental
models are an accessible and flexible method of learning) (78.8% vs. 43.8%) (p < 0.001);

– Students who selected item 5D (modular digital dental models are a quick way to
learn) more frequently also selected item 12D (3D-printed dental models are a quick
way to learn) (68.5% vs. 17.4%) (p < 0.001);
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– Students who selected item 5E (modular digital dental models are a comfortable way
of learning) more frequently also selected item 12E (3D-printed dental models are a
comfortable way of learning) (67% vs. 26.5%) (p < 0.001);

– Students who selected item 6C (modular digital dental models allow fast virtual
feedback to students from teachers) more frequently also selected item 13C (3D-
printed dental models allow direct feedback to students from teachers) (60.8% vs.
42.6%) (p = 0.030);

– Students who answered that modular digital models are a good way to prepare for
their clinical activity (question 8) more frequently also answered that 3D-printed
dental models are a good way to prepare for their clinical activity (question 15) (83.3%
vs. 38.7%) (p < 0.001);

– Students who answered that modular digital models fit their way of learning (question
9) more frequently also answered that 3D-printed dental models fit their way of
learning (question 16) (87.6% vs. 40%) (p < 0.001);

– Students who answered that they are interested in further use of modular digital
models (question 10) more frequently also answered that they are interested in further
use of 3D-printed dental models (question 17) (95.3% vs. 46.7%) (p < 0.001);

– Students who answered that obtaining virtual/3D-printed dental models from real
clinical cases is an advantage (question 18) more frequently also answered that
virtual/3D-printed dental models can help them improve their professional skills in
digital technology and 3D-printing (question 19) (98.9% vs. 66.7%) (p < 0.001);

– Students who answered that obtaining virtual/3D-printed dental models from real
clinical cases is an advantage (question 18) more frequently also answered that devel-
opment of virtual/3D-printed dental models would be of interest to future generations
of students (question 20) (98.5% vs. 42.9%) (p < 0.001);

– Students who answered that virtual/3D-printed dental models can help them improve
their professional skills in digital technology and 3D-printing (question 19) more
frequently also answered that development of virtual/3D-printed dental models
would be of interest to future generations of students (question 20) (94.9% vs. 28.6%)
(p < 0.001).

Table 6. Comparisons of item answers among analyzed students.

Item Q5-A/Q12-A
12-A-Not Selected 12-A-Selected

p *
No. % No. %

5-A-Not selected 13 37.1% 16 9.4%
<0.001

5-A-Selected 22 62.9% 154 90.6%

Item Q5-B/Q12-B
12-B-Not selected 12-B-Selected

p *
No. % No. %

5-B-Not selected 39 63.9% 26 18.1%
<0.001

5-B-Selected 22 36.1% 118 81.9%

Item Q5-C/Q12-C
12-C-Not Selected 12-C-Selected

p *
No. % No. %

5-C-Not selected 28 21.2% 41 56.2%
<0.001

5-C-Selected 104 78.8% 32 43.8%

Item Q5-D/Q12-D
12-D-Not Selected 12-D-Selected

p *
No. % No. %

5-D-Not selected 109 82.6% 23 31.5%
<0.001

5-D-Selected 23 17.4% 50 68.5%
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Table 6. Cont.

Item Q5-E/Q12-E
12-E-Not Selected 12-E-Selected

p *
No. % No. %

5-E-Not selected 86 73.5% 29 33%
<0.001

5-E-Selected 31 26.5% 59 67%

Item Q6-C/Q13-C
13-C-Not Selected 13-C-Selected

p *
No. % No. %

6-C-Not selected 27 57.4% 62 39.2%
0.030

6-C-Selected 20 42.6% 96 60.8%

Item Q8/Q15
15-Negative 15-Affirmative

p *
No. % No. %

8-Negative 19 61.3% 29 16.7%
<0.001

8-Affirmative 12 38.7% 145 83.3%

Item Q9/Q16
16-Negative 16-Affirmative

p *
No. % No. %

9-Negative 12 60% 23 12.4%
<0.001

9-Affirmative 8 40% 162 87.6%

Item Q10/Q17
17-Negative 17-Affirmative

p *
No. % No. %

10-Negative 8 53.3% 9 4.7%
<0.001

10-Affirmative 7 46.7% 181 95.3%

Item Q18/Q19
19-Negative 19-Affirmative

p *
No. % No. %

18-Negative 5 33.3% 2 1.1%
<0.001

18-Affirmative 10 66.7% 188 98.9%

Item Q18/Q20
20-Negative 20-Affirmative

p *
No. % No. %

18-Negative 4 57.1% 3 1.5%
<0.001

18-Affirmative 3 42.9% 195 98.5%

Item Q19/Q20
20-Negative 20-Affirmative

p *
No. % No. %

19-Negative 5 71.4% 10 5.1%
<0.001

19-Affirmative 2 28.6% 188 94.9%
* Fisher’s Exact Test.

Based on the numbers of items chosen for question 4 a score was constructed: Score_Q4—
number of functions chosen for modular digital dental models. Data from Table 7 and
Figure 14 show the comparison of Score_Q4 between academic years of study. Based on
the numbers of items chosen for questions 4 and 11 scores were constructed: Score_Q4—
number of functions chosen for modular digital dental models, Score_Q11—number of
functions chosen for 3D-printed dental models. Distribution of the Score_Q4 between
groups was non-parametric according to the Shapiro–Wilk test (p < 0.001). According to
the Mann–Whitney U test, fourth year students selected significantly more functions for
modular digital dental models (median = 4, IQR = 3–5) than third year students (median = 3,
IQR = 2–5) (p = 0.046).
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Table 7. Comparison of Score_Q4 between academic years of study.

Year of Study/
Score_Q4 Average ± SD Median (IQR) Mean Rank p *

Third year 3.42 ± 1.53 3 (2–5) 93.76
0.046

Fourth year 3.87 ± 1.29 4 (3–5) 109.68
* Mann–Whitney U Test.
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Data from Table 8 show the correlation between Score_Q4 and Score_Q11. Both scores
have a non-parametric distribution according to the Shapiro–Wilk Test (p < 0.001). The
correlation observed is statistically significant and positive with a weak power (p < 0.001,
R = 0.242), indicating that students who chose more functions for modular digital dental
models also chose more functions for 3D-printed dental models.

Table 8. Correlation between Score_Q4 and Score_Q11.

Correlation p *

Score_Q4 (p < 0.001 **) × Score_Q11 (p < 0.001 **) <0.001, R = 0.242
* Spearman’s rho Correlation Coefficient, ** Shapiro–Wilk Test.

4. Discussion

Digital technology is already advanced in the medical domain, and has an extraor-
dinary pace of and potential for development [36,37]. As regards the educational area in
dentistry, new digital means for theoretical teaching and practical training have appeared
in recent years, as well as various modalities for virtually interacting with students or
testing their abilities.

Based on the digitization of standard dental models, of artificial intact teeth, and of
artificial prepared teeth for diverse types of prosthetic restorations, the virtual method
presented in this paper allows the following: simulation of any possible partial edentulism
scenario; digital identification of diverse classes of partial edentulism; occlusal examination;
establishment of appropriate prosthetic treatment plans for different virtual clinical situa-
tions; and selection of the proper dental preparation and fixed dental prosthesis. In light
of the published literature, as other authors have also shown, this type of digital training
improves students’ 3D visualization skills while enabling them to better understand and
assimilate the required didactic information [22,38–40]. The virtual partial edentulism
cases that can be designed by this method correspond to clinical situations that a dentist
encounters in daily practice. Furthermore, based on the designed modular digital model,
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dental educators can add details inspired from real clinical cases to their interactive dis-
cussions with their students, including anatomical variations or ectopic dental positions.
Nevertheless, this method also allows the creation of modular digital models based on real
clinical cases. The digital library created by the digitalization of standard dental models and
of real clinical cases allows virtual simulations of any possible partial edentulism scenario;
in our opinion, this enables us to enrich our faculty’s own digital library, which could be of
great benefit to our students. The proposed method also allows the 3D printing of dental
simulated models, which have already proved their usefulness in undergraduate students’
pre-clinical practical training, as other scientific studies have pointed out [18,30–33,41–44].
Certain authors have suggested that 3D-printed dental models represent a “more realistic
and cost-efficient alternative to commercial models” in undergraduate dental training [42].
Our presented method is, indeed, software-based and available to all licensed users; how-
ever, to our understanding, this method could be regarded as being accessible, convenient
and user friendly. Moreover, in our study, the 3D-printed simulated dental models were
manufactured in our university, using our own internal resources, which leads to reduced
fabrication costs.

Regarding the use of the proposed modular digital dental models, the possibility to
constantly and rapidly vary the clinical scenarios but also to return to certain elements of
interest at any time could result in the enhancement of students’ ability to promptly identify
classes of partial edentulism, establish diagnoses and fixed or removable prosthetic treat-
ment plans, and observe the succession of therapeutic stages, as other authors also stated
in their studies [22,45]. As a result, students may be stimulated to elaborate several 3D
virtual treatment plans for the same clinical situation, previsualize (repeatedly, if needed)
these therapeutic alternatives and acknowledge the pros and cons of each possible solution.
Other recent studies [46,47], whose observations support the method we put forward in our
study, confirm students’ appreciation for e-learning or virtual teaching; the authors stated
that e-learning offers easy access to the shared materials and feasibility, which help students
better understand complex clinical cases or theoretical subjects. Mladenovic et al. [48] also
reported that students appreciate the flexibility of a suggested mobile application for the
dynamic study of dental traumatology. The digital method proposed in this paper also en-
ables the computerized analysis of the discrete differences between various types of dental
preparations: the unique details of each preparation can be 3D- and computer-visualized.
Goodacre [40] reports that, thanks to the 3D education in dentistry, students manage to
enhance their ability to visualize diverse structures three dimensionally and operate them
in their minds (“spatial ability”). Other studies state, in the light of the results obtained,
the necessity of virtual instruments for controlling the dental preparations achieved by the
students [22,49,50]. As other authors have mentioned, students can assimilate, by means
of this digital training, the notions that are important for an adequate presentation of the
treatment plan to future patients, and thus improve their communication and relational
skills, aspects that other authors refer to as well [21,51].

On the other hand, the idea of combining 3D virtual models with 3D-printed dental
models in university dental education is also suggested by other authors [44] in order to
ease visual recognition and understanding of teeth preparation. In our study, the possibility
to 3D-print the dental models on the basis of the designed digital modular models obtained
via the suggested method opens up new directions for applicability in dental education.
The obtained 3D-printed simulation models are hence designated for hands-on training
(tooth preparation for fixed prosthetic restorations or fillings, impressions, wax-up proce-
dures, provisional restorations, evaluation and cementation of fixed prosthetic restorations)
or for exercising other specific practical techniques. We have noticed that the possibility to
constantly and rapidly return to certain elements of interest in the digital models allowed
our students to manage the procedures they performed on the 3D-printed models. These
3D-printed dental models are also useful for additional analysis of the elements specific to
edentulism cases or for establishing treatment plans and the succession of the treatment
stages in dental prosthetics, occlusology and in other specialties (implantology, maxillo-

192



Medicina 2023, 59, 116

facial prosthodontics, orthodontics) [11,52–55]. Scientific studies found in the specialized
literature reveal the contribution that teaching methods applying 3D-printed models have
in dental education, as follows. Lambrecht (2010) [56] achieved 3D-printed training models
for implantology surgery, which were fabricated on the basis of real patients’ CBCT. Soares
(2013) [44] created virtual models and prototypes of teeth with various cavity prepara-
tions. Kroger (2017) [57] obtained 3D-printed models by digitally scanning real patients.
Hohne (2019) [58,59] created models in which the enamel and dentine can be discerned as
well as 3D-printed models with caries (both studies were evaluated and validated using
questionnaires filled in by students). Boonsiriphant (2019) [60] printed models with ideal
preparations of teeth and reported high advantages in students’ achieving practical abilities
thanks to real 3D visualization in contrast to 2D images in books or courses. Werz (2018) [61]
and Hanish (2020) [62] obtained printed models for exercising surgery techniques (sinus
lift, extraction of wisdom teeth, apical resection). Lee (2015) [63] demonstrated that printing
technology can also be useful in orthodontics, while Marty (2018) [64] presented a com-
parison between students’ perception on 3D-printed models based on real cases and their
perception on standard models, in pedodontics.

Furthermore, the responses collected from the survey of third- and fourth-year dental
students in our faculty indicate that the proposed method (the combined use of modular
digital and 3D-printed dental models in university dental training) received good feedback
from the participants in the survey. The findings of our survey were consistent with those
of other studies found in the dental literature [65–70]. However, to our knowledge, few
scientific studies have been dedicated to topics related to the influence of students’ age
or academic year on their perception of the use of digital dentistry and technological
advancement such as 3D-printing in dental education. Certain aspects were revealed
through the statistical analysis that was performed in our study; for example, the opinion
of the students participating in the study is different depending on their age: students
who selected the item indicating that “modular digital dental models are considered a
quick way to learn” had a significantly lower age than students who did not select this
item (p = 0.034). When compared to younger students, older students were more interested
in academic, teaching aspects, valuing the fact that modular digital dental models allow
the evaluation of the method’s effectiveness (p = 0.008) (number of registered downloads)
and that 3D-printed dental models allow direct interaction between students and teachers
(p = 0.022). Significant differences were registered between the students’ responses to the
applied questionnaire, depending on their academic year of study. Thus, when comparing
the fourth-year students to the third-year students, the latter responded more frequently
that modular digital dental models are a quick way to learn (p = 0.008) and fit their way
of learning (p = 0.039), and that the 3D-printed dental models allow them to learn quicker
(p = 0.018). On the other hand, fourth-year students showed greater concerns towards
exploring detailed anatomical elements: fourth-year students selected more frequently the
items indicating that modular digital dental models allow realistic simulation of various
classes of partial edentulism (p = 0.048), of alveolar ridge resorption (p = 0.044) and of
malpositioned teeth or destruction of dental crowns (p = 0.030). Moreover, fourth-year
students selected significantly more functions for modular digital dental models than
third-year students; students who chose more functions for modular digital dental models
also chose more functions for 3D-printed dental models (p < 0.001). To our understanding,
the older fourth-year students are able to better discern the value of the proposed modular
digital and 3D-printed dental models because they have greater practical experience and
higher theoretical knowledge. Even though the fourth-year students partake in various
clinical training sessions, they have expressed their willingness to continue using the
modular digital and 3D-printed dental models in their university education.

Although we registered certain relevant differences in students’ perception of the use
of the advanced method, depending on their age and academic year of study, it is worth
noting that the performed statistical analysis confirms that there is a coherent pattern in
students’ answers. For example, the questionnaire’s items corresponding to the modular
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digital models were answered similarly to those corresponding to the 3D-printed models;
students gave balanced answers to the questions regarding the advantages and the usage
of these two types of dental models. We can consequently conclude that the students
participating in this study appreciated the value of both modular digital and 3D-printed
dental models in a similar manner.

The survey represents an important tool which could contribute to the improvement of
students’ training activity, especially when modern, recent innovations such as CAD/CAM
technology or digital dentistry are introduced in a curriculum. Moreover, we consider
that our study lines up with the idea of sustainability in university dental education
which has been at the center of recent scientific studies [70–73]. In addition, other studies
pointed out that, in the context of the recent COVID-19 pandemic evolution [74–78], hybrid
teaching and educational platforms have proved to be very useful; these issues back up
our proposed method.

As other authors have already pointed out [65,79] it is debatable whether digital learn-
ing methods improve dental students’ skills. Despite the noticeable, evident enthusiasm of
the undergraduate dental students toward digital technology that was highlighted in this
paper, structured self-learning and self-evaluation of students represent important issues
for further development of dental curricula, as other authors have indicated [68]. On the
other hand, implementation of dental technology in university dental education could face
diverse barriers such as limited resources, funds, time and availability of teaching staff [67].
Therefore, as regards the limits of the advanced digital method, it is worth noting that it
requires technological resources and certain digital skills for the students. Additionally,
the hardness and the color of the printed resin that we used to obtain the 3D-printed
dental models is different from that of natural teeth, as the students also noticed; in this
context, the properties of different resin materials used in manufacturing the 3D-printed
dental models will be a subject of our further research. Another limitation of our paper
is the fact that the questionnaire was conducted at a single dental school and in a single
department (Prosthodontics); therefore, its results may not be extended to students in other
programs or to other dental specialties. Moreover, the results of the applied questionnaires
are based on perceived experiences and not on objective evaluations; we thus consider that
the development of students’ competence, skills and self-assessment should be investigated
from more of an objective standpoint in future studies.

Nevertheless, our study, along with other recent ones [18,40,74,80,81], further stimu-
lates interest in developing scientific research in the area of digital dentistry education and
also in investing in technological innovations [37,82–84], in order to provide the proper,
sustainable education to the next generations of dentists.

5. Conclusions

1. The present paper advances an alternative digital proposal dedicated to dental ed-
ucation of students in the domain of prosthodontics, allowing the creation digital
modular dental models corresponding to various clinical situations of partial eden-
tulism and to subsequently obtain 3D-printed dental models that can be used for
students’ practical training. The suggested method stimulates students to project,
create, previsualize and interact with modular didactic digital models and to perform
repeated virtual simulation of any possible partial edentulism scenario; on the other
hand, the 3D-printed models offer the possibility to enhance students’ practical skills.

2. As we registered positive feedback from students participating in the survey, the
proposed method could offer students at the pre-clinical stage of their education the
opportunity to train and prepare themselves better for their future clinical activities.

3. The proposed method could pave the way for various practical training applications in
dental education, fostering its sustainability and encouraging interdisciplinary collaboration.
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Abstract: (1) Background and Objectives: Oral candidiasis has increased significantly in recent years.
Increasingly, we encounter treatment difficulties related to drug resistance. Therefore, it is necessary
to search for other therapies such as ozone therapy, which has antimicrobial activity. The aim of
this study was to determine the sensitivity of selected Candida strains to ozonated water based on
concentration and contact time (2) Methods: The sensitivity of Candida strains to ozonated water with
a concentration of 5 µg/mL, 30 µg/mL, and 50 µg/mL was assessed using Mosmann’s Tetrazolium
Toxicity (MTT) assay. Statistical differences were assessed by the analysis of variance (ANOVA)
and the Newman-Keuls post-hoc test. A p-value of ≤0.05 was considered to indicate a statistically
significant difference. (3) Results: In all the strains and research trials, the number of viable cells was
reduced by ozonated water. The reduction depended on the exposure time and concentration of
ozonated water. The highest percentage reduction (34.98%) for the tested samples was obtained for
the C. albicans strain after 120 s of exposure at the highest concentration-50 µg/mL. (4) Conclusions: The
selected strains of Candida spp. were sensitive to ozonated water at all tested concentrations (5 µg/mL,
30 µg/mL, and 50 µg/mL). The sensitivity of strains to ozonated water increased with concentration
and application time. Moreover, the sensitivity of Candida strains to ozonated water is comparable to
that of 0.2% chlorhexidine gluconate.

Keywords: oral surgery; oral candidiasis; ozonated water; MTT; DMSO

1. Introduction

Candida fungi are part of the physiological saprophytic flora of the human oral cavity
and are found in up to 25–65% of patients [1,2]. However, under certain conditions, namely
disturbances of the balance and homeostasis of the organism or the incompetence of the
host immune system, opportunistic infections and the development of candidiasis may
occur. Due to the numerous and mutually overlapping risk factors for infection occurrence,
the number of infections with Candida fungi has dramatically increased recently [3]. In
clinical practice, doctors encounter increasingly huge difficulties in choosing the right
pharmacological treatment because of reduced drug sensitivity or even complete resistance
to fungi. Such a situation urged the search for new methods and substances with antifungal
properties in order to supplement or even replace conventional therapy [4,5]. Alternative
methods include essential oils (oregano, lemongrass, tea tree) [6–10], nano-metal colloidal
solutions (silver, copper, gold) [11–13], antimicrobial photodynamic therapy (aPDT) (a type
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of light therapy that causes irreversible damage to target cells) [14–16], and ozone therapy
(in various gaseous forms, water solutions, or ozonated oils) [17–20].

There are two forms of oxygen naturally occurring in the Earth’s atmosphere: molec-
ular oxygen (O2), consisting of two oxygen atoms, and the allotropic form found in the
stratosphere, ozone (O3), consisting of three oxygen atoms. O3 is a pale blue gas with
a pungent, characteristic smell. It is heavier than air; therefore, as it moves from the higher
layers of the atmosphere, it naturally cleans the air of pollutants. The solubility of ozone
in water is 10-fold greater than that of diatomic oxygen, which decreases with increasing
water temperature. The half-life of ozone in distilled water at room temperature is assumed
to be approximately 30 min. It decomposes into a diatomic oxygen (O2) and an active
singlet oxygen (1O2) molecule, whose strong oxidizing properties (resulting from a high
redox potential) make ozone one of the strongest oxidants among substances with a dis-
infecting effect; its redox potential is respectively 2.07 V for ozone, 1.76 V for hydrogen
peroxide, and 1.45 V for chloric acid (I) [21,22]. As a result, ozone has a wide therapeutic
window, and therefore gram-positive bacteria, gram-negative bacteria, viruses, fungi, and
vegetative cells are susceptible to its effects [23,24]. Its antimicrobial action is based on dam-
aging the cell wall and subsequent destruction of the lipids in the cell membrane, causing
an increase in its permeability and breakdown. Oxidized radicals act on fungi of the genus
Candida by destabilizing the cell membrane and damaging cytoplasmic organelles. They
also interact with purine and pyrimidine bases, damaging the genetic material, disrupting
enzyme systems, and leading to the destruction of the cell [24].

It is worth emphasizing that ozone has many applications in dentistry. For example,
ozone can be used to disinfect carious cavities and the root canal system before the final
filling, and due tits deep penetration into the dentinal tubules, ozone enables more thorough
decontamination. Additionally, ozone can be applied to treat dentine hypersensitivity
by opening dentinal tubules and enhancing the penetration of calcium or fluorine ions,
ensuring their long-term retention [23,25]. Regular application of low doses of ozone,
alone or in combination with conventional therapy, improves the treatment effectiveness of
mucosal diseases (aphthous erosions, cold sores, oral mycosis, lichen planus, and angular
cheilitis). Tissue microscopic studies have shown that ozone therapy reduces inflammation
and swelling and is useful in wound healing in soft tissues [26–28]. Additionally, a similar
mechanism of action can be expected in the course of treatment of oral candidiasis [29].

A common form of antiseptic or medication used in the oral cavity are rinses. Mouth
rinsing is most often recommended in the time range from 30 s to 2 min.

This study took these rinse requirements into account.
Therefore, the aim of the present study was to assess the sensitivity of selected Candida

strains to ozonated water based on concentration and contact time.
The null hypothesis to be tested is that the contact time and concentration of ozonated

water do not influence the sensitivity of selected Candida strains.

2. Materials and Methods
2.1. Organisms and Growth Conditions

This research was carried out on reference strains of Candida fungi from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA): Candida albicans ATCC 10,231,
Candida glabrata ATCC 2001, and Candida krusei ATCC 34,135. These represent the most
common strains causing oral candidiasis [30]. These strains were selected due to their high
frequency of occurrence in patients treated for oral mycosis. However, they often show
great difficulties in treatment due to reduced sensitivity to antifungal drugs. The approval
of the bioethics committee was not required due to the use of reference strains from the
ATCC collection.

Cultures of each strain were placed separately onto Sabouraud dextrose agar plates
from bioMerieux (Marcy-l’Étoile, France), which contain peptone (10.0 g/L) and agar
(8.0 g/L), and incubated in atmospheric air at 37 ◦C. After 24 h of incubation, a sample of
colonies was removed from the surface of the plate and suspended in sterile physiological
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solution (0.9% NaCl). The number of viable cells in used suspension was counted in
a Densi-La-Meter II densitometer (ERBA LACHEMA, Prague, Czech Republic) using the
optical density of McFarland = 5.0.

2.2. Ozone Water

Ozonated water in a concentration of 5 µg/mL, 30 µg/mL, and 50 µg/mL was
used, obtained with the use of an ATO-3 ozone therapy device (Metrum CryoFlex, Blizne
Łaszczyńskiego, Warsaw, Poland). Distilled water (400 mL) was ozonated for 7 min. ac-
cording to the manufacturer’s instructions. In order to preserve the properties of ozonated
water, a new portion was prepared before each stage (due to the short half-life).

2.3. Chlorhexidine Digluconate

The 0.2% working solution was prepared immediately before the test by diluting
a 2% aqueous solution of chlorhexidine digluconate (Cerkamed, Stalowa Wola, Poland)
in water of pharmacopoeial purity. The choice of this substance is supported by studies
showing its effectiveness against Candida spp. [26,31,32].

2.4. MTT Assay Protocol

The fungal cell viability was assessed using the MTT test. This is a quantitative study
to determine the end product, formazan, which is formed by adding [3-(4,5-dimethyl-
2-yl)-2,5-diphenyltetrazole] bromide (MTT reagent) from Sigma Chemical Company (St.
Louis, MO, USA) to a fungus suspension previously treated with ozonated water. The
MTT test assesses the activity of mitochondrial dehydrogenase, which is active only in
living fungus cells. The amount of insoluble formazan formed is directly proportional to
the number of viable cells. In order to dissolve the formazan crystals accumulating in the
cells, it was necessary to use a solution of dimethylsulfoxide (DMSO) (Merck, Darmstadt,
Germany). The concentration of the released dye was quantified in a universal microplate
spectrophotometer at a wavelength of λ = 550 nm, comparing the values in the test samples
to the control samples [33].

2.5. Experimental Groups and Inactivation of Candida spp. In Vitro

A total of 192 tests were prepared, 64 for each tested Candida strain. They were di-
vided into the following groups: O3, the experimental groups in which the working yeast
suspensions were treated with ozonated water (5 µg/mL, 30 µg/mL, and 50 µg/mL), and
two control groups. In the positive control, the yeast working suspensions were treated
with 0.2% chlorhexidine digluconate (CHX), while in the negative one (K) the working
suspensions were exposed neither to ozonated water nor chlorhexidine solution. The
experiments were performed under uniform experimental conditions in 8 independent
replications (n = 8). In each of the experimental and control groups, the effects of different
ozonated water concentrations and their exposure times on the reduction of viable cells
were assessed as follows: 200 µL of yeast working suspensions were added to the wells
of a 96-well plate. The plates were then centrifuged (at 2000 rpm per 5 min, in Jouan,
France) to separate the microbial pellet from the supernatant, which was then drained.
A volume of 200 µL of ozonated water was added to the test wells with a sterile pipette
for a duration of 30, 60, and 120 s, respectively. A positive control (CHX) was carried out
according to the above-described scheme, replacing ozonated water with freshly prepared
0.2% chlorhexidine digluconate. In the case of the control group (K), ozonated water was
replaced with liquid Sabouraud medium (Marcy-l’Étoile, France). After the specified time,
ozonated water, chlorhexidine, and Sabouraud’s liquid medium were removed, and 180 µL
of bioMerieux Sabouraud liquid medium and 20 µL of MTT reagent were added to the
wells. The plates with cells prepared in this way were incubated under aerobic condi-
tions for 4 days at 37 ◦C. After this time, the samples were centrifuged (at 2000 rpm per
5 min, in Jouan, France), the supernatant was drained, and 200 µL of DMSO was added to
the test cultures to extract insoluble formazan from the fungal cells. Then, 150 µL of the
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solution were collected and the absorbance was determined using an EonTM universal
microplate spectrophotometer (BioTek Instruments, Winooski, USA) at a wavelength of
λ = 550 nm. The color intensity of the test solution is proportional to the amount of formazan
formed. Values of mitochondrial dehydrogenase activity determining the percentage of
viable cells for the tested suspensions were calculated based on the following formula:
cell viability = [AB/AK] × 100% (AB-absorbance of the experimental sample, AK-absorbance
of the control sample).

2.6. Statistical Analysis

The results were presented in histograms as the mean of the cell viability ± standard
deviation. Statistical analysis was performed with the use of Excel 2013 by Microsoft and
Statistica v. 7.1 PL by StatSoft Poland (Poland, Cracow). The convergence of the results
with the normal distribution was assessed with the Shapiro-Wilk test. Statistical differences
were assessed by the analysis of variance (ANOVA) and the Newman-Keuls post-hoc test.
A p-value of ≤0.05 was considered to indicate a statistically significant difference (Figure 1).
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Figure 1. The study design.

3. Results

In the present study, the inhibitory effect of ozonated water at three concentrations
(5 µg/mL, 30 µg/mL, and 50 µg/mL) on the viability of Candida spp. cells was assessed
after 30, 60, and 120 s of incubation in experimental and control groups.

Figures 2–4 show the mean number of viable cells in percent and the standard devia-
tion (M SD). In all strains, both in the test and the control groups (CHX), the number of live
cells was reduced after exposure to ozonated water. The percentage reduction depended
on the concentration of ozonated water and the time of exposure. The lowest viability for
the test samples (50 µg/mL O3) was observed for the strain C. albicans ATCC 10,231 and
amounted to 34.98% (Figure 2). Subsequently, for C. glabrata ATCC 2001, it was 40.85%
(Figure 3), and for C. krusei ATCC 34,135 it was 55,79% (Figure 4). The lowest viability for
all strains was found for the longest exposure time in ozonated water in the highest concen-
tration. In the entire experiment, the lowest cell viability was obtained for C. albicans ATCC
10,231, as a result of the action of 0.2% chlorhexidine, and was 28.07% (Figure 2). Figure 5
shows the influence of different exposure times for ozonated water at three concentrations
on the cell viability of the investigated strains. The study used a p-value where * p < 0.05,
** p < 0.01, and *** p < 0.001. The lowest concentration of ozonated water was the most
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effective against the C. glabrata ATCC 2001 strain, after 60 s of exposure; the viability of the
strain amounted to 69.92%. However, statistically significant differences for this concentra-
tion and different exposure times have not been demonstrated. The greatest reduction in
cell viability in the shortest time of ozonated water application was demonstrated for the
C. glabrata ATCC 2001 strain; the cell viability of this strain amounted up to 49.25%. For this
time, differences between individual concentrations of ozonated water for the described
strain were statistically significant in each comparison (p < 0.001). On the other hand, for
the longest exposure time to ozonated water- 50 µg/mL O3, the highest sensitivity was
demonstrated for the strain C. albicans 10,231, where the cell viability was only 34.98%. The
comparison between individual exposure times within this concentration of ozone water
(50 µg/mL O3) showed a positive correlation between contact time with the active sub-
stance and the survival rate of C. albicans cells. Differences in this concentration of ozonated
water for the described strain between individual exposure times were statistically signifi-
cant in each comparison (p < 0.001) In 0.2% aqueous chlorhexidine digluconate the lowest
cell viability at 30, 60 and 120 s was recorded for C. albicans ATCC 10,231 strain. It amounted
to 57.36% for the shortest time and 28.07% for the longest application time (Figure 6).
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Figure 2. Viability of cells of Candida albicans ATCC 10,231 to ozonated water and chlorhexidine after
three exposure times. n = 8 where n is the number of independent replications.
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three exposure times. n = 8.
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fungal strains C. albicans ATCC 10,231, C. glabrata ATCC 2001, and C. krusei ATCC 34,135.
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Figure 6. Effect of different exposure times on 0.2% chlorhexidine digluconate (30 s–120 s) on the
number of viable cells (percentage of viability). Comparison between fungal strains C. albicans ATCC
10,231, C. glabrata ATCC 2001, and C. krusei ATCC 34,135.

4. Discussion

Ozone therapy is a method that uses ozone in various forms and its properties. It has
been successfully applied in medicine and dentistry for years [21].

The present results showed that the strain C. albicans ATCC 10,231 had the highest
sensitivity during the longest exposure to ozonated water for 120 s. The cell viability
of this strain was 34.98%, while the viability of the C. krusei ATCC 34,135 strain, in the
same conditions, amounted to 55.79%. The viability of cells after a 120-s exposure to 0.2%
chlorhexidine digluconate was found to be similar. It was 28.07% for C. albicans and 52.93%
for the C. krusei strain. Additionally, the C. albicans strain is more sensitive to commonly
used antiseptics, such as 0.2% chlorhexidine digluconate and ozonated water, than other
tested strains. Accordingly, the null hypothesis tested in this study could be rejected.
Similar results were obtained by Monzillo V. et al. [34], who analyzed the antifungal efficacy
(C. albicans, C. parapsilosis, C. glabrata, and C. tropicalis) of GeliO3 ozonated oil compared to
0.2% chlorhexidine digluconate (Plakgel ®). Both products demonstrated antifungal activity
against all Candida species tested. All species exhibited equal sensitivity to chlorhexidine.
In the case of GeliO3, differences in sensitivity were found. The greatest ones were observed
for C. glabrata and C. albicans, and the lowest for C. parapsilosis and C. tropicalis [34].

Other researchers confirmed the current study’s finding, demonstrating that the longer
ozone application time, the more effective it is. De Faria et al. [35] assessed and compared
the sensitivity to ozonated water of standard strains of C. albicans ATCC 18,804 and iso-
lates collected from healthy students. The reduction in the number of strains progressed
with increasing exposure time; however, complete reduction of colonies of the reference
C. albicans strain occurred only after 5 min of exposure to ozone at a concentration of
3.3 mg/L. Moreover, freshly isolated strains of C. albicans showed higher resistance to
ozone than the reference strains [35].

It is worth emphasizing that in the oral cavity there are pre-existing mixed bacterial
and fungal biofilms. Moreover, fungi most often adhere to the surfaces occupied by bacteria.
This phenomenon can be observed in the environments occupied by commensal flora, such
as the oral cavity, and on the surfaces of dental materials, both in healthy and diseased indi-
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viduals [36]. Candida spp. fungi can co-aggregate with other microorganisms living in the
oral cavity, such as bacteria of the genera Streptococcus, Staphylococcus, Actinomyces and Fu-
sobacterium, thus creating a species-diverse biofilm. Such interactions facilitate the survival
and proliferation of fungi in the diverse microflora of the oral cavity. Currently, there are no
studies available that would determine the sensitivity of microorganisms in mixed biofilms
to ozonated water. However, based on the results for individual microorganisms, it can be
presumed that it would also be effective against such a structure [20,22,25,36]. The use of an
antifungal substance as medicine is often associated with many side effects and, in the case
of the oral cavity, often with adverse effects on the surrounding tissues. In addition, the
effects of water and ozonated oil were shown to be less toxic compared to other commonly
used antiseptics [37]. The toxicity of ozone in various forms was evaluated for individual
cells. Colombo M. et al. [37] proved the lack of cytotoxicity (MTT test) of ozonated olive oil
and moderate to severe cytotoxicity of chlorhexidine digluconate (0.5% and 1%) against
gingival fibroblasts (HGFs). Due to the fact that oral candidiasis often coexists with other
mucosa pathologies, such as the severe form of lichen planus, it is desirable to have ozone
stimulating the metabolic activity of fibroblasts, as well as immunomodulatory and anti-
inflammatory effects based on the stimulation of the proliferation of immunocompetent
cells and the synthesis of immunoglobulins. It also activates the phagocytic function of
macrophages. In addition, it is believed that the effect of eliminating pain and inflammation
is associated with the improvement in microcirculation and oxygenation of cells and tissues,
as well as with the reduced production of pro-inflammatory cytokines and elimination of
pain mediators [27,28].

The present results confirmed earlier reports that showed high activity of ozonated
water against yeasts of the genus Candida [35]. It is well known that non-albicans strains are
less sensitive to ozone [34]. The effectiveness of the therapy seems to be dependent on the
concentration of the ozone solution used and the exposure time. Single laboratory tests
also show low toxicity to epithelial cells and fibroblasts [37]. All this points to the potential
possibility of using ozone (in the form of water or oil solutions) in local therapy not only on
the oral mucosa but also on the mucosa in other parts of the body, and on the skin and its
appendages. The ozone activity also shows activity against bacteria, thus the application
of ozonated water solutions for mixed bacterial and fungal infections can be considered.
However, there are no clinical studies on this subject in the available literature.

For this reason, the laboratory experience gained should be used to plan and con-
duct further studies and allow for the use of this substance as a supportive therapy
or monotherapy.

The great advantage of this research, which contributes to its innovativeness and
novelty, is the use of ozone water prepared ex tempore at particularly selected times of its
impact. Exposure times were chosen to reflect the effectiveness of antiseptics with proven
anti-fungal activity. Such studies using these conditions had not been conducted before.

One of the main goals of this study was to use the shortest possible time of exposure to
ozonated water. In clinical terms, ozonated water would be used as a mouthwash. The time
range of 30 to 120 s is most often recommended for mouthwash with other antibacterial
substances. It is also a real and practical time that can be used by the patient in the dental
office and at home. For this reason, our main goal was to test the sensitivity of the assessed
strains to ozonated water under these conditions and exposure times.

In our study, we assessed the number of live cells after a single treatment. As with
most antifungal substances, a single application is unlikely to be sufficient. In the fu-
ture, it should be considered to conduct research defining a treatment regimen (number
of days and frequency of use) using ozonated water, allowing for complete eradication.
The presented study may be a preparation for further studies involving our patients. In
the study, we plan to eliminate microorganisms not only from the mucous membrane
but also from the denture plate. A limitation of the present study was the fact that
only three concentrations were investigated; therefore, future research should include
more concentrations of ozonated water. However, it should be acknowledged that it was
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a limitation of the device used for the study. Moreover, additional antiseptics as a control
should be examined. The present study used only three reference strains of Candida fungi,
thus more fungi strains were needed, including mixtures of several Candida strains and
those collected from patients.

5. Conclusions

Within the limitations of this study, it can be concluded that selected strains of Candida
spp. were sensitive to ozonated water at all tested concentrations (5 µg/mL, 30 µg/mL,
and 50 µg/mL). The sensitivity of strains to ozonated water increased with concentration
and application time. Moreover, the sensitivity of Candida strains to ozonated water is
comparable to that of 0.2% chlorhexidine gluconate.
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Essential Oils, Silver Nanoparticles and Propolis as Alternative Agents Against Fluconazole Resistant Candida albicans, Candida
glabrata and Candida krusei Clinical Isolates. Indian J. Microbiol. 2015, 55, 175–183. [CrossRef]

10. Dalwai, S.; Rodrigues, S.J.; Baliga, S.; Shenoy, V.K.; Shetty, T.B.; Pai, U.Y.; Saldanha, S. Comparative evaluation of antifungal
action of tea tree oil, chlorhexidine gluconate and fluconazole on heat polymerized acrylic denture base resin—An in vitro study.
Gerodontology 2016, 33, 402–409. [CrossRef]

11. Jebali, A.; Hajjar, F.H.E.; Pourdanesh, F.; Hekmatimoghaddam, S.; Kazemi, B.; Masoudi, A.; Daliri, K.; Sedighi, N. Silver and
gold nanostructures: Antifungal property of different shapes of these nanostructures on Candida species. Med. Mycol. 2014, 52,
65–72. [CrossRef] [PubMed]

12. Ingle, A.P.; Duran, N.; Rai, M. Bioactivity, mechanism of action, and cytotoxicity of copper-based nanoparticles: A review. Appl.
Microbiol. Biotechnol. 2014, 98, 1001–1009. [CrossRef] [PubMed]

207



Medicina 2022, 58, 1731

13. Nam, K.Y. In vitro antimicrobial effect of the tissue conditioner containing silver nanoparticles. J. Adv. Prosthodont. 2011, 3,
20–24. [CrossRef]

14. Wiench, R.; Nowicka, J.; Pajaczkowska, M.; Kuropka, P.; Skaba, D.; Kruczek-Kazibudzka, A.; Kuśka-Kiełbratowska, A.; Grzech-
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15. Wiench, R.; Skaba, D.; Matys, J.; Grzech-Leśniak, K. Efficacy of Toluidine Blue—Mediated Antimicrobial Photodynamic on
Candida spp. A systematic Review. Antibiotics 2021, 10, 349. [CrossRef] [PubMed]

16. Wiench, R.; Skaba, D.; Stefanik, N.; Kępa, M.; Gilowski, Ł.; Cieślar, G.; Kawczyk-Krupka, A. Assessment of sensitivity of
selected Candida strains on antimicrobial photodynamic therapy using diode laser 635 nm and toluidine blue—In vitro research.
Photodiagnosis Photodyn. Ther. 2019, 27, 241–247. [CrossRef] [PubMed]

17. Kumar, T.; Arora, N.; Puri, G.; Aravinda, K.; Dixit, A.; Jatti, D. Efficacy of ozonized olive oil in the management of oral lesions and
conditions: A clinical trial. Contemp. Clin. Dent. 2016, 7, 51. [CrossRef]

18. Khatri, I.; Moge, G.; Kumar, N.A. Evaluation of effect of topical ozone therapy on salivary Candidal carriage in oral candidiasis.
Indian J. Dent. Res. 2015, 26, 158–162.

19. Sechi, L.; Lezcano, I.; Nunez, N.; Espim, M.; Pinna, A.; Molicotti, P.; Dupre, I.; Microbiologia, I. Antibacterial activity of ozonized
sunfower oil (Oleozon). J. Appl. Microbiol. 2001, 90, 279–284. [CrossRef]

20. Lezcano, I.; Nuñez, N.; Espino, M.; Gómez, M. Antibacterial activity of ozonized sunflower oil, oleozon, against Staphylococcus
aureus and Staphylococcus epidermidis. Ozone Sci. Eng. 2000, 22, 207–214. [CrossRef]

21. Garg, R. Ozone: A new face of dentistry. Internet J. Dent. Sci. 2009, 7, 1–7. [CrossRef]
22. Tiwari, S.; Avinash, A.; Katiyar, S.; Iyer, A.A. Dental applications of ozone therapy : A review of the literature. Saudi J. Dent. Res.

2016, 8, 105–111. [CrossRef]
23. Kumar, P.; Tyagi, P.; Bhagawati, S.; Kumar, A. Current interpretations and scientific rationale of the ozone usage in dentistry: A

systematic review of literature. Eur. J. Gen. Dent. 2014, 3, 175. [CrossRef]
24. Zeng, J.; Lu, J. Mechanisms of action involved in ozone-therapy in skin diseases. Int. Immunopharmacol. 2018, 56,

235–241. [CrossRef] [PubMed]
25. Suh, Y.; Patel, S.; Kaitlyn, R.; Gandhi, J.; Joshi, G.; Smith, N.L.; Khan, S.A. Clinical utility of ozone therapy in dental and oral

medicine. Med. Gas Res. 2019, 9, 163–167. [CrossRef]
26. Gupta, G.; Mansi, B. Ozone therapy in periodontics. J. Med. Life 2012, 5, 59–67.
27. Naik, S.V.; Kohli, S.; Zohabhasan, S.; Bhatia, S. Ozone—A Biological Therapy in Dentistry-Reality or Myth. Open Dent. J. 2016, 10,

196–206. [CrossRef]
28. Colombo, M.; Gallo, S.; Garofoli, A.; Poggio, C.; Arciola, C.R.; Scribante, A. Ozone gel in chronic periodontal disease: A

randomized clinical trial on the anti-inflammatory effects of ozone application. Biology 2021, 10, 625. [CrossRef]
29. Cardoso, M.G.; de Oliveira, L.D.; Koga-Ito, C.Y.; Jorge, A.O.C. Effectiveness of ozonated water on Candida albicans, Enterococcus

faecalis, and endotoxins in root canals. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endodontol. 2008, 105, 85–91. [CrossRef]
30. Falagas, M.E.; Roussos, N.; Vardakas, K.Z. Relative frequency of albicans and the various non-albicans Candida spp among

candidemia isolates from inpatients in various parts of the world: A systematic review. Int. J. Infect. Dis. 2010, 14,
e954–e966. [CrossRef]

31. Kolliyavar, B.; Shettar, L.; Thakur, S. Chlorhexidine: The Gold Standard Mouth Wash. J. Pharm. Biomed. Sci. 2016; 6,
106–109. [CrossRef]

32. Nogales, C.G.; Ferrari, P.H.; Olszewer, K.E. Ozone Therapy in Medicine and Dentistry. J. Contemp. Dent. Pract. 2008, 9,
75–84. [CrossRef] [PubMed]

33. Kumar, P.; Nagarajan, A.; Uchil, P. Analysis of Cell Viability by the MTT Assay. Cold Spring Harb. Protoc.
2018, 6, pdb-prot095489. [CrossRef] [PubMed]

34. Monzillo, V.; Lallitto, F.; Russo, A.; Poggio, C.; Scribante, A.; Arciola, C.R.; Bertuccio, F.R.; Colombo, M. Ozonized gel against four
Candida species: A pilot study and clinical perspectives. Materials 2020, 13, 1731. [CrossRef] [PubMed]

35. De Faria, I.D.S.; Ueno, M.; Yumi Koga-Ito, C.; Urrichi Irrazabal, W.; Balducci, I.; Jorge, A.O.C. Effects of ozonated water on
Candida albicans oral isolates. Braz. J. Oral Sci. 2005, 4, 783–786.

36. Lohse, M.B.; Gulati, M.; Johnson, A.D.; Nobile, C.J. Development and regulation of single- and multi-species Candida albicans
biofilms. Nat. Publ. Gr. 2017, 16, 19–31. [CrossRef]

37. Colombo, M.; Ceci, M.; Felisa, E.; Poggio, C.; Pietrocola, G. Cytotoxicity evaluation of a new ozonized olive oil. Eur. J. Dent. 2018,
12, 585–589. [CrossRef]

208



Citation: Li, J.; Feng, X.; Lin, Y.; Lin, J.

The Stability Guided

Multidisciplinary Treatment of

Skeletal Class III Malocclusion

Involving Impacted Canines and

Thin Periodontal Biotype: A Case

Report with Eight-Year Follow-Up.

Medicina 2022, 58, 1588. https://

doi.org/10.3390/medicina58111588

Academic Editors: Giuseppe

Minervini and Stefania Moccia

Received: 6 October 2022

Accepted: 1 November 2022

Published: 3 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

medicina

Case Report

The Stability Guided Multidisciplinary Treatment of Skeletal
Class III Malocclusion Involving Impacted Canines and Thin
Periodontal Biotype: A Case Report with Eight-Year Follow-Up
Juan Li †, Xiaoyan Feng †, Yi Lin and Jun Lin *

Department of Stomatology, The First Affiliated Hospital, College of Medicine, Zhejiang University,
Hangzhou 310003, China
* Correspondence: linjun2@zju.edu.cn; Tel.: +86-0571-8723-6338
† These authors contributed equally to this work.

Abstract: Skeletal class III malocclusion with severe skeletal disharmonies and arch discrepancies
is usually treated via the conventional orthodontic-surgical approach. However, when associated
with tooth impaction and periodontal risks, the treatment is more challenging and complex. The
esthetic, occlusal, and periodontal stability of the treatment outcome is more difficult to obtain. The
16-year-old female patient in this case was diagnosed with dental and skeletal Class III malocclusion,
bilateral impacted maxillary canines, and scalloped thin gingiva. The multidisciplinary management
included a segmental arch technique, extracting two premolars, a subepithelial connective tissue graft
surgery, and orthognathic surgery. The esthetic facial profile, pleasant smile, appropriate occlusion,
and functional treatment results were obtained and maintained in 8-year follow-up.

Keywords: skeletal class III malocclusion; connective tissue graft; orthognathic surgery; impacted
maxillary canines

1. Introduction

Skeletal class III malocclusion has a high rate of prevalence in Asian people, and it
has a high rate of relapse following orthodontic treatment, which poses a challenge to
orthodontists [1]. Combined orthodontic and orthognathic surgery is a conventional option
to correct the malocclusion and dentofacial deformities in adults with severe skeletal class
III malocclusion.

In this type of patient, hypodevelopment of the maxilla is common, and an insufficient
length and width of the maxilla can lead to maxillary teeth impaction, of which canines
are the most frequent [2]. Maxillary canine impaction occurs in approximately 2% of the
population, while the incidence in the maxilla is more than twice that in the mandible,
and only 17% of labially impacted canines have enough space [3]. The various treatment
options available are observation, intervention, relocation, and extraction. Orthodontic
traction is a widely used and efficient method to reserve and position the canine in its
proper location within the arch; however, there are difficulties and considerations since it
may cause pulp necrosis, gingival recession, or alveolar-dental ankylosis [4].

In addition, the periodontal condition has a significant impact on the limitation of
orthodontic tooth movement, macro and micro aesthetics, and stability [5]. In patients
with skeletal class III malocclusion, the gingival thickness in the area is also found to
be thinner, with a so-called thin scalloped gingival biotype accompanied by relatively
deficient underlying bone and attached gingiva [6]. The teeth in the mandibular anterior
area is moved labially on the narrow alveolus in the pre-surgery decompensation period [7].
These all indicate that the risk of gingival recession, fenestrations, and dehiscence is highly
elevated. Dealing with the corresponding periodontal risks and maintaining stability are
also huge challenges.

Medicina 2022, 58, 1588. https://doi.org/10.3390/medicina58111588 https://www.mdpi.com/journal/medicina209



Medicina 2022, 58, 1588

The treatment for skeletal class III malocclusion patients with both impacted canines
and thin periodontal biotype is more complicated in plan elaborating and retention design-
ing. This clinical report provides an interdisciplinary treatment strategy through a typical
case study. In the case, a segmental arch technique, a subepithelial connective tissue graft
surgery, and an orthognathic surgery were performed, and favorable esthetic and stable
occlusion were obtained and maintained in follow-up period of 8 years.

2. Case Report
2.1. Diagnosis and Etiology

The patient, a 16-year-old female with no significant medical history, presented to the
Orthodontic Department seeking to correct occlusion and improve her face aesthetic.

The facial examination displayed a concave profile, a prominent chin, an increased
lower third of the face, and an unconfident smile. The upper lip was retruded 4.8 mm in
relation to the E plane (Figure 1). The intraoral photographs (Figure 1) and dental casts
(Figure 2) showed a bilateral Class III molar relationship and an anterior crossbite with a
negative overjet of 2 mm. The width of the maxilla was narrow compared to the mandible,
which led to a crossbite in the right posterior region and a compensatory lingual inclination
in the left mandibular posterior region. All the mandibular deciduous molars and maxillary
deciduous canines were retained with the left permanent maxillary canine erupted labially.
Scalloped thin gingiva was evident in the mandibular anterior region with an obvious root
shape. Temporomandibular disorder symptoms or bad oral habits were not detected. The
mandible cannot retreat to the edge-to-edge occlusion.
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Figure 2. The pretreatment dental cast.

The panoramic radiograph showed that both the maxillary canines and all the third
molars were impacted, and no significant periodontal support loss was found. The cephalo-
metric analysis (Figure 3 and Table 1) showed a severe skeletal Class III relationship (ANB,
−4.0◦) with an insufficient developed maxilla (SNA, 77.2◦). The maxillary incisors were rel-
atively well-positioned, while the mandibular incisors were lingually inclined (U1-SN,104◦;
L1-MP, 86.5◦) [8].
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Table 1. Cephalometric measurements.

Measurement Norm ± SD Pretreatment Posttreatment 8-Year Follow-Up

FMIA (◦) 64.8 ± 8.5 67.6 69.0 68.0
FMA (◦) 23.9 ± 4.5 26.6 21.5 22.6
SNA (◦) 82.0 ± 3.5 77.2 83.0 83.4
SNB (◦) 80.9 ± 3.4 81.3 81.6 81.5
ANB (◦) 1.6 ± 1.5 −4.0 1.3 1.9

L1-MP (◦) 95.0 ± 7.0 86.5 89.6 89.3
Occ-Plane (◦) 6.8 ± 5.0 8.1 9.5 10.7

U1-SN (◦) 102.8 ± 5.5 104.0 105.6 103.5
Upper Lip-E (mm) 6.0 ± 2.0 −4.8 −4.0 −4.2
Lower Lip-E (mm) −2.0 ± 2.0 −0.3 −1.5 −1.1

S-Go (mm) 82.5 ± 5.0 67.9 67.8 68.1
Na-Me (mm) 128.5 ± 5.0 111.8 103.7 105.4

S-Go/Na-Me (%) 65.0 ± 4.0 60.7 65.4 64.6

S, sella; N, nasion; MP, mandibular plane; Occ-Plane, occlusion plane; E, aesthetic line; Go, Gonion; Me, Menton.

2.2. Treatment Objectives

The treatment objectives were to: (1) tract the impacted maxillary permanent canines;
(2) improve the periodontal phenotype of the lower anterior region and reduce the risk
of gingival recession through mucogingival surgery; (3) solve the horizontal and sagittal
discrepancy between the mandible and the maxilla to improve the facial profile through
two-jaw surgery; and (4) align the dentition to establish function occlusion.

2.3. Treatment Alternatives

Little or no orthopedic maxillary and mandible response could be expected because the
female patient was already 16 years old with little growth potential. Therefore, orthognathic
surgery could be a proper choice to solve her complaints. Two-jaw surgery includes LeFort
I osteotomy for maxilla advancement and bilateral split sagittal osteotomy for mandible
setback because the stability of isolated mandibular setback is relatively poor.

As for the dental problem, the first option was the extraction of two impacted maxillary
canines to shorten the treatment time and offer the spaces to decompensate and retract
the maxillary incisors. However, the maxillary canines were vital in dentition, as they
frame the smile and guide occlusion [9]. The second option was the removal of the
maxillary first premolars, which would resolve the crowding of the anterior area and regain
space for traction. This approach would contribute to an extended course of presurgical
treatment. However, according to her age, the timing of orthognathic surgery was not
yet appropriate, so the whole treatment course would not be extended. Considering the
periodontal conditions described above, mucogingival surgery was arranged to improve
the periodontal tissue quality and the treatment outcome [10].

2.4. Treatment Progress

Before the orthodontic treatment, the extraction of all retained deciduous teeth and
maxillary first premolars were scheduled. After the extraction, both arches were bonded
with preadjusted brackets (0.022-inch slot; 3M Unitek, Monrovia, CA, USA), aligned with
initial 0.014-inch nickel titanium arch wires, and changed sequentially to eliminate crowd-
ing and provide leveling. Meanwhile, two impacted maxillary permanent canines were
tracted through two auxiliary segmental 0.019 × 0.025-inch stainless steel arch wires with
vertical helical loops (Figure 4). After 12 months, the canines were basically tracted into
the right place. Presurgical decompensation started to increase the magnitude of surgical
movement. The unfavorable tooth inclinations were corrected with 0.019 × 0.025-inch stain-
less steel arch wires through sliding mechanics to increase reverse overjet. A subepithelial
connective tissue graft was also performed. Two connective tissue grafts were harvested
from the palate and positioned in the prepared recipient site corresponding to the mandibu-
lar anterior region. The attached gingiva and keratinized tissue were augmented after
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the mucogingival surgery (Figure 5). After 34 months, the dentition preparation phase of
presurgical treatment was completed in both arches (Figure 6).
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Figure 5. Subepithelial connective tissue transplantation.

Based on the reconstructed data of CBCT(cone-beam computed tomography) and cast
surgery, the orthognathic surgery was determined to require a LeFort I maxillary osteotomy
to advance the maxillary in 5 mm and the bilateral sagittal split osteotomy to setback the
mandible in 3 mm. During the surgery, two splints were subsequently applied to assist in
accurately placing and maintaining the jaw’s position. Then, the new position was fixed
with rigid internal fixation (RIF) and intermaxillary elastics. The patient was monitored
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closely after the procedure, and she was also taught how to perform opening and lateral
movement exercises.
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Figure 6. Presurgical facial and intraoral photographs.

One month after the surgery, the spaces in the upper arch were closed with
0.019 × 0.025-inch stainless steel arch wires with a double key loop. At the finishing stage,
a fine adjustment of the occlusion was applied to improve the anterior overjet, the overbite,
and the canine and molar relationship. After a total treatment of 48 months, the multi-
bracket system and all Micro-Implant Anchorages were removed. Lingual bonded retainers
from canine to canine and Hawley retainers were placed immediately after removal.

2.5. Treatment Results

All the initial treatment objectives, including occlusion, periodontal health, and facial
esthetics, were achieved by a satisfactory multidisciplinary approach, partly due to the
cooperation of the patient. The facial photographs showed a pleasant profile and a har-
monious smile. The patient was satisfied with the facial improvement, and she became
more confident (Figure 7). Posttreatment intraoral photographs and dental casts (Figure 8)
showed bilateral Class II molar and Class I canine relationships with an ideal overjet and
overbite. The gingiva tissue in the mandibular anterior region was evidently augmented,
which indicated lower periodontal risks.
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Figure 8. Posttreatment dental casts.

The final panoramic radiograph confirmed parallel roots with no apparent root resorp-
tion. Cephalometric analysis (Figure 9 and Table 1) indicated a normal anteroposterior (AP)
relationship (ANB, from −4◦ to 1.3◦) and decreased lower third (FMA: from 26.6◦ to21.5◦;
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Na-Me: from 111.8 mm to 103.7 mm). Furthermore, the distance from the upper and lower
lips to the E-line were significantly decreased, which helped improve the soft tissue profile.
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Figure 9. Posttreatment lateral cephalometric radiograph and tracing and a panoramic radiograph.

The 8-year follow-up photographs showed excellent stability of the occlusion and
the profile (Figure 10). The pretreatment, posttreatment, and follow-up cephalometric
superimposition revealed a significant improvement and stability in the facial profile and
the skeletal and dental relationship. Superimposition of the posttreatment and retention
digital dental models indicated generally stable results (Figure 11).
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3. Discussion

Treatment plans for nongrowing patients with skeletal class III malocclusion are var-
ied, including sole orthodontic treatment for dental camouflage or combined orthodontic-
orthognathic treatment, including single or double-jaw surgery and genioplasty [11]. John-
ston et al. reported that bimaxillary surgery was 3.4 times more likely to fully correct the
ANB angle than mandibular surgery [12]. Previous studies have shown that maxillary
advancement was stable, while large mandibular setback was a risk factor for relapse
due to its habitual mandibular forward movement and prolonged growth. Double-jaw
surgery, including bilateral sagittal split osteotomy and maxillary advancement, is the most
effective way to improve stability [13]. Considering the degree of skeletal discrepancy in
three dimensions in this case (ANB: −5.2◦; Wits appraisal: −11.3 mm; FMA: from 26.6◦;
Na-Me 111.8 mm), the conventional surgical approach was determined to advance maxilla
in 5 mm and setback mandible in 3 mm.

In addition to the maxilla-mandible relationship, the arch and the dentition play an
important role in long-term stability. The etiology of the impacted teeth was related to the
arch-length deficiency, which occurs in hypo-developed maxilla and may lead to bilateral
impacted canines, which happened in this case. A treatment alternative is extraction;
however, after extraction, there is a need to figure out an approach to replace the pivotal
esthetic and the occlusion function of the missing canines, such as implant-retained crown
restoration, conventional bridge, or premolar substitution through orthodontic treatment.
The panoramic radiograph showed the canine crown was in the buccal side and distal to
the midline of the lateral incisor, which noted a higher rate of successful traction, even up
to 91% [3]. However, it takes space to decompensate and tract maxillary anterior teeth, so
the extraction project was beneficial to create space [14]. Meanwhile, extraction guided the
posterior dental arch to move relatively forward, which was equivalent to increasing the
arch of the upper jaw and conducive to the establishment of a normal overjet and overbite
of the posterior teeth. All things considered, a removal of the deciduous canines and the
first premolars was decided, and then surgical exposure and a segmental arch technique
were performed to tract the canines (Figure 12). The pre-surgical planning was mainly to
tract the impacted teeth and create enough overjet and overbite for jaw movement, which
was established a stable jaw–tooth relationship and improved the profile. The pre-surgical
treatment went on for 2 years to achieve the traction of canines and reach the proper timing
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for the orthognathic surgery, which seemed longer compared to routine cases. Finally, we
placed the canines correctly and established an ideal occlusion. Proper overjet and overbite,
coordinate width, and close occlusion helped maintain the stable dentition relationship
and further ensured the stability of the jaw’s position and soft tissue aesthetic.
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Figure 12. (A): The relative position of the canine crown and lateral incisor in a panoramic radiograph.
(B): Biomechanism of canine traction through segmental arch. The green arrow illustrates the path of
canine movement.

Dental decompensation during presurgical orthodontic treatment is aimed to correct
the torque of anterior teeth [15]. It is vital to keep an eye on the periodontal condition
because mandibular anterior teeth always express crown lingual torque in skeletal class
III malocclusion, which enhances the risks of gingival recession, fenestrations, and dehis-
cence [16]. Mucogingival surgery is a widely used technique to obtain attached gingiva,
including free gingival graft, laterally positioned flap, and subepithelial connective tissue
graft [17]. According to the thin periodontal biotype, we chose to use a subepithelial con-
nective tissue graft, which was the best way to convert a thin, soft tissue to a thick biotype.
Occlusal trauma caused by anterior crossbite was relieved by acquiring proper anterior
overjet [18]. The outcome displayed that the keratinized and attached gingiva gained
sufficient thickness, which preserved healthy a periodontal state and better represented the
pink-white esthetic.

Retention and stability following an orthodontic-surgical approach is an important
indicator to judge whether a case is successful. The 8-year follow-up showed a stable effect
in hard or soft tissues in this case. We applied a rigid internal fixation to settle the jaws
during the active orthodontic period, and then we applied a lingual bonded retainer and a
Hawley retainer for both arches during the retention period [19]. In addition, the adaptable
finishing occlusion and TMJ position were indispensable factors for long-term stability in
our case.

In our treatment, digital technology was applied to visualize and design the treatment
plan. Dolphin software was used to simulate the jaw movement and carry out a visual
surgical design to clarify the target position (Figure 13). However, digital technology
was not applied to design and manufacture the surgery splints. Virtual surgical planning
with CAD/CAM technology [20] and artificial intelligence has been gaining popularity in
orthognathic surgery. It can provide doctors and patients with more predictive treatment
outcomes, and it can also contribute to more accurate surgical processes and more stable
results [21].
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4. Conclusions

Due to the multidisciplinary treatment, including the orthognathic surgery, the or-
thodontic treatment, and the periodontal procedures, the skeletal and dental class III
relationship was corrected, the impacted canines returned to a normal position, and the
periodontal condition was in a relatively stable state. Additionally, during the 8-year
follow-up, the facial esthetics, functional occlusion, and periodontal health were suc-
cessfully maintained. A stability-guided, close interdisciplinary approach is critical for
successful and stable outcomes in similar cases.

Author Contributions: Conceptualization, J.L. (Jun Lin) and J.L. (Juan Li); methodology, J.L. (Juan Li)
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Abstract: Background and Objectives: The report describes a technique using a diagnostic mock-up as a
crown-lengthening surgical guide to improve the gingival architecture. Materials and Methods: The
patient’s primary concern was improving her smile due to her “gummy smile” and short clinical
crowns. After clinical evaluation, surgical crown lengthening accompanied by maxillary central
full-coverage single-unit prostheses and lateral incisor veneers was recommended. The diagnostic
mock-up was placed in the patient’s maxillary anterior region and used as a soft tissue reduction
guide for the gingivectomy. Once the planned gingival architecture was achieved, a flap was reflected
to proceed with ostectomy in order to obtain an appropriate alveolar bone crest level using the overlay.
After six months, all-ceramic crowns and porcelain veneers were provided as permanent restorations.
Results: A diagnostic mock-up fabricated with a putty guide directly from the diagnostic wax-up can
be an adequate surgical guide for crown-lengthening procedures. The diagnostic wax-up was used to
fabricate the diagnostic mock-up. These results suggested that it can be used as a crown-lengthening
surgical guide to modify the gingival architecture. Several advantages of the overlay used in the
aesthetic complex case include: (1) providing a preview of potential restorative outcomes, (2) allowing
for the appropriate positioning of gingival margins and the desired alveolar bone crest level for the
crown-lengthening procedure, and (3) serving as a provisional restoration after surgery. Conclusions:
The use of a diagnostic mock-up, which was based on a diagnostic wax-up, as the surgical guide
resulted in successful crown lengthening and provisional restorations. Thus, a diagnostic overlay can
be a viable option as a surgical guide for crown lengthening.

Keywords: crowns; aesthetic dentistry; mock-up; wax-up; periodontal plastic surgery

1. Introduction

The gingival architecture surrounding natural teeth or dental implants is an important
component of aesthetics in the anterior region [1–3]. When the natural dentition lacks sym-
metry or has poor gingival architecture, these conditions can markedly alter the harmony of
the dentition [4]. In recent years, it has become common for patients to have high aesthetic
demands, going beyond a simple desire for a smile makeover [5–8]. Thus, clinicians must
aim for an optimal gingival architecture during treatment [9]. Crown lengthening can be
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used in several clinical situations, such as excessive gingival display or a “gummy smile”,
teeth with an inadequate amount of tooth structure, or short clinical restorations [10]. In
these cases, crown lengthening can re-establish the gingival architecture and enhance the
restorative outcome.

Before initiating restorative treatment with crown lengthening, the patient’s aesthetic
concerns and expectations should be evaluated in detail. A diagnostic wax-up represent-
ing the desired outcome can be completed. Then, an intraoral diagnostic overlay can be
fabricated to provide the patient and clinician with a tactile evaluation of the proposed
treatment [11]. In addition, excellent communication between the surgeon and the restora-
tive dentist is necessary to achieve the desired harmonious gingival architecture, especially
in patients with high aesthetic demands [6,12–14]. Based on the diagnostic evaluations
made by the restorative dentist, the surgeon can re-establish the soft and hard tissues to
relocate the margins and alveolar crest and achieve periodontal health and an aesthetically
pleasing gingival architecture.

Generally, a vacuum-formed surgical guide for crown lengthening is made from a
duplicated cast from the diagnostic wax-up to establish the desired gingival architecture
and alveolar bone crest level [15]. However, very few reports using a diagnostic overlay
fabricated using a temporary bis-acrylic resin with a putty guide directly from the wax-up
as a surgical guide for crown-lengthening procedures are available in the literature [16].
This case report aims to describe a technique wherein a diagnostic overlay can be used as a
crown-lengthening surgical guide to help a surgeon achieve optimal gingival architecture.

2. Materials and Methods

A 30-year-old female patient presented to the clinic with the chief complaint of wanting
to improve her smile (Figure 1). The patient had received ceramic restorations made from
lithium disilicate on her central incisors two years ago. However, she disliked the results
and was looking for a second opinion in an effort to improve her smile. After a detailed
clinical evaluation, the patient was diagnosed with an excessive gingival display of Type IB
(altered active eruption), non-ideal gingival contours, altered passive eruption of the maxil-
lary central incisors, and incisal wear of teeth #7 and #11. She was offered the following
treatment plan: (1) a crown-lengthening procedure to improve the gingival architecture,
(2) replacement of the two crowns on the maxillary central incisors, (3) veneers on both
lateral incisors, and (4) an incisal resin composite restoration on the left maxillary canine.
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left-side view; (D) Headshot of face smiling.
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Diagnostic casts were made, and a wax-up (Wax GEO Classic, Renfert, Hilzingen,
Germany) was fabricated to generate a harmonious smile according to the patient’s wishes.
After showing the patient the diagnostic wax-up, a diagnostic overlay was made with
temporary bis-acrylic resin (Structur Premium, VOCO, Cuxhaven, Germany). The patient
consented to the treatment after approving the diagnostic wax-up and overlay. Rubber
dam isolation (Nic Tone Dental Dam, MDC Dental, Guadalajara, Mexico) was placed, and
the existing ceramic restorations on the central incisors were sectioned with a diamond bur
(Conical End 850, Jota AG, Rüthi, Switzerland) and removed (Figure 2).
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The diagnostic overlay was placed over the teeth to guide the desired contour through
gingivoplasty with an electrosurgical unit (Sensimatic 700SE Electrosurge, Parkell, Edge-
wood, NY, USA) (Figures 3 and 4).
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Figure 4. Diagnostic overlay removal and evaluation: (A) Removal of the diagnostic overlay;
(B) Gingival tissue architecture evaluation.

After the new gingival architecture was achieved, buccal flap reflection provided a
clear view for the surgeon performing the ostectomy. Flap reflection revealed the proper
position of the osseous crest relative to the cemento-enamel junction (CEJ), which, in this
case, was at the CEJ (Figure 5). An ostectomy procedure was performed using the diagnostic
overlay as a guide to remove the alveolar bone. The crown-lengthening procedure was
conducted within the recommended range of the Root/Crown (R/C) ratio: (1) R/C ratio of
at least 1/1.5 for an abutment, and (2) R/C ratio of at least 1/1 for a crown.
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The flap was repositioned (Figure 6), crown margins were refined, and provisional
restorations (adjusted diagnostic overlay) were placed on the central incisors with tempo-
rary resin luting cement.
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Figure 6. Flap release and reposition: (A) Flap release; (B) Flap reposition after suturing.

After six months, veneer preparations were performed on lateral incisors to allow
for the proper healing of the periodontal complex (Figure 7), and a final impression
was made with polyvinyl siloxane impression material (Virtual 380, Ivoclar Vivadent,
Schaan, Liechtenstein).
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the reduction guide; (B) Left side of the lateral veneer preparation with the reduction guide.
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The final master cast was fabricated with type IV stone (Fujirock, GC, Tokyo, Japan).
Restorations, fabricated following the contours of the diagnostic wax-up, were made of
refractory feldspathic porcelain (Noritake Super Porcelain EX-3, Kuraray Noritake Dental,
Tokyo, Japan) for the veneers and full-coverage crowns (Figure 8).
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Figure 8. Feldspathic veneers on the master cast: (A) Porcelain build-up before baking; (B) Definitive
restorations.

A try-in of the final ceramic restorations was performed to evaluate the fit and contours,
and the patient approved the final appearance. For bonding the ceramic restorations, isola-
tion was provided via rubber dam placement. The teeth were air-abraded with 20-micron
aluminum oxide particles (AquaCare Aluminium Oxide Air Abrasion Powder, Velopex,
London, UK). The teeth receiving veneers were surface treated with 37% phosphoric acid
(Total Etch, Ivoclar Vivadent, Schaan, Liechtenstein) for 15 s and then rinsed with water.
A primer (Syntac Primer, Ivoclar Vivadent, Schaan, Liechtenstein ) was applied, and any
excess was gently removed with air. Adhesive (Syntac Adhesive, Ivoclar Vivadent, Schaan,
Liechtenstein) was applied, and any excess was removed with air according to the manu-
facturer’s recommendations. The intaglio surfaces of the ceramic restorations were etched
with 5% hydrofluoric acid (IPS Ceramic Etching Gel, Ivoclar Vivadent, Schaan, Liechten-
stein) for 60 s, and Monobond Plus (Ivoclar Vivadent, Schaan, Liechtenstein) was applied to
the etched surfaces. Light-cure resin luting cement (Variolink Esthetic LC, Ivoclar Vivadent,
Schaan, Liechtenstein) was applied to the veneers, and they were seated. Excess cement
was removed, and the restorations were cured using an LED light-curing unit (VALO Cord-
less, Ultradent, South Jordan, UT, USA) on each surface (facial, palatal, mesial, and distal)
for 20 s. The crowns were cemented with a dual-cure resin luting cement (Panavia V5,
Kuraray Noritake Dental, Tokyo, Japan) and light-cured, followed by applying appropriate
pre-treatments to the teeth and ceramic restorations.

After adjusting the occlusion as needed, the restorations were finalized with polishing
points (Dialite Feather Lite, Brasseler USA Dental, Savannah, GA, USA) and polishing
paste (Dialite Intra-Oral Polishing Paste, Brasseler USA Dental, Savannah, GA, USA). The
incisal wear was addressed as follows. The maxillary left canine received 37% phosphoric
acid etching gel for 15 s, and an adhesive (Tetric N-Bond Universal, Ivoclar Vivadent,
Schaan, Liechtenstein) was applied for 20 s, gently air-thinned, and light-cured for 20 s. A
nano-hybrid flowable composite resin (Tetric N-Flow, Shade A1, Ivoclar Vivadent, Schaan,
Liechtenstein) was placed on the incisal edge and light-cured for 30 s. The resin composite
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restoration was re-shaped on the incisal edge with a fine diamond bur (Diamond bur FG
859012, Jota AG, Rüthi, Switzerland). The restoration was final-polished with green and
grey composite polishers (Composite Diamond Polisher, Jota AG, Ruthi, Switzerland) using
a polishing paste (Diamond Polish Mint, Ultradent, South Jordan, UT, USA) and a polishing
brush (Jiffy Composite Polishing Brush, Ultradent, South Jordan, UT, USA). The patient
approved of the shape and size of the final restorations, and the treatment fulfilled her
aesthetic desire (Figure 9).
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An occlusal night guard was also provided to prevent damage to the final restorations.
At the patient’s five-year follow-up, she was fascinated with the clinical outcome (Figure 10).
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3. Discussion

Despite the lack of clinical case reports, evidence from this case suggests that a di-
agnostic overlay for crown lengthening allows outcomes to be predictable for follow-up
periods of at least five years. These findings are essential for the anterior region, where soft
tissue changes may compromise treatment outcomes without a vacuum-formed surgical
guide. Typically, the restorative process of crown lengthening using a vacuum-formed
surgical guide needs both provisional restorations and a surgical guide. However, this
clinical case shows that a diagnostic overlay can be used to confirm the proposed treatment
plan with the patient and provide a two-for-one surgical guide and provisional restorations,
thus reducing costs. Recently, a fully digital workflow for crown lengthening, using a
single surgical guide, was reported [17–20]. However, this technique requires an intraoral
scanner, 3D printer, and cone beam computed tomography (CBCT) scan, relying on many
kinds of expertise in the digital workflow. Most clinicians are still not familiar with digital
workflow [21], and the additional time and costs required before surgery are disincentives
for its introduction.

In contrast, it is simpler to use conventional methods to prepare the soft and hard
tissues based on a diagnostic overlay when it is placed in the mouth if the clinician knows
the appropriate distances to the alveolar bone crest level from the gingival margins. Most
clinicians know that the distance from the alveolar crest to the gingival margin on the
facial and palatal aspects is in the range of 3 mm, while the distance from the alveolar
crest to the gingival margin on the interproximal aspect is about 5 mm due to the height
of the interproximal papilla [22]. Thus, it appears easier to determine the desired alveolar
bone crest level using only a diagnostic overlay. This would be a simplified approach to
performing crown lengthening without a traditional surgical guide.

In the present case, the use of a diagnostic overlay, based on the diagnostic wax-up,
was an easy and powerful tool for the diagnostic planning of a treatment with high aesthetic
demands. Given this outcome, the placement of a diagnostic overlay could be adopted
as a routine protocol by clinicians, as it provides a high predictability of outcomes in
aesthetically complex cases. Furthermore, the overlay can also be considered as a useful
promotional tool for acquiring the patient approval of the treatment plan presented by
the dental professional. In this case report, the diagnostic overlay was made based on the
patient’s requests, and after it was placed in her mouth, the patient immediately indicated
that she liked the result and requested the treatment.

Soft tissue crown lengthening is performed with gingivoplasty using a scalpel, an
electrosurgical unit, a radiosurgical unit, or a laser [23]. If the new gingival margin position
is near the underlying bone, a flap should be reflected for an ostectomy to re-establish an
adequate biologic width. In the current case, the diagnostic overlay was placed and guided
the use of the electrosurgical unit for the external gingivoplasty. A flap was reflected to
recontour hard tissues and re-establish the biologic width of 3 mm. Compared with a
traditional scalpel, an electrosurgical unit allows the clinician to cut, ablate, and re-shape
soft tissues with no resulting bleeding and no need for suturing. The diagnostic overlay
was an excellent guide.

Another consideration when performing crown lengthening is the healing period.
The periodontal phenotype is a crucial factor, especially in aesthetic outcomes, because it
impacts both the healing and final position of the gingival margin [24]. Research suggests
that a thin biotype has a thickness of 1.5 mm or less, and a thick biotype has a thickness of
2.0 mm or more. Patients with a thin biotype may experience more gingival recession than
those with a thick one [25]. The patient in this case had a thick biotype; thus, the likelihood
of gingival recession was minimal. When considering aesthetic outcomes during this kind
of treatment, the ideal healing time ranges from six weeks to six months, and a longer time
may be required for patients with a thin biotype [26,27]. In the present case, the clinicians
decided to wait six months before finalizing the ceramic restorations. This period provided
adequate time for tissue healing and resulted in a stable gingival margin position for a
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pleasing aesthetic result. The diagnostic overlay was used as the provisional restoration
and performed well during this time.

A limitation of this traditional workflow can happen if the diagnostic wax-up is
excessive; then, it will create bulky restorations. In order to prevent this, the lip support is
evaluated by the clinician and patient during the mock-up. Thus, the diagnostic overlay is
necessary to demonstrate the likely outcome to the patient, and, as a provisional restoration
during the healing of the hard and soft tissue, it can also be used as the surgical guide
while attaining good aesthetic results. This suggests that a separate surgical guide may be
unnecessary in many cases, and the assumed additional precision resulting from the use of
a dedicated surgical guide may similarly be unnecessary. A simplified procedure using the
diagnostic overlay may achieve all treatment goals at a lower cost.

4. Conclusions

The case presented in this clinical report shows that using a diagnostic overlay, which
was based on a diagnostic wax-up, as the surgical guide resulted in successful crown
lengthening. These results suggest that a diagnostic overlay may be viable for surgically
guiding crown lengthening in aesthetically complex cases.
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Abstract: Objective: The aim of the study was to systematically review the overall outcomes of
studies comparing the misfit of yttria-stabilized zirconia (Y-TZP) CAD-CAM implant-supported
frameworks with frameworks fabricated with other materials and techniques. Methods: An elec-
tronic literature search of English literature was performed using Google Scholar, Scopus, Web of
Science, MEDLINE (OVID), EMBASE, and PubMed, using predetermined inclusion criteria. Specific
terms were utilized in conducting a search from the inception of the respective database up to May
2022. After the search strategy was applied, the data were extracted and the results were analyzed.
The focused question was: Is the misfit of the implant-supported zirconia CAD-CAM framework
lower than that of non-Y-TZP implant-supported fixed restorations? Results: Eleven articles were
included for qualitative assessment and critical appraisal in this review. In the included studies,
Y-TZP CAD-CAM implant-supported frameworks were compared to Titanium (Ti), Ni-Cr, Co-Cr,
PEEK and high-density polymer, and cast and CAD-CAM frameworks. The studies used scanning
electron microscopy, one-screw tests, digital or optical microscopy, 3D virtual assessment, and replica
techniques for analyzing the misfit of frameworks. Six studies showed comparable misfits among the
Y-TZP CAD-CAM frameworks and the controls. Three studies showed higher misfits for the Y-TZP
CAD-CAM frameworks, whereas two studies reported lower misfits for Y-TZP CAD-CAM implant
frameworks compared to controls. Conclusion: Y-TZP CAD-CAM implant-supported frameworks
have comparable misfits to other implant-supported frameworks. However, due to heterogeneity in
the methodologies of the included studies, the overall numerical misfit of the frameworks assessed in
the reviewed studies is debatable

Keywords: systematic review; misfit; implant frameworks; Zirconium; metal alloys

1. Introduction

Dental implants are surgically placed devices that have direct contact with the alveolar
bone [1,2]. In addition to supporting single-tooth restorations, they are also used to support
and retain prostheses for the restoration of partially or completely edentulous patients [3].
Implant-supported removable and fixed prostheses possess significant advantages over
conventional prostheses. In addition to offering superior support [4] and stability [5],
implant-supported prostheses preserve residual bone [6] and are esthetically pleasing [7].
It has been estimated that the 5-year success-rate of implant-supported prostheses is as
high as 95% [8,9].

Frameworks of implant-supported dentures have conventionally been constructed
from cast metals [10]. However, cast implant-supported prostheses have several drawbacks.
The clinical phase of these prostheses includes taking impressions which may become easily
distorted and damaged during or after the impression-taking process [11]. In addition, the
cast metal alloys may undergo distortion during the casting process, resulting in a misfit of
up to 450 µm [12,13]. Moreover, the wax pattern of the cast framework may also undergo
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dimensional changes, resulting in a misfit of the prosthesis [14]. Ideally, a framework
should fit passively by not exerting biologically detrimental forces on the supportive teeth,
the supportive tissues, and the framework [15]. Furthermore, there should be no gap
between the margins of the framework and the supportive tissues and teeth. The misfit is
measured by evaluating the distance between the final restoration and the corresponding
fitting surfaces. Although the misfit of cast prostheses may be reduced by sectioning and
then re-connecting the framework, the mechanical properties of the cast metal may be
diminished, which can lead to fractures of the prostheses [16]. Additionally, misfit causes
micro-gaps between the implant and the framework. This gap harbors bacteria which
may cause infection of the peri-implant tissues [17]. A misfitting framework can also
lead to the loosening or even the fracture of prosthetic implant screws [18]. Eventually,
long-standing misfit results in the instability of the framework, inducing failure of the
dental implants [19].

Over the last few years, prostheses designed and constructed via computer-aided
design and computer-aided manufacturing (CAD-CAM) have gained popularity [20].
Briefly, the CAD-CAM process involves three-dimensional (3D) digital scanning of the
teeth and related structures in the oral cavity to produce a virtual 3D model. The virtual
model is then processed by a computer connected to a milling machine that constructs the
prostheses. The milling system produces a prosthesis from a block of homogenous material
such as Titanium (Ti) or yttria-stabilized zirconia (Y-TZP) [21]. Studies have indicated
that CAD-CAM-constructed prostheses have a significantly lower misfit compared to cast
frameworks [22]. There are two types of CAD-CAM systems: additive and subtractive [20].
Additive manufacturing focuses on building appliances and objects layer by layer, while
subtractive systems remove material from pre-formed blocks into appliances. Subtractive
manufacturing has seen more clinical use than additive manufacturing; however, the latter
has gained popularity in the last few years [20]. A recent systematic review of in vitro
and clinical studies indicated that CAD-CAM frameworks have significantly better fits
compared to cast frameworks [23].

Y-TZP has been a popular material for the construction of CAD-CAM implant-supported
frameworks over the last decade, and its market-share is expected to double by 2024 [24].
Indeed, Y-TZP frameworks exhibit exceptional strength and fracture toughness [25]. Clin-
ical studies suggest that Y-TZP frameworks remain stable for more than 5 years post-
insertion [26]. Moreover, due to its higher color stability and the biocompatibility and
accuracy of CAD-CAM fabrication, Y-TZP presents an attractive alternative to metal al-
loys from the patients’ perspective [27]. Several in vitro studies have compared the fit (or
misfit) of metal alloys and Ti and polymer frameworks with that of Y-TZP CAD-CAM
frameworks [28–38]. In a study by Abduo et al., the vertical misfits for Y-TZP and Ti
CAD-CAM frameworks were comparable [28]. By contrast, in a study by de Rio Silva
et al., Ti CAD-CAM frameworks had a lower misfit compared to Y-TZP frameworks [38]. A
controversy exists among the studies reporting the misfit of Y-TZP CAD-CAM with other
materials and techniques. So, the aim was to systematically review the overall outcomes of
studies comparing the misfit of Y-TZP CAD-CAM implant-supported frameworks with
frameworks fabricated with other materials and techniques. I hypothesize that, overall,
the misfit of Y-TZP CAD-CAM frameworks will be lower compared to that of frameworks
fabricated with other materials.

2. Materials and Methods
2.1. Focused Question

Following the Participants, Intervention, Control, and Outcomes principal described
in the Preferred Reporting Items in Systematic Reviews and Meta-Analysis (PRISMA)
statement [39], the following focused question was constructed: ‘Is the misfit of implant-
supported Zirconia CAD-CAM frameworks lower than that of non-Y-TZP implant-supported
fixed restorations?’ (Participants: Patients or study casts; Intervention: Y-TZP CAD-CAM

232



Medicina 2022, 58, 1347

implant-supported dental prostheses; Controls: Non-Y-TZP-supported fixed restorations;
Outcomes: Misfit).

2.2. Eligibility Criteria

Before conducting the literature search, eligibility criteria were decided on by the
author. Prospective clinical studies, case reports and series, animal studies, and laboratory
studies focusing on comparing the fit or misfit of CAD-CAM implant-supported Zirconia
fixed restorations with other non-Y-TZP implant-supported restorations were included.
Literature from inception to May 2022 was searched. Additionally, only articles in English
were included. Studies not in the English language, systematic or literature reviews, and
letters to the editor were excluded.

2.3. Literature Search

An electronic search using the keywords ((Zirconia) OR (Y-TZP) AND (Restoration or
bridge or framework) AND ((computer-aided design OR CAD)) or (computer-aided manu-
facture) OR CAM)) AND (full arch OR partial OR complete) AND (control OR titanium OR
resin OR cobalt chromium) AND (misfit OR gap OR adaptation) AND (implant)) was con-
ducted on the following databases: PubMED/MEDLINE, ISI Web of Science/Knowledge,
Scopus, Embase, and Google Scholar, including studies up to May 2022. Following the
exclusion of the non-relevant articles on the basis of titles and abstracts, the full texts
of studies appearing to meet the inclusion criteria were downloaded. Additionally, the
reference lists of the full-text documents were scanned manually to look for relevant articles.
Furthermore, a similar search was repeated using the same keywords on the clinical trial
registers CONTROL and clinicaltrials.gov. The literature search was conducted by author
(HA) interpedently, and any disagreements were solved by discussion with a statistician.

2.4. Data Extraction

Using predetermined items, the data from each study were extracted to construct
tables. Briefly, the materials used to construct the dentures in the test and control groups (if
any), the method of denture fabrication, the type of misfit (or fit) assessment employed,
measurements of any other variables, and the qualitative outcomes of the studies were
summarized in the first table. Summarized information on the implant or abutment
system, the dimensions and positions of the dental implants, the type of implant-supported
prostheses (fixed or removable, along with the number of units), the CAD-CAM fabrication
system, and the numerical values of the misfit or fit was also prepared.

2.5. Quality Assessment

The overall quality of the studies and any bias present in the studies were assessed
using a modified version of the ‘Guidelines For Reporting Pre-Clinical In Vitro Studies
On Dental Materials’ developed by Mariano [40]. Briefly, in each study, the following
items were assessed: an adequate abstract, introduction (background and objects), and
methodology (replicability, reporting of adequate outcomes, a predetermined sample size,
and details of any randomization, blinding, or concealment employed), adequate statistics,
a mention of any limitations in the discussion, funding details, and, if any, the protocol
of the study was accessible. A 15-point checklist was used to grade each study. Each
study was assigned an overall quality of low (score: 0–5), medium (score: 6–10), or high
(score: 11–15).

3. Results
3.1. Results of the Literature Search

The primary literature search resulted in 105 articles. 25 articles were eliminated on
the basis of titles. Of the 80 articles, 66 articles were further excluded after the review of
the abstracts and on the basis of relevance. Therefore, the full texts of 14 articles were
downloaded to assess their eligibility for inclusion in this review. Three full-text articles
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were excluded because two of them were systematic reviews [41,42] and one did not include
any controls to which to compare the misfit of the Y-TZP prosthesis [43]. Hence, 11 articles
were included for qualitative assessment and critical appraisal in this review [28–38]. The
study methodology is presented in Figure 1. The overall Kappa (intra-examiner reliability)
score was calculated as 0.87.
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3.2. General Characteristics

All studies included in this review were in vitro laboratory studies that compared
the fit or misfit of Y-TZP CAD-CAM implant-supported frameworks with other materials
or fabrication methods [28–38] (Table 1). In six studies, Ti CAD-CAM frameworks were
included in the comparison groups [28,31,36–38]. In one study, cast Ni-Cr frameworks
were included as a comparison [29], and Cast Co-Cr frameworks were compared with
CAD-CAM Y-TZP in four studies [30–32,38]. In two studies, CAD-CAM was also used to
construct Co-Cr frameworks as comparison groups [30,32], and in one study, mechanically
scanned CAD-CAM Y-TZP frameworks were also tested [31]. CAD-CAM Y-TZP frame-
works were compared with frameworks constructed from CAD-CAM polyetheretherketone
(PEEK) and CAD-CAM resin composites in one study [33]. In one study, the effect of porce-
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lain veneering on the misfit of Y-TZP and Ti CAD-CAM frameworks was assessed [34],
and in another study, a CAD-CAM high-density polymer (HDP) framework was tested
against CAD-CAM Y-TZP [35]. Copy-milled Y-TZP frameworks were constructed in three
studies [29,38]. In addition to marginal or vertical misfit, four studies also compared
cyclic fatigue [29], retention [33], loosening torque [37,38], and stress [38] between different
frameworks.

Table 1. General characteristics and the overall outcomes of the studies included.

No. Study

Groups
(n = Number of Frameworks Constructed) Method of Fabrication Misfit Assessment

Other Assessed
Variables Overall Outcomes

Test Control

1 Abduo et al. 2012 [28] Y-TZP CAD-CAM
(n = 5) Ti CAD-CAM (n = 5) Copy milling

(subtractive)
Optical microscopy;
Vertical passive fit Strain

Vertical misfits for Y-TZP and Ti
CAD-CAM groups were comparable.

Passive misfit for Y-TZP CAD-CAM was
significantly lower than that of Ti

CAD-CAM.
No significant difference in strain

among both groups.

2 Zaghloul & Younis et al.
2013 [29]

Y-TZP CAD-CAM
(n = 10)

Y-TZP Copy Milling
(n = 10)

Ni-Cr Cast (n = 10)
CAD-CAM

Copy milling
(subtractive)

Digital microscopy;
Vertical marginal fit Cyclic fatigue

Y-TZP CAD-CAM had the highest
marginal misfit.

No significant difference between Y-TZP
copy milling and N-Cr cast frameworks.

3 de França et al. 2014
[30]

Y-TZP CAD-CAM
(n = 4)

Co-Cr Cast (n = 8)
Co-Cr CAD-CAM

(n = 4)

CAD-CAM
(milled/subtractive) SEM; Vertical fit None

All CAD-CAM frameworks had
comparable misfits. CAD-CAM

frameworks had significantly lower
misfits than cast frameworks.

4 Katsoulis et al. 2014 [31] Y-TZP CAD-CAM
(n = 5)

Co-Cr Cast (n = 5)
Y-TZP-M CAD-CAM

(n = 5)
Ti CAD/AM (n = 6)

CAD-CAM
(subtractive/milling)

Co-Cr cast

One-screw test, SEM;
Vertical passive fit None

No significant difference was observed
for vertical misfit between Y-TZP and Ti
CAD-CAM, but both were significantly

better than Co-Cr.

5 de Araújo et al. 2015
[32]

Group 1: Y-TZP
CAD-CAM (n = 4)

Co-Cr cast (n = 4)
Group 2: Co-Cr

CAD-CAM (n = 4)

CAD-CAM, Cast
(milled/subtractive) SEM; Vertical passive fit None

Co-Cr CAD-CAM had a significantly
lower misfit than the Y-TZP CAD-CAM

and Co-Cr Cast specimens. Y-TZP
CAD-CAM had a better fit than the

cast frameworks.

6 Ghodsi et al. 2018 [33] Y-TZP CAD-CAM PEEK CAD-CAM
RC CAD-CAM

CAD-CAM
(milled/subtractive)

Replica technique;
Internal adaptation Retention force

Y-TZP CAD-CAM had a significantly
lower misfit than PEEK and RC. No

difference between PEEK and
RC misfits.

7 Yilmaz et al. 2018 [34]
Y-TZP CAD-CAM

Before and
after veneering

Ti CAD-CAM
Before and

after veneering

CAD-CAM
(milled/subtractive)

3D fit (virtual
assessment) None

Y-TZP and Ti CAD-CAM frameworks
before and after veneering were
comparable. Significant effect of

porcelain veneering on
Y-TZP frameworks.

8 Yilmaz et al. 2018 [35] Y-TZP CAD-CAM HDP CAD-CAM
Ti CAD-CAM

CAD-CAM
(milled/subtractive)

Marginal misfit;
One-screw test None

HDP had a significantly lower misfit
than the Y-TZP and Ti CAD-CAM
specimens. No difference between

Y-TZP and Ti misfits.

9 Al-Meraikhi et al. 2018
[36]

Y-TZP CAD-CAM
(n = 5) Ti CAD-CAM (n = 5) CAD-CAM

(milled/subtractive)

Marginal misfit;
One-screw test;

CT scanning;
Color mapping

None
No significant difference between the
fits of the Y-TZP and Ti frameworks

was observed.

10 da Cunha Fontoura
et al. 2018 [37]

Y-TZP CAD-CAM
(n = 5) Ti CAD-CAM (n = 5) CAD-CAM

(milled/subtractrive) Vertical misfit; SEM Torque No significant difference between the
misfits of the Y-TZP and Ti frameworks.

11 Del Rio Silva et al. 2020
[38]

Y-TZP Copy-Milling
(n = 5)

Ti CAD-CAM (n = 5)
Co-Cr Cast (n = 5)

Co-Cr cast
(milled/subtractive)

Marginal fit; One
screw test Stress, loosening torque

Ti had a lower misfit than Y-TZP. Ti and
Y-TZP both had lower misfits than

Co-Cr. Veneering improved the fit in
all groups.

CNC, computer numerical-controlled milling; CAD-CAM, computer-aided design/computer-aided manufacture;
HDP, high-density polymer; Ti, titanium; Y-TZP, zirconia; Y-TZP-M, mechanically scanned Zirconia CAD-CAM;
Y-TZP-L, laser-scanned zirconia CAD/CM; Ti-L, laser-scanned titanium CAD-CAM; Co-Cr, cobalt-chromium;
SEM, scanning electron microscopy; LMC, left maxillary canine; RMC, right maxillary canine; RMFM, right
maxillary first molar; PEEK, polyetheretherketone.

In six studies, vertical misfit or fit was analyzed [28–32,35–38]. In one study, the
internal misfit was assessed [33], and in another study, the three-dimensional (3D) misfit of
the frameworks was assessed [34]. In four studies, scanning electron microscopy (SEM)
was used to analyze the misfit [30–32,37]. In four studies, the one-screw test was used
to analyze the misfit [31,35,36,38], and in two studies, digital or optical microscopy was
used for fit analysis [28,29]. 3D virtual assessment was used to determine the misfit in one
study [34], and the ‘replica technique’ was used to determine the internal misfit in one
study [33].

In the studies reviewed, the following implant systems or brands were used: Nobel
Biocare Active RP (three studies [30,34,35]), Mk III TiUnite by Nobel Biocare [28], Friatz by
Dentsply [29], Replace SelectTM Tapered RP by Nobel Biocare [31], Titamax Cortical Ti by
Neodent [32], an unspecified brand by Nobel Biocare [36], ITI Straumann [37], and Easy
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Grip Porous EH [38]. In one study, the implant system was not specified [33]. The length of
the implants ranged from 9 mm to 13 mm and from 3.75 mm to 4.3 mm [28–38] (Table 2).

Table 2. Implant-related characteristics and misfit values in the included studies.

No. Author Implant/Abutment System Implant
Dimensions/Location

Implant-Supported
Restoration Fabrication System Misfit (µm)

1 Abduo et al. 2012 [28]
Mk III TiUnite; Nobel

Biocare AB;
External hex.

Length: 11.5 mm;
diameter: 4.0 mm.

First Premolar and second
molar on each side

All-on-four full arch
fixed denture

Forte, Nobel Biocare, AB
(CAD); Fabrication by

CAD manufacturer.

Vertical misfit:
Y-TZP CAD-CAM: 3.7 µm Ti CAD-CAM: 3.6 µm

Passive misfit:
Y-TZP CAD-CAM: 5.5 µm Ti: 13.6 µm

2 Zaghloul & Younis et al.
2013 [29] Friatiz, Dentsply

Length: 11 mm,;
diameter: 4–5 mm

Second premolar and
second molar

Three-unit FPD
Cerec 3 CAD-CAM (Y-TZP);

Y-TZP Copy Milling;
Ni-Cr Conventional casting

Y-TZP CAD-CAM: 84.58 ± 3.767 µm
Y-TZP copy milling: 50.33 ± 3.415 µm

Ni-Cr cast: 42.27 ± 3.766 µm

3 de França et al. 2014 [30] Tapered RP; Nobel Biocare;
Internal hex

Titamax Cortical
Ti; Neodent

Diameter: 4.1 mm;
length: 9 mm.

Second premolar and
second molar

Three-unit FPD Not specified

Y-TZP CAD-CAM: 5.9 ± 3.6 µm
Co-Cr CAD-CAM:

1.2 ± 2.2 µm
Co-Cr Cast:

Castable abutment: 12.9 ± 11.0 µm
Machined abutment:

11.8 ± 9.8 µm

4 Katsoulis et al. 2014 [31] Replace SelectTM

Tapered RP; Nobel Biocare

Diameter: 4.3 mm. RMSPM,
RMC, RMCI, LMCI,

LMC, LMSPM

Ten-unit fixed denture on
six implants

CAD: Nobel Biocare (Nobel
ProceraTM); Nobel Biocare

CAM: Nobel Procera
Production Facility;

Nobel Biocare

Y-TZP-L: Median 14 µm 95% CI: 10–26 µm
Y-TZP-M: Median 18 µm 95% CI: 12–27 µm

Ti-L: Median 15 µm 95% CI: 6–18 µm
Co-Cr Cast: Median 236 µm

95% CI: 181–301 µm

5 de Araújo et al. 2015 [32] Titamax Cortical
Ti; Neodent

Diameter: 3.75 mm;
length: 9 mm.

Three individual implants
(second premolar, first
molar, second molar)

Three-unit FPD Not specified
Y-TZP CAD-CAM: 103.81 ± 43.15 µm
Co-Cr CAD-CAM: 48.76 ± 13:45 µm

Co-Cr Cast: 187.55 ± 103.63 µm

6 Ghodsi et al. 2018 [33] Not specified Not described 12 implants (denture details
not stated)

CAD: 3Shape;
CAM: 3Shape D810 CAD

Y-TZP CAD-CAM: 74.80 µm
PEEK CAD-CAM: 181.39 µm

RC: 174.89 µm

7 Yilmaz et al. 2018 [34] Nobel Biocare Active RP

Length: 13 mm;
diameter: 4.3 mm.

Two straight in the anterior
and two distally tilted

internal-hexagon dental
implants; canine and

molar regions

All-on-four fixed denture

CAD: S600 ARTI;
Zirkonzahn

CAM: M1 Wet Heavy Metal
Milling Unit

Before veneering:
Y-TZP CAD-CAM: 89 µm T CAD-CAM µm: 88

After veneering: Y-TZP: 175
Ti: 175

8 Yilmaz et al. 2018 [35] Nobel Biocare Active RP

Length: 13 mm;
diameter: 4.3 mm

Perpendicular in RMC and
LMC; 30-degree distally

inclined in RMFM

All-on-four fixed denture

CAD: Zirkonzahn Software;
Zirkonzahn

CAM: M1 Wet Heavy Metal
Milling Unit

RMC
HDP: 60 µm

Y-TZP CAD-CAM: 83 µm
Ti CAD-CAM: 74 µm

LMC
Not detectable

RMFM
HDP: 55 µm

Y-TZP CAD-CAM: 74 µm
Ti CAD-CAM: 102 µm

9 Al-Meraikhi et al. 2018 [36] Nobel Bioactive Implants: 4.3 mm × 13 mm
Internal Hex

All-on-four fixed denture.
Two implants at canine and

two implants at first
molar positions

CAD: S600 ARTI
Zirkonzahn

CAM Milling Unit M1
Heavy; Zirkonzahn

LMC-Ti: 8.2 ± 2.6 µm
RMC-Ti: 74 ± 15 µm

RMC-Y-TZP: 84.4 ± 12.1 µm
RMFM-Ti: 102 ±26.7 µm

RMFM-Y-TZP: 93.8 ± 30 µm

10 da Cunha Fontoura et al.
2018 [37] ITI Straumann

Diameter 4.1;
length: Not available.

Location: mandibular-2 at
central incisors and 2

at canines

All-on-four.
First premolar to

first premolar

CAD: Zirkozahn Modellier;
Zirkozahn

CAM: Milling Unit M5
Heavy; Zirkonzahn

Ti CAD-CAM: 6.011 ± 0.750 µm
Y-TZP CAD-CAM: 9.055 ± 3.692 µm

11 Del Rio Silva et al. 2020 [38] Easy Grip Porous EH

Implants: 4.1 mm × 11.5
mm (premolar region), 4.1

mm × 11.5 mm (incisor
region), 5 mm × 7 mm

(molar region)

Fixed complete denture
supported by six implants

Ceramill Map 400+; Amann
Girrbach/Ceramill Motion
2; Amann Girrbach (Y-TZP)
and CNC D15W; Yenadent

(Co-Cr & Ti)

Mean values not provided.
Ti CAD-CAM had the highest fit before veneering. No

difference in fit after veneering.

CAD, computer-assisted design; CAM: computer-assisted manufacture; Y-TZP, zirconia; Ti, titanium; Co-Cr,
cobalt-chromium; Ni-Cr, nickel-chromium; RMSPM, right maxillary second premolar; RMC, right maxillary
canine; RMCI, right maxillary central incisor; LMCI, left maxillary central incisor; LMC, left maxillary canine;
LMSPM, left maxillary second premolar; PEEK, polyetheretherketone.

In three studies, three-unit fixed partial dentures (FDP) were constructed [29,30,32],
and in five studies, full arch fixed dentures on four implants (all-on-four) were con-
structed [28,34–37]. In one study, a ten-unit fixed prosthesis supported by six implants was
constructed [31], and in one study, six implants supported a fixed prosthesis [38]. In the
included studies, the following CAD systems were used: Zirkozahn (four studies [34–37]),
Nobel Biocare [28,31], Cerec 3 [29], 3Shape [33], and Ceramill Map [38]. The CAM systems
were: M1 Milling Unit (three studies [34–36]), M5 Milling Unit [37], 3Shape [33], and
Ceramill Motion [38]. In two studies, the CAD-CAM system was not specified [30,32].
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3.3. Outcomes of Included Studies

In five studies, the misfits of the Y-TZP CAD-CAM frameworks were comparable to
that of Ti CAD-CAM [28,31,35–37]. In one study, Ti CAD-CAM had a significantly lower
misfit compared to Y-TZP CAD-CAM [38]. Compared to Co-Cr CAD-CAM, in one study, Y-
TZP CAD-CAM exhibited a comparable fit [30], and in another one, Co-Cr CAD-CAM had
a significantly better fit [32]. When compared to copy-milled Y-TZP and Ni-Cr CAD-CAM
frameworks, Y-TZP CAD-CAM had a lower misfit in one study [29]. When compared with
PEEK and resin composites, Y-TZP CAD-CAM prosthesis had a better fit [33]. On the other
hand, in one study, CAD-CAM frameworks constructed from high-density polymer (HDP)
had lower misfits than Y-TZP CAD-CAM frameworks [35].

3.4. Results of the Quality Assessment

Eight studies received an overall quality grade of ‘Medium’ [28–30,32,34–37], one
study was graded as ‘Low’ [33], and only two studies were graded as ‘High’ [31,38]
(Table 3). All studies contained an adequate abstract and described the statistical tests
conducted [28–38]. All but one study contained an adequate introduction [28–32,34–38].
Although all studies contained an introduction [28–38], in one study, the objectives and the
background were not adequately stated [33]. One study did not describe the reproducibility
and the measurements of the outcomes adequately [33]. Additionally, the same study
did not present the numerical mean values of the fit or misfit of dentures [33], and only a
qualitative summary of the outcomes was described. A pre-determined sample size was
used in only two studies [31,32]. Randomization was employed in only one study [33], but
the same study did not describe the randomization process and the personnel involved in
its implementation. The investigators and the technicians were blinded in only study [31].
Seven studies described their limitations in the discussion section [28,30,32,34–36,38]. On
the other hand, two studies did not highlight any limitations of the experiments [33,37], and
in two studies, it was not clear if the limitations had been described [29,31]. Three studies
did not provide any funding information [29,30,32], and none of the studies provided
access to the protocol of the study [28–38] (Table 3).

Table 3. Results of the quality assessment conducted on the studies included in this review.

Assessment Item Abduo et al.
2012 [28]

Zaghloul &
Younis et al.

2013 [29]

de França
et al. 2014 [30]

Katsoulis
et al. 2014 [32]

de Araújo
et al. 2015 [32]

Ghodsi et al.
2018 [33]

Yilmaz et al.
2018 [34]

Yilmaz et al.
2018b [35]

Al-Meraikhi
et al. 2018 [36]

Diego et al.
2018 [37]

Silva et al.
2020 [38]

1. Adequate abstract Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

(2a) Introduction
(Background) Yes Yes Yes Yes Yes Not clear Yes Yes Yes Yes Yes

(2b) Introduction
(Objectives) Yes Yes Yes Yes Yes Not clear Yes Yes Yes Yes Yes

Methods

3. Replicable
methods Yes Yes Yes Yes Yes Not clear Yes Yes Yes Yes Yes

4. Adequate
outcomes Yes Yes Yes Yes Yes Not clear Yes Yes Yes Yes Yes

5. Pre-determined
sample size No No No Yes Yes No No No No Yes Yes

6. Allocation of
samples

(a) Randomization No No No No No Yes No No No No No

(b) Allocation
concealment No No No No No No No No No No No

(c) Implementation No No No No No No No No No No No

7. Blinding No No No Yes No No No No No No No

8. Statistics Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

9. Adequate
outcomes &
estimation

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

10. Discussion:
Limitations Yes Not clear Yes Not clear Yes No Yes Yes Yes No Yes

11. Funding Yes No No Yes No Yes Yes Yes Yes Yes Yes

12. Accessible
protocol No No No No No No No No No No No

Overall quality Medium Medium Medium High Medium Low Medium Medium Medium Medium High
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4. Discussion

CAD-CAM prostheses provide a significant advantage over conventional cast pros-
theses in terms of the number of patient visits, appointment duration, and accuracy [21].
Additionally, with the application of intraoral scanning and CAD-CAM, there is no need
for impression taking and study or cast model construction, making cross infection eas-
ier. The aim of this study was to critically appraise and summarize the current evidence
comparing the fit of implant-supported Y-TZP CAD-CAM frameworks to that of other
metal and non-metal implant frameworks. The majority of the studies included in this
review concluded that implant-supported Y-TZP CAD-CAM frameworks have a better or
comparable fit to that of cast and CAD-CAM frameworks constructed from Ti, Co-Cr, resin,
and PEEK [28,29,31,35–37].

The overall outcome of this systematic review suggests an acceptable fit accuracy of
Y-TZP CAD-CAM frameworks, but this should be interpreted with caution due to the het-
erogeneity in the methodology and outcomes of the studies. Several different CAD-CAM
systems were used to construct the frameworks [28–38], making the standardization and
comparison of the results difficult. In eight studies, conventional CAD-CAM was used to
fabricate frameworks; however, in three studies, copy-milling was employed [28,29,38].
As opposed to conventional CAD-CAM, copy-milling involves the digital scanning of
a manually constructed wax or resin pattern of the prostheses. Dimensional changes
in the constructed pattern may contribute to discrepancies in the misfit of prostheses
constructed with this method. However, to date, no comparative studies have been con-
ducted to assess the misfit of copy-milled Y-TZP frameworks to that of CAD-CAM frame-
works. Furthermore, the types of implant abutments used to support the CAD-CAM
Y-TZP frameworks [28–38] differed in the reviewed studies, which makes it difficult to
prescribe guidelines for constructing CAD-CAM frameworks with an optimal fit or mini-
mal misfit. Another limitation of the studies was that all of them were in vitro laboratory
studies [28–38]. Indeed, it is difficult to measure the misfit of prostheses in vivo [44] because
there are several factors that affect not only the misfit of implant-supported prostheses
but also the overall lifespan of the prostheses. These factors included masticatory forces,
parafunctional habits, the age of the patient, systemic health, and the osseointegration of
dental implants [45–48]. Hence, future studies should attempt to simulate the effects of
these factors on the misfit of Y-TZP CAD-CAM frameworks.

The differences among the methods used for the assessment of the misfit make it diffi-
cult to reach a definite conclusion regarding the misfit of Y-TZP CAD-CAM frameworks to
other materials. The ‘one-screw’ test involves the placement of a single screw at the terminal
implant abutment, and the opposing abutment is evaluated for movement radiographically
or clinically. This test was used in four studies in this review [31,35,36,38]; however, its ma-
jor limitation is its primary reliance on manual measurements with the naked eye, making
the assessments unreliable in many cases. Indeed, this inconsistency is reflected by the
results of the four studies that have compared the misfit of Y-TZP CAD-CAM to that of Ti
CAD-CAM: in three studies, Y-TZP exhibited either a lower or comparable misfit [31,34,36],
and in one study, Ti frameworks possessed a lower misfit [38]. Only two studies made
use of CT scanning or virtual scanning to assess the misfit [34,36]. Indeed, the relatively
large range of the misfit of the Y-TZP CAD-CAM frameworks (3.7 µm to 103.71 µm) is
most likely due to the non-standardization of misfit assessments, so future studies should
focus on reproducible and standardized techniques to compare the misfit of frameworks.
Nevertheless, due to variations in the fabrication techniques, material phase, and equip-
ment type used, attaining ideal standardization among the Y-TZP misfit studies may not be
pragmatic. It is also important to note that CAD-CAM Y-TZP crowns have an approximate
success rate of 70% after 24 months, and the most likely reason for this is fatigue-failure [49].
Therefore, more studies focusing on the reasons for CAD-CAM framework misfit and the
resultant failures should be conducted. Nevertheless, a recent retrospective clinical study
on implant-supported CAD-CAM Y-TZP denture frameworks provided to 50 patients
found no long-term failures after 2 years, which makes the long-term viability of Y-TZP
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CAD-CAM frameworks promising [50]. Nevertheless, for the adequate functionality and
survival of implant-supported prostheses, optimal oral hygiene is vital, and patients should
be educated about this during and after treatment [51].

In addition to the above concerns, there were multiple sources of bias found in the
studies. A pre-determined sample size was used in only two studies [31,32], and the sample
sizes in the remaining studies may have not been sufficient to produce reliable results.
Furthermore, no study mentioned any attempt in blinding the investigators or technicians
during the experiments. Although it is difficult to blind the investigators from the materials
due to their difference in appearance, it may be possible to blind the experimental groups
corresponding to the measurements of the misfit assessments in future studies. In the
majority of the studies, randomization was not attempted, which may have contributed
to selection bias within the studies. A major limitation of this systematic review itself
was that it was not possible to conduct a meta-analysis because of the heterogeneity of
the studies included. Thus, it was not possible to deduce an overall misfit effect of the
results. Therefore, to achieve a certain level of standardization among the misfit evaluation
investigations, further studies should incorporate blinding, randomization, similar misfit
evaluation methods, and analyzed sample sizes.

In addition to CAD-CAM Zirconia frameworks, the 3D printing of such denture
frameworks may provide an additional advantage of additive manufacturing leading to the
reduced wastage of material and reduced costs [52]. Nevertheless, a lack of clinical trials or
other prospective studies to assess the misfit of the Y-TZP CAD-CAM means that, to date,
it is difficult to ascertain whether the misfit of these frameworks is lower or comparable
to other types of frameworks. Consequently, large-scale clinical studies and standardized
in vitro studies with minimal bias are necessary to make a more definite conclusion.

5. Conclusions

Within the limitations of this review and the included studies, it may be concluded
that Y-TZP CAD-CAM implant-supported frameworks have a comparable misfit to other
CAD-CAM implant-supported frameworks. However, due to the heterogeneity in the
methodologies of the included studies, the overall numerical misfit of the frameworks
tested in the studies is debatable. Better-designed in vitro and long-term clinical studies
are required to reach a more definite conclusion.
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Abstract: (1) Background and Objectives: The aim of this narrative review was to analyze the neu-
roanatomical and neurophysiological basis of cervicogenic pain in cervico-cranial pain syndromes,
focusing particularly on cervico-orofacial syndromes as a background for the proper diagnosis
and non-surgical treatment. Relevant literature on the topic from past 120 years has been surveyed.
(2) Material and Methods: We surveyed all original papers, reviews, or short communications published
in the English, Spanish, Czech or Slovak languages from 1900 to 2020 in major journals. (3) Results:
The cervicogenic headache originates from the spinal trigeminal nucleus where axons from the
C1–C3 cervical spinal nerves and three branches of the trigeminal nerve converge (trigeminocervical
convergence) at the interneurons that mediate cranio-cervical nociceptive interactions. The role of the
temporomandibular joint in the broad clinical picture is also important. Despite abundant available
experimental and clinical data, cervicogenic orofacial pain may be challenging to diagnose and treat.
Crucial non-surgical therapeutic approach is the orthopedic manual therapy focused on correction
of body posture, proper alignment of cervical vertebra and restoration of normal function of tem-
poromandibular joint and occlusion. In addition, two novel concepts for the functional synthesis of
cervico-cranial interactions are the tricentric concept of mouth sensorimotor control and the concept
of a cervicogenic origin of bruxism. (4) Conclusions: Understanding the basis of neuroanatomical
and neurophysiological neuromuscular relations enables an effective therapeutic approach based
principally on orthopedic manual and dental occlusal treatment.

Keywords: cervicogenic; pain; temporomandibular joint; posture; physiotherapy

1. Introduction

Cervicogenic headache, or more broadly, cervicogenic orofacial pain (COP), represents
an important clinical entity defined as a secondary, lateralized non-throbbing headache
caused by nociceptive sources in the cervical spine [1]. Its negative impact on quality of
life is substantial and may be comparable to those of migraines and episodic tension-type
headaches [2,3]. Cervicogenic orofacial syndrome is characterized by pain that begins in the
neck or occipital region and progresses to adjacent regions of the face and head [4,5]. The
anatomical basis for this clinical pattern likely relates to a convergence of the upper cervical
and trigeminal nociceptive afferents within the trigeminocervical neural complex [6].

Regarding basic neuroscience, COP is probably one of the best-understood categories
of common headaches. Its etiopathogenetic mechanisms are largely known, based mainly
on the convergence on afferent nerve fibers from first three cervical nerves and trigeminal
branches on the interneurons of the spinal trigeminal nucleus, as a source of referred pain
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from cervical region to trigeminal area [4–6]. The pain can be induced experimentally
in healthy volunteers. It is diagnostically helpful that in some patients, COP can be
temporarily relieved by blocking the cervical joints or nerves with local anesthetics [5].

The Cervicogenic Headache International Study Group formally identified the clinical
syndrome as a separate entity in 1998. Consequently, it was included in the second and
third edition of the International Headache Society classification of Headache in 2004 [7,8]
(Table 1). The Study Group classified cervicogenic headache as a side-locked orofacial pain
(OP) worsened by diverse stimuli such as neck movements, sustained improper neck posi-
tioning, restricted range of cervical spine motion, or ipsilateral shoulder and arm pain [9].
Despite this relatively strict definition, COP may be challenging to diagnose clinically. For
example, a sharp pain in the occipital region may reflect neuralgia of the occipital nerve
that can mimic COP [10]. Signs and symptoms associated with migraine headaches or other
symptoms of vascular headaches, including neck pain, nausea, vomiting, photophobia, and
phonophobia can imitate COP [9,11,12]. Despite abundantly available experimental and
clinical data, therapeutic modalities based on specific etiopathogenic mechanisms of COP
have not been comprehensively elucidated and are the subject of this review. Further text is
based elaborating the non-surgical treatment modalities, mainly based on orthopedic man-
ual therapy, based on the author’s own concepts, such as Rocabado’s tricentric concept of
mouth sensorimotor control, the importance of posture, proper alignment of cervical verte-
brae and the role of concomitant conservative temporomandibular joint therapy. Moreover,
the author’s own concept of bruxism etiopathogenesis pathway is presented as well.

Table 1. The International Classification of Headache Disorders (ICHD-3) diagnostic criteria for
cervicogenic headache according to the Headache Classification Committee of the International
Headache Society (2018).

A. Any headache fulfilling criterion C.

B. Clinical and/or imaging evidence of a disorder or lesion within the cervical spine or soft tissues
of the neck, known to be able to cause headache.

C. Evidence of causation demonstrated by at least two of the following:
1. headache has developed in temporal relation to the onset of the cervical disorder or appearance
of the lesion;
2. headache has significantly improved or resolved in parallel with improvement in or resolution
of the cervical disorder or lesion;
3. cervical range of motion is reduced and headache is made significantly worse by
provocative maneuvers;
4. headache is abolished following diagnostic blockade of a cervical structure or its nerve supply.

D. Not better accounted for by another ICHD-3 diagnosis.

2. Data Collection and Analysis

We surveyed all original papers, reviews, or short communications published in
the English, Spanish, Czech or Slovak languages from 1900 to 2020 in major journals.
Studies were included when they dealt with COP experimentally or clinically based on
Medline, Web of Science, OVID, and Google Scholar searches. The parameters studied were
mainly neuroanatomy, neurophysiology, etiology, pathogenesis, clinical appearance, and
therapeutic modalities. We particularly focused on COP syndromes with more emphasis
on cervico-orofacial syndromes.

3. Epidemiology

The prevalence of COP is between 1–4.1% in the general population but could be as
high as 17.5% among patients with severe headaches [9,12–14]. The highest prevalence is
in the patients with whiplash injury where it could be as high as 53% [15].
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4. Clinical Anatomy of Cervico-Cranial Junction

The cervico-cranial complex represents a crucial part of the axial (postural) system. It
is involved in many functions including the primary movements of the head, and participat-
ing in remote secondary functions such as positioning of the head in accordance with visual
and vestibulocochlear inputs, movements of the mandible at the temporomandibular joint,
pharyngeal and laryngeal functions, and others. Clinically, the cranio-mandibulo-cervical
complex includes the first three vertebrae, skull, mandible, and hyoid bone, together with
the muscles, ligaments, fasciae, and other structures involved in their movement [16].

Among the first three cervical vertebrae, only the third represents a typical cervical
vertebra with a distinct body, vertebral arch, and typical processes. The C1 vertebra
(atlas) lacks a typical vertebral body, being composed of anterior and posterior arches
only together with paired lateral masses. The C2 vertebra (axis) serves as an axis for
rotation of the atlas and head around its strong odontoid process (dens), projecting cranially
from the superior surface of the body. It is retained in position by the strong transverse
ligament of the atlas. Further, the tip of the atlas is connected to the occipital bone with
paired alar ligaments, approximately 11 mm long, and thick collagenous cords. The
atlas is connected to the occipital bone by two atlanto-occipital joints, developed between
occipital condyles and articular surfaces on the superior aspects of the lateral masses of
the atlas. In this joint, the main movements are flexion and extension (range 16–21◦), with
limited lateral flexion (range 3◦) and rotation (range 6◦) [17]. The connection of the atlas
and axis is in the abovementioned, unpaired, median atlanto-axial joint between the dens
axis and posterior surface of the anterior arch of the atlas and paired lateral atlanto-axial
zygapophyseal joints. The main movement of this joint is rotation with a normal range
of approximately 41◦ [17]. Atlanto-axial rotation is limited by clinically very important
alar ligaments, the left becoming taut on rotation to the right and vice versa. The slightly
upward movement of the C2 vertebra during rotation facilitates a wide range of movement
by reducing the tension in the alar ligaments, as it also does in the capsules and accessory
ligaments of the lateral atlanto-axial joints [18]. Between the second and third cervical
vertebrae, typical intervertebral disc together with paired, lateral, zygapophyseal joints
are developed. Together with the four other cervical vertebrae, these structures form a
typical convexity directed forward, called cervical lordosis. Moreover, the first two thoracic
vertebrae are involved; thus, typical physiological cervical lordosis extends from the atlas
to the Th2 vertebra, with its maximum bending being between the C4 and C5 vertebrae.

4.1. Spinal Nerves

The cervical vertebrae form the cranial part of the vertebral canal, which encloses the
spinal cord giving rise to the spinal nerves, which form by a fusion of motor ventral and
sensory dorsal spinal roots to pass as one nerve bundle through the intervertebral foramina.
The first cervical spinal nerve (C1) passes between the occipital bone and C1 vertebra. The
last cervical spinal nerve (C8) passes between the last cervical vertebra and the first thoracic
vertebra—the reason why humans have eight cervical spinal nerves but only seven cervical
vertebrae. After passing through the intervertebral foramen (or corresponding space) the
spinal nerves emerge laterally and give rise to anterior and posterior nerve branches (rami).
Importantly, the peripheral branches of the cervical spinal nerves supply neck muscles,
which are functionally related to movements of the cervical spine, head, and mandible.

4.2. Spinal System and Trigeminocervical Convergence

The trigeminal nerve is the thickest cranial nerve, and it contains approximately
180,000 nerve fibers. It is a very huge somatosensory part (radix sensoria, portio major)
that innervates the skin of the face, all teeth, oral, nasal, and paranasal mucosa, anterior
two-thirds of the tongue, orbit, part of nasopharynx, mucosa of the Eustachian tube,
temporomandibular joint (TMJ), majority of the dura mater, lateral part of the tympanic
membrane, external auditory meatus, and small part of the auricle [18–20]. The most intense
pain stimuli in this large innervating area are provided by free nerve endings from the dental
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pulp and cornea. The borders of the innervating areas of particular branches (ophthalmic,
maxillary, and mandibular) are rima palpebrarum and rima oris. Posteriorly, the margin
remains the line vertex—external auditory meatus—chin. The importance of the trigeminal
sensory innervation is very high—approximately 50% of the cortical representation of all
sensory inputs from the body comes from the trigeminal system [21]. Trigeminal primary
afferents are dendrites of pseudounipolar neurons in trigeminal (semilunar, Gasserian)
ganglion and mesencephalic nucleus [22]. The motor part (radix motoria, portio minor)
innervates all chewing muscles (masseter, temporalis, and medial and lateral pterygoids)
as well as mylohyoid, anterior belly of digastric, tensor tympani, and tensor veli palatini.
In the periphery, the trigeminal nerve system is entered by sympathetic, parasympathetic,
and gustatory fibers from other origins.

The trigeminal nerve has three sensory nuclei (trigeminal sensory complex) and one
motor nucleus.

4.2.1. Trigeminocervical Nucleus

Trigeminocervical nucleus (nucleus spinalis nervi trigemini) is an elongated structure,
located from the bottom of the pons to upper segments of cervical spinal cord. It has three
main parts: (1a) Subnucleus oralis (pars rostralis) contains afferent fibers from facial region
close to the midline, mainly from the oral cavity and nose. (1b) Subnucleus interpolaris—
contains afferent fibers from the ventrolateral parts of the face, mainly from the cheeks
and orbit. (1c) Subnucleus caudalis—contains afferent fibers from the lateral parts of the
face. Lateral to subnucleus caudalis, a bundle of fibers called tractus spinalis nervi trigemini is
located. This bundle is entered by A-delta and C-type trigeminal fibers leading to pain and
thermal stimuli. These fibers are somatotopically organized—most anteriorly, are fibers
from the ophthalmic nerve, in the middle, are fibers from the maxillary nerve and dorsally,
are fibers from the mandibular nerve. Step by step, these fibers turn medially and enter the
trigeminocervical nucleus. To understand COP, it is extremely important to know that the
axons of the trigeminocervical nucleus are densely connected with axons of spinal ganglia
of C1–C3 spinal nerves, via interneurons of the trigeminocervical nucleus [5,23]. This
pattern is known as trigeminocervical functional convergence [24] (Figure 1). Moreover,
the referral of sensations is bi-directional [25]. Thus, there is a possibility of referred pain
transfer between the C1–C3 and trigeminal innervation areas [4,5]. Pain originating from
the teeth, jaws, or TMJ could thus project into the cervical area, and vice versa. Pain from
the C1–C3 innervation area (e.g., due to improper posture, C1/C2 vertebra rotation, cervical
trauma) could project to the orofacial region, mainly to the forehead, orbit, cheek, TMJ, and
ear, causing problems in differential diagnosis with a high risk of misdiagnosis [5,26]. This
relation represents the fundamental neuroanatomical basis of COP [5]. Importantly, no
relation has been observed between the trigeminal nerve and spinal nerve C4 or nerves at
lower segments [5].

Posterior to the trigeminocervical nucleus, a fine bundle of somatosensory affer-
ent fibers from facial, glossopharyngeal, and vagus cranial nerves are located, known
as the spinal nerve tract (tractus spinalis nervi trigemini). These fibers also end in the
trigeminocervical nucleus—this connection has been confirmed both experimentally and
clinically [26–28]. This connection is highly clinically relevant, because it explains the
pathogenic background of referred pain between the orofacial area innervated by the facial,
glossopharyngeal, and vagus cranial nerves on one side and the spinal C1–C3 innerva-
tion area on the other side [26]. The knowledge of the organization of nerve fibers in the
spinal nerve tract is important for surgical therapy of trigeminal neuralgia—trigeminal
tractotomy, employing the destruction of superficially located nerve fibers (for review, see
Cetas et al., 2008 [29]). Efferent fibers from the trigeminocervical nucleus run as a ventral
trigeminothalamic tract (tractus trigeminothalamicus ventralis), together with fibers from
the ventrolateral part of the pontine trigeminal nucleus (see below) to the thalamus, from
which it runs to the primary sensory cortical area.
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to pain from the upper cervical spine into the head and face. Furthermore, bi-directional interactions
between the trigeminal and upper cervical afferents may also explain the cervical symptoms of
trigeminal origin.

4.2.2. Pontine Trigeminal Nucleus

Pontine trigeminal nucleus (nucleus pontinus), also called principal trigeminal nucleus
(nucleus principalis nervi trigemini) is the main somatosensory trigeminal nucleus, located
in pons Varoli. Strong A-alpha and A-beta myelinated fibers, leading signals from low-
threshold mechanoreceptors of the scalp, end in this nucleus. It has two main parts:
(1) The Dorsomedial part receives signals from the oral cavity and forms the posterior
trigeminothalamic tract (tractus trigeminothalamicus dorsalis), which leads ipsilaterally into
the thalamus. (2) The Ventrolateral part receives signals from all areas innervated by
the trigeminal nerve and after crossing the midline, it forms (together with axons of
the trigeminocervical nucleus—see above) the ventral trigeminothalamic tract (tractus
trigeminothalamicus ventralis). This nucleus is functionally related to the gracilis and cuneate
nuclei and serves to analyze touch, discrimination, and vibration sensations. It also contains
small amounts of proprioceptive fibers, mainly from oculomotor muscles [22]. Efferent
fibers from the pontine trigeminal nucleus form a distinct bundle, trigeminal lemniscus
(lemniscus trigeminalis), which runs into the thalamus and from here to primary sensory
cortical areas.

4.2.3. Mesencephalic Nucleus

Mesencephalic nucleus (nucleus mesencephalicus nervi trigemini) is an elongated mass
of gray matter, located close to the substantia grisea centralis. It is unique among central
nervous system (CNS) nuclei because it is formed by pseudounipolar neurons [18,22].
Thus, it is considered to be the only intraneuraxial ganglion in the human body [30]. It
was originally postulated that these large, glutamatergic pseudounipolar neurons entered
the mesencephalon from the neural crest during the development; however, recent find-

246



Medicina 2022, 58, 1324

ings have revealed that they originate primarily from the same material as the future
mesencephalon [31]. The mesencephalic nucleus is, thereby, the only centrally located nu-
cleus comprising first-order neurons, i.e., they receive impulses directly from receptors,
without interpolation. Summarily, 80–90% of dendrites receive proprioceptive signals
from the muscle spindles (stretch receptors) of the muscles of mastication, and 10–20% of
dendrites receive signals from mechanoreceptors of periodontal tissues, mainly from those
at the region of the root apex [32]. Although neurons leading signaling from the masticatory
muscles are spread diffusely within the nucleus, i.e., without evident somatotopic organi-
zation, neurons registering signals from the periodontal tissues are only localized in the
caudal segment of the mesencephalic nucleus [22]. Some anatomical textbooks state that
the mesencephalic nucleus also contains signaling from oculomotor muscles and receptors
from TMJ [18]; however, this theory has been repeatedly falsified as these pseudounipolar
neurons are demonstrably located in the trigeminal ganglion, not in the mesencephalic
nucleus [33–35]. The axons of these cells end mainly in the brainstem reticular forma-
tion (parvocellular part), in the trigeminal motor nucleus (glutamatergic signals), in the
supratrigeminal nucleus and orexinergic hypothalamic nuclei [30,36]. Noteworthy is its pro-
jection to the trigeminocervical nucleus and from there, to motor centers of cervical muscles,
beside other functions, important for mastication, typically for activation of suprahyoid and
infrahyoid muscles during caudal movement (depression) of the mandible [36]. Lateral to
the mesencephalic nucleus, are afferent and efferent fibers from the mesencephalic trigemi-
nal tract (tractus mesencephalicus nervi trigemini). The mesencephalic nucleus is important for
jaw-jerk (masseteric) reflex, as shown by experimental [37] or human studies [38]. However,
the role of this nucleus in mastication is not completely elucidated; most likely, it provides
the feedback for the masticatory apparatus (stomatognathic system), based on information
from proprioceptors of masticatory muscles and mechanoreceptors from the periodontium.
If the mesencephalic nucleus is lesioned unilaterally, thus removing all feedback from
ipsilateral muscle spindles and important parts of the periodontal mechanoreceptors, ex-
perimental animals tend to chew on the contralateral side (they “feel” the food on this side);
if the lesion is bilateral, they chew normally on both sides [37]. It remains an interesting
result, which reveals that chewing is technically possible without proprioceptive signaling
from masticatory muscles [37,39]. In this context, the finding that proprioceptive input
does not play a major role in the differentiation of bite force is also important [40]. It was
confirmed with findings in patients with lost afferents to mesencephalic nucleus [38]. It
shows that proprioceptive signaling is important mainly for teaching of masticatory cycle;
moreover, once established, it temporarily becomes less important—until the moment,
when a new situation appears and establishment of a new masticatory pattern is necessary,
such as after the increase in the vertical dimension of occlusion or loss of the so-called
“supporting zones of Eichner” [39,41]. Conversely, experimental work showed that for
the regulation of jaw elevation force, the mechanoreceptive signaling from periodontal
tissues is necessary [40]. This mechanism protects the teeth against damage (infraction,
fracture), as numerous clinical experiences with dental implants (having no periodontal
mechanoreceptors) have repeatedly shown [42]. Moreover, the mesencephalic nucleus re-
mains a crucial neural structure in parafunctional orofacial clinical entities such as bruxism
(for review, see article by Giovanni and Giorgia [30]).

4.2.4. Motor Trigeminal Nucleus

Motor trigeminal nucleus (nucleus motorius nervi trigemini) is a somatomotor nucleus
located under the rostral third of the rhomboid fossa. Its fibers form the motor part of the
trigeminal nerve, located in the mandibular nerve. It innervates all masticatory muscles
(masseter, temporalis, medial and lateral pterygoid) as well as mylohyoid, anterior belly
of digastric, tensor tympani, and tensor veli palatini. Cortical projections to the motor
trigeminal nucleus are crossed as well as uncrossed; thus, unilateral lesion of this nucleus
does not cause significant impairment of the masticatory cycle [18].
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4.3. Temporomandibular Joint

TMJ is a compound, paired (bicondylar), and pivoting hinge joint developed be-
tween the mandibular (glenoid) fossa and the articular eminence (tuberculum articulare)
of the temporal bone and mandibular condyle. Between the joint, the articulating disc
(discus articularis) is inserted. This special and unique biconcave fibrous cartilage divides
the joint cavity into the superior discotemporal and inferior discomandibular parts. The
articular disc works as a shock absorber as well as a tensile force absorber, forming the
basis of convex-concave contact of articular facets [16,26]. Its main parts in the ventrodorsal
direction are: (1) anterior attachment of the superior head of the lateral pterygoid muscle,
(2) anterior band (anterior rim, anterior dense portion of the disc), (3) biconcave inter-
mediate zone, (4) posterior band (posterior rim, posterior dense portion of the disc), and
(5) bilaminar zone, composed of the superior and inferior retrodiscal laminae, which en-
close the Zenker’s retroarticular fat pad. The main axis of the load of the disc runs through
the midpart of its biconcave intermediate zone, where the ventrocranial part of the condyle
and dorsocaudal part of the articular eminence are in contact—both parts are convex; hence,
the biconcave disk remains the crucial structure for the transfer of convex-convex surfaces
to two convex-concave surfaces [16,26].

Temporomandibular Function

Movement of TMJ is limited by many ligaments. Intraarticular (intracapsular) liga-
ments, which develop in the joint cavity include the anterior, medial, and lateral discal
ligaments together with discotemporal (“Tanaka’s”) and discomalleoar (“Pinto’s”) liga-
ments. Ipsiarticular (“collateral“) ligaments, formed in proximity to the articular capsule,
include the temporomandibular (lateral) and medial ligaments. Extraarticular ligaments,
formed at a distance from the articular capsule include sphenomandibular, stylomandibu-
lar, pterygomandibular ligaments, and tractus angularis. Of particular clinical interest are
discomalleoar (Pinto’s) and malleomandibular ligaments (part of the sphenomandibular
ligament), which connect the structures of the middle ear and the mandibular condyle
or articulating disc, thus forming a morphological background for the development of
tinnitus in patients with functional problems of TMJ, in particular those of the cervico-
cranio-mandibular system [43,44].

Importantly, the position of the patient’s head is identical to that of the mandibular
fossae of TMJ [45]. Thus, any change in alignment of the cervical vertebrae immediately
affects the alignment of TMJ structures and their function. For example, if the C2 vertebra
is rotated to the left, the head (together with the mandibular fossae) rotates to the right
around the ventrodorsal axis passing through the glabella [46]. Accordingly, the bipupilar
line (transverse line connecting pupillae of both eyes) is inclined to the right; thus, the
right eye (and the right mandibular fossa) is positioned slightly downwards than the left
eye (and the left mandibular fossa). A patient may not be aware of this change because
the central visual cortex and visual connectomes “re-count” the information such as the
head would be in a perfectly horizontal position (for review see Wei, 2018 [47]). This
vertebro-cranio-mandibular relation has been repeatedly verified both in experimental
animals [48,49] and human patients [50–54]. Elegant experimental study has been provided
by D’Attilio et al. [48], who investigated the impact of occlusal interference on the spine
of rats creating composite interferences on the right molar of each rat in the experimental
group, observing that all such rats developed scoliotic curvature. After creating a com-
posite interference on the opposite side as well (rebalancing of the occlusion), 83% of the
rats in the experimental group had their vertebral curvature restored [48]. Moreover, in
experimental animals with unilateral occlusal interference, condylar bone resorption of the
contralateral side has been observed 1 week later [49]. This finding has been directly and
indirectly verified in human patients [50,51,55–60] and the amount of scientific evidence of
this phenomenon is rapidly increasing. Of note, when such conditions occur, a change in
the occlusal (axilla-mandibular) relationship often leads to misalignment of teeth (maloc-
clusion). The more slowly the cranio-cervical relationship change develops, the greater is

248



Medicina 2022, 58, 1324

the natural tendency to align the teeth (dentoalveolar compensatory mechanism), provided
by efficient remodeling capacity of complex periodontal structures. This mechanism is
significantly more efficient in growing children than in adults [61]. If this mechanism, and
increased attrition/abrasion of the teeth is insufficient, particular teeth (or dental work
such as crowns or bridges) are overloaded (traumatic articulation/occlusal trauma) and
can suffer from periodontal breakdown and fractures. Moreover, if this malocclusion is
fixed, such as in a case of functional unilateral posterior crossbite, it increases the discrep-
ancy of maximum intercuspation and temporomandibular centric relation to pathologic
level, which, if not treated properly, can affect further growth and development of the
jaws and occlusion, leading to significant skeletal asymmetry, which may require surgical
correction [50,51,62]. Moreover, concomitant abnormal mandibular movements may lead
to adverse effects both on TMJ and other structures of the stomatognathic system, causing
pain and various symptoms [50,51,63,64].

5. Integrative Function of the Cervico-Cranial Complex

The basic control of jaw-opening and jaw-closing is provided by a set of jaw reflexes
(trigemino-trigeminal reflexes). The jaw-closers (masseter, temporalis, and pterygoid mus-
cles) serve to close the jaw (mandibular elevation) under normal circumstances and to open
it (mandibular depression) when they undergo inhibition. The jaw-closers are excited by
A-alpha muscle spindle input and strongly inhibited by A-beta encapsulated mechanore-
ceptors and possibly A-delta free nerve endings [65]. Uniquely, among the primary sensory
neurons, these afferents have their cell bodies in the CNS, in the mesencephalic trigeminal
nucleus (see above), rather than in the ganglion, as is typical for other afferents. Moreover,
short collaterals connect monosynaptically with synergistic jaw-closing motoneurons in the
pontine trigeminal motor nucleus; however, no collaterals cross the midline [65]. Impor-
tantly, the excitability of jaw reflex interneurons and primary afferent terminals is controlled
during mastication in a way that the sensory detection threshold rises during movement,
with a significant change in the perception of oral stimuli during mastication [32].

The rhythmic orofacial movements produced during mastication require the coordina-
tion of several jaw, facial, hyoid, and tongue muscles. The basic pattern of rhythmic jaw
movements produced during mastication is generated by a neuronal network located in
the brainstem and referred to as the masticatory central pattern generator. This network,
which is composed of neurons mostly associated to the trigeminal system, is found between
the rostral borders of the trigeminal motor and facial nuclei [66]. It is capable of the produc-
tion of rhythmic network activity both and/or without rhythmic inputs from descending or
sensory afferents. However, sensory feedback, particularly that from intraoral mechanore-
ceptors, modifies the basic pattern and is particularly important for the proper coordination
of the tongue, lips, and jaws [32]. The central pattern of mastication is generated in two
stages: the rhythm, provided by neurons in the midline reticular formation, and the bursts,
provided by premotor neurons near the brainstem motor nuclei. The burst generators ex-
cite the mandibular opener alpha-motoneurons and inhibit the mandibular closers during
the opening phase; however, during closing, the opener motoneurons are not inhibited.
Two types of gamma-motoneurons are also involved: dynamic gamma-motoneurons are
tonically active during mastication, while static gamma-motoneurons are excited during
mandibular closure [32]. The adult masticatory pattern is established at different ages; it
varies considerably among individuals [66]. Although mastication is often considered to be
stereotyped, there is much variability from cycle to cycle. An older, although important,
study of Dellow and Lund showed that the basic pattern could be generated by the brain-
stem alone in a decerebrated, paralyzed animal [67]. However, the central pattern generator
is affected (feedbacked) by many other centers, such as the cortex (including kinesiotopic
representation in cortical masticatory area in the most inferior part of the precentral gyrus;
via ipsilateral and mainly contralateral corticobulbar tracts), amygdala, hypothalamus,
anterior pretectal nucleus, red nucleus, periaqueductal gray, brainstem reticular formation
(lesioning of the medial reticular nuclei abolishes mastication), cerebellum or various parts
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of basal nuclei (for review see Morquette et al., 2012; Lund, 1991 [32,66]). Moreover, inputs
from these areas have primarily modulatory functions and are not required to generate the
basic masticatory movements that are produced by activation of the masticatory central
pattern generator, as shown on decerebrate animals and other models [32,66,68]. However,
they are essential for the adaptation of the mandibular movement to the hardness of the
food, to compensate for unexpected perturbations and many other delicate masticatory
and mastication-related functions [32,66,69]. The central pattern generator also modulates
primary afferents and interneurons to suppress unwanted reflexes and favor those that
enhance motor performance [32]. More detailed information on the central pattern gen-
erator function is available in the literature [32,65,68], but it extends beyond the focus of
this review.

The masseter, temporalis, and both medial and lateral pterygoid muscles are often
termed the masticatory muscles (muscles of mastication). However, other muscles are
also involved in mastication, and are not less important. Due to their position, i.e., at-
tachment from the inferior of the mandible, these muscles can be called inframandibular
masticatory muscles. Muscles directly attached to the mandible include the anterior belly
of the digastric and the mylohyoid. Indirectly attached muscles include platysma, all
infrahyoid muscles (sternothyroid, sternohyoid, thyrohyoid, omohyoid), stylohyoid, pos-
terior belly of digastric, pharyngeal constrictors, buccinator, and orbicularis oris. From
these, the infrahyoid muscles, innervated by the deep cervical ansa (cervical spinal nerves
C1–C3), are of particular importance for COP, due to their activation caused by C1–C3
spinal nerve irritation. The temporomandibular symptoms including OP appear because
inframandibular muscles hold the position of the mandible in perfect midline, but the
fossae are positioned incorrectly; thus, the alignment of particular structures of TMJ is
incorrect [45,70,71]. Importantly, a significant number of muscle spindles have been found
in mandibular elevators, but not in mandibular depressors [32,66]. Thus, the tendency to
correct the mandibular position comes mainly from mandibular elevators, thus increasing
the possibility of tooth gnashing, grinding, clenching, bracing, thrusting, tapping, and
bruxing, together forming a wide range of symptoms of bruxism (for review, see article by
Giovanni and Giorgia [30]). Moreover, muscle spindle afferents show various patterns of
activity during mastication, ranging from excitation only during mandibular opening to
their strong fire during slow closure, thus responding to fusimotor drive [32,37]. Increasing
number of data show that the CNS receives several types of feedback signals enabling it to
control muscles of mastication in particular movements, both gross and very fine [32,66].
During mastication, trigeminal ganglion neurons provide positive feedback to jaw-closing
motoneurons, because heavy pressures generated during the jaw-closing phase of mastica-
tion cause the jaw-closing phase to lengthen and jaw-closing motoneurons to fire at higher
frequencies [66], leading to a vicious cycle.

Importantly, muscle chains are developed among the particular bony structures. For
example, the cervical spine (and occipital bone via pharyngeal raphe attachment) is con-
nected with the anterior mandible (chin) via a muscle chain composed of the superior
pharyngeal constrictor muscle, pterygomandibular raphe, buccinator muscle, and inferior
part of the orbicularis oris muscle. Dorsally, this muscle chain is connected with the anterior
periosteum of the cervical vertebrae via small, but firm pharyngovertebral ligaments. Ante-
riorly, the orbicularis oris is attached to the periosteum of the anterior mandible. Spasm or
any other functional impairment in this muscle chain involves the growth (in children) and
movements of the mandible (in all patients), and mandibular protrusion in particular. The
involvement of these muscle chains must be considered in differential diagnosis as well as
during treatment.

Neurologically, the impairment/loss of occlusal harmony and the development of
occlusal interferences significantly impair the execution of jaw reflexes, as well as the
function of masticatory central pattern generator in the brain, thus impairing mastication,
vital for the preparation of food for digestion by breaking it down into pieces that can be
swallowed [66].
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6. Novel Concepts of Functional Synthesis of Cervico-Cranial Interactions

Based on scientific evidence and our clinical experience, we recently developed two
concepts of OP etiopathogenesis and management, which we present for the first time in
this review.

6.1. Rocabado Tricentric Concept of Mouth Sensorimotor Control

Rocabado tricentric concept incorporates (1) craniovertebral, (2) cranio-mandibular,
and (3) centric occlusion at rest, all mutually coordinated to allow proper masticatory func-
tion and mouth sensory and motor control (Figures 2 and 3). The automatic and dynamic
interactions of the three interconnected systems allow for a stable and lasting relation of
the mandibular condyle joint facets, functional masticatory system, and physiology of the
mouth motor and sensory control. This automatic dynamic mechanism allows for a stable,
fossa-condyle, long-lasting, congruent joint-surface relation.

Medicina 2022, 58, x FOR PEER REVIEW 11 of 43 
 

 

 
Figure 2. Rocabado tricentric concept. Source: Rocabado Institute, Chile. Craniovertebral, cranio-
mandibular, and centric occlusion at rest are all coordinated to allow functional masticatory system 
and physiology of the mouth motor and sensory control. This automatic, dynamic mechanism will 
facilitate a stable fossa-condyle long-lasting congruent joint surface relation. 

 
Figure 3. Rocabado tricentric concept. 

The Importance of the Skeletal Midline 
Physiologically, the mechanism of COP is analogous to the pain felt in the shoulders, 

chest wall, buttocks, or lower limbs, which is referred from proximal spinal sources; hence 

Figure 2. Rocabado tricentric concept. Source: Rocabado Institute, Chile. Craniovertebral, cranio-
mandibular, and centric occlusion at rest are all coordinated to allow functional masticatory system
and physiology of the mouth motor and sensory control. This automatic, dynamic mechanism will
facilitate a stable fossa-condyle long-lasting congruent joint surface relation.

251



Medicina 2022, 58, 1324

Medicina 2022, 58, x FOR PEER REVIEW 11 of 43 
 

 

 
Figure 2. Rocabado tricentric concept. Source: Rocabado Institute, Chile. Craniovertebral, cranio-
mandibular, and centric occlusion at rest are all coordinated to allow functional masticatory system 
and physiology of the mouth motor and sensory control. This automatic, dynamic mechanism will 
facilitate a stable fossa-condyle long-lasting congruent joint surface relation. 

 
Figure 3. Rocabado tricentric concept. 

The Importance of the Skeletal Midline 
Physiologically, the mechanism of COP is analogous to the pain felt in the shoulders, 

chest wall, buttocks, or lower limbs, which is referred from proximal spinal sources; hence 

Figure 3. Rocabado tricentric concept.

The Importance of the Skeletal Midline

Physiologically, the mechanism of COP is analogous to the pain felt in the shoulders,
chest wall, buttocks, or lower limbs, which is referred from proximal spinal sources; hence
its familiarity with pain specialists [5]. The trigeminocervical convergence allows for pain
arising from the upper cervical nerves to be referred to regions of the head innervated by
trigeminal afferents, such as the orbital, frontal, and parietal regions [4,5,23,72]. Such refer-
ral patterns have been elicited in healthy volunteers by experimental noxious stimulation
of cervical structures targeting suboccipital and posterior cervical muscles [73,74]. Noxious
stimulation of more rostral structures in the cervical spine elicited referred pain in the occip-
ital region, as well as more distant frontal and orbital regions. Conversely, the stimulation
of more caudal spine structures elicited pain in the neck radiating to the occipital regions,
although not to the anterior regions of the head. It was subsequently shown that noxious
stimulation of the atlanto-occipital and lateral atlanto-axial joints, C2–C3 zygapophysial
joint, and C2–C3 intervertebral disc can produce pain in the occipital region [5,75–78].

COP must demonstrate a temporal relationship with the cervical disorder to support
causality [10]. Cervical range of motion may be reduced, and headache can worsen with
particular movements and/or provocation maneuvers of the neck. The demonstration of a
cervical disorder on imaging may be supportive of a diagnosis of cervicogenic pain but
does not establish firm evidence of causation. Thus, causation should be considered in the
context of the clinical presentation and suspected underlying disorder. Tumors, fractures,
infections, cervical spondylosis, osteochondritis, and rheumatoid arthritis of the spine have
not been formally validated as causes for OP, but may support causation for COP in certain
individual cases. Due to the convergence of cervical and trigeminal nociception, upper
cervical myelopathy (C1, C2, C3) may be causal for OP [10,12,79].

Misalignment at the cranio-cervical junction may also play a pathogenic role (Figure 4).
Complementary studies have mapped the distribution of referred pain related to the
atlanto-axial and zygapophysial (facet) joints of the upper cervical spine [10]. Patients with
pain from a particular joint do not experience exactly the same distribution of pain, but
there are similarities in the distribution [5]. Misalignment of the first cervical segment
can cause impingement of the first two cervical nerve roots (C1, C2) as they exit the spine.
Stimulation at the C1 level experimentally evoked occipital or cervical pain in those without
migraine, although it was more likely to evoke periorbital and frontal pain in patients with
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a history of migraine [80]. Moreover, C2 and C3 stimulation refers pain to the occipital or
cervical region [81]. Although studies have not supported middle- or lower-cervical lesions
(below C4) as being contributory to OP, anastomosis between the spino-cervico-thalamic
tract and trigemini-cervical complex may support this possibility [81]. These data show
that the structures capable of producing referred pain to the head are those innervated
by the C1, C2, and C3 spinal nerves. No experimental studies have shown that structures
innervated by lower cervical nerves are capable of directly causing headaches [5]. However,
intermediate mechanisms, such as muscle tension and secondary kinematic abnormalities
that affect the upper cervical joints may be involved [5,82].
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The relationship to body posture is critical. Many studies have provided evidence of a
direct connection between body posture and vertebro-cranio-mandibular system [50,51,55–60].
For example, in children with unilateral crossbite, increased occurrence of postural prob-
lems such as oblique shoulder, scoliosis, oblique pelvis, and functional leg length differences
have been observed [55].

Faulty body posture and head positioning may result in structural muscle-tissue
changes. The deep cervical flexors may undergo a reduction in the number of type I fibers
due to muscle inhibition from chronic upper cervical posterior rotation. This, in turn, may
help explain the deficits in endurance of the deep cervical flexors observed in patients
with COP. According to Watson and Trott, the upper cervical flexors provide a “holding
mechanism” for balance and stability of the head [83]. Consequently, the upper or deep
cervical flexors have a higher proportion of type I (slow-twitch) versus type II (fast-twitch)
fibers, which renders these muscles more resistant to fatigue under normal circumstances.
Thus, the importance of posture will be stressed in the following text, as well.

6.2. Concept of Cervical Origin of Bruxism

Bruxism represents a complex of severe clinical symptoms, defined by the American
Academy of Orofacial pain as “total parafunctional daily or nightly activity that includes
grinding, gnashing, or clenching of the teeth”. It occurs in the absence of subjective con-
sciousness, and it can be diagnosed by the presence of tooth-wear facets that have not
resulted from the chewing function [84]. There are numerous articles and even comprehen-
sive books focused on bruxism (e.g., Paesani, 2010 [85]). Interestingly, only a few studies
and reviews focus on muscles, although they undoubtedly represent a very important
factor in the etiopathogenesis of bruxism—simply and concisely, “without muscles, there is
no bruxism”. Conversely, majority of studies focus on the teeth, where the consequences
(but not the etiopathogenesis) are identifiable. Moreover, in the picture of the above men-
tioned cranio-orofacial, neuro-orthopedic connections, nervous system involvement should
be suspected in aspects other than only psychologico-psychiatric facet, as often made by
experimenters and clinicians. Furthermore, studies reveal not causation, but a correlation of
psychologico-psychiatric aspects and bruxism, indicating they represents mainly secondary,
not primary etiological factor in bruxism [86–88]. From our clinical experience, a patient
with OP suffering from a primary psychiatric disorder is extremely rare; however, most of
these patients have secondary psychological impairments (Šedý, Rocabado, unpublished
observation). The crucial factor is time—the proper diagnosis of such patients is often
difficult, demanding and time-consuming; contrarily—immediate referring such patients
for psychological/psychiatric examination is the opposite. Psychological and psychiatric
problems, among the most important seem to be anxiety and depression, thus rather re-
veal and/or further increase the severity of present bruxism, caused primarily by other
(primary) etiopathogenic factors [86–89].

Our concept proposes a chronic irritation of the C1–C3 spinal nerves by the improper
alignment of the cervical vertebrae and/or degenerative changes in particular vertebrae in
close relation to the intervertebral foramina, causing repeated activation of the infrahyoid
muscles via branches of the deep cervical ansa (ansa cervicalis profunda). These repeated
contractions of infrahyoid muscles cause the repetitive minute depression of the hyoid
bone as well as the mandible (via the suprahyoid muscles). In the opposite direction, the
supramandibular chewing muscles, mainly the mandibular elevators (masseter, temporalis,
medial pterygoid) function to reestablish the so-called rest position of the mandible (resting
position of the mandible, clinical rest position, rest vertical dimension, mandibular postural
position, physiologic rest position, mandibular rest position, vertical dimension of rest) via
central pattern generator in the CNS (see above), thus causing sustained muscle contraction
leading to bruxism symptomatology, which becomes progressively severe with time.
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7. Clinical Syndromes in Cervicogenic Orofacial Pain

Many clinical syndromes have been described in COP. In this review, we describe the
ones most important for clinical use in daily practice.

7.1. Cervical Spondylosis

Cervical spondylosis as a primary source of referred OP has been considered important
and clinically relevant for decades. Franks in 1968 analyzed 951 patients referred to TMJ
specialists during a 5-year period, finding that the problems in 23 were primarily caused
by cervical spondylosis [90]. Since then, many studies have identified a cervical origin
of orofacial/temporomandibular pain and other symptoms, as detailed in other parts of
this review.

7.2. Occipital Neuralgia

The incidence of occipital neuralgia was reported to be 1.8% of headaches [91]. It is
caused by irritation of the greater or lesser occipital nerve, characterized by paroxysmal
shooting or stabbing pain over the posterior scalp, in the distribution of the occipital nerve.
Due to interneural connections in the trigeminal spinal nuclei through the trigeminocervical
complex, pain from occipital neuralgia may be referred to the ipsilateral temporal, frontal,
or orbital areas [10].

Pain from occipital neuralgia typically irradiates from the suboccipital region towards
the vertex and is unilateral in 85% of patients [10]. The pain may be severe, and paroxysmal
attacks may last from seconds to minutes. Between paroxysms, there may be a persistent
dull ache over the occipital nerve territory, as well as corresponding dysesthesia or allody-
nia. Continuous occipital pain in the absence of any associated dysesthesia or allodynia
should raise suspicion for possible referral of pain from the cervical structures. There is
typically tenderness over the affected nerve branches and there may be trigger-point tender-
ness at the emergence of the greater occipital nerve or in the C2 distribution. Tingling may
also be evoked by light pressure or percussion over the nerve, known as Tinel’s sign. Pain
with hyperextension or rotation of the neck when patients are in bed may also be a feature,
known as the pillow sign [10,92]. Occipital neuralgia must be carefully differentiated from
pain in the occiput referred from the atlanto-axial or upper zygapophyseal joints, which
should be more appropriately diagnosed as cervicogenic pain (for review, see Barmherzig
and Kingston, 2019 [10]).

Importantly, Bogduk and Govind recognized occipital neuralgia as an outdated di-
agnosis, used before the concept of somatic referred pain was widely understood, when
physicians believed that any pain in a particular region was due to some affliction of the
nerve that ran through that region. They argued that the proposition that the greater
occipital nerve could be compressed between the posterior arch of the atlas and the lamina
of the axis was incompatible with the anatomy and biomechanics of those vertebrae, and
that deep aching occipital pain was more likely to be somatic referred pain from an upper
cervical joint [5].

7.3. Ponticulus Posticus Syndrome

Any shift/misalignment of the atlas can cause a direct impingement of the vertebral
artery as it passes through the transverse sulcus or foramen, thus plausibly compromising
blood flow to the vertebrobasilar system. One of the most common sources of vertebrobasi-
lar insufficiency, which can also impair the first spinal nerve, is ponticulus posticus (Kimmerle
anomaly), an artificial bony emergence, crossing the vertebral sulcus of the atlas. Through
this region, the V3 part of the vertebral artery is running, together with the abovementioned
first cervical nerve and sympathetic as well as venous vertebral plexus [93]. After the calci-
fication of the ligament crossing the vertebral sulcus, an artificial arcuate foramen is formed.
It is not a novel finding; although it was first described by W. Allen in 1879 [94], it has not
been recognized as a source of COP and/or vertebrobasilar insufficiency until recently. If
symptomatic, it represents a morphological basis of tunnel syndrome. A meta-analytic
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study of 55,985 cases published between 1885–2015 found incomplete ponticulus posticus
in 13.6% of the population and complete ponticulus posticus in 9.1% [95]. In 53.1% of cases,
it was bilateral, complete in 59%, and incomplete in the remaining 41% [95]. It occurred
more often in North Americans (11.3%) and Europeans (11.2%), and less often in Chi-
nese (4.4%) [95]. Complete ponticulus posticus was more frequent in men (10.4%), whereas
the incomplete occurred more frequently in women (18.5%) [95]. It more frequently oc-
curs in patients with Gorlin-Gotz syndrome [96]. Morphometric analysis reveals that its
mean horizontal diameter (width) is 5.65 mm (range 5.29–5.83 mm) and its mean vertical
diameter (height) is 5.16 mm (range 4.86–5.46 mm) [95]. The manifestations of this tunnel
syndrome include vertigo, migraine, and Barré-Lieou syndrome, among others. Vertigo
is caused by compression of the vertebral artery during head movements, i.e., the move-
ments of the atlanto-occipital joint [95,97,98]. Migraines correspond to COP caused by
trigeminocervical convergence, due to irritation of the first cervical spinal nerve [95]. How-
ever, the compression of the vertebral artery may also be etiopatogenically involved [98].
Moreover, we must consider that spinal nerves are supplied by branches of the vertebral
artery [18]. The Barré-Lieou syndrome represents a combination of headache, nausea,
retro-orbital pain, problems with phonation, and visual problems and is clearly associated
with ponticulus posticus [95,97]. Complete ponticulus posticus is 5–11 times more likely to
compress the vertebral artery than incomplete ponticulus posticus [95]. Regarding diagnosis,
computed tomography (CT) has a 20% higher success in uncovering its presence than lat-
eral radiography of the cervical spine [95]. Importantly, the presence of ponticulus posticus
remains the morphological limitation of conservative treatment; in case of conservative
treatment failure, it may be necessary to indicate its surgical removal [95,97,98].

7.4. Triggered Pain

Chronic or persistent pain conditions represent one of the most common causes of
disability worldwide. Trigger points are specific sites in muscles, located within taut
bands, which are discrete bands of contracture muscle fibers that can be palpated and
visualized by particular imaging methods (for review, see Travell and Simons, 2013 [99].
They have greater than normal degree of stiffness than that of normal muscle tissue [100].
They develop most often due to muscle overload, i.e., when an applied load exceeds the
capability of the muscle to respond adequately, particularly following unusual or excessive
eccentric or concentric loading [101]. Myofascial trigger points in the muscles of the neck
can refer pain to the face and head, and vice versa, although less often. Travell and Simons
have stated that myofascial trigger points may develop from structural inadequacies,
postural stress, and constriction of muscles. At the cranio-cervical junction, the structural
inadequacy may be represented by a chronic atlas (C1 vertebra) misalignment that generates
mechanical stress, which then leads to the formation of trigger points [99].

7.5. Atypical Facial (Oro-Facial) Pain

Atypical facial pain (AFP), or persistent idiopathic facial pain is a well-recognized
syndrome, where the depression or psychosomatic causes are mostly suspected as primary
etiological factors. It is a chronic and diffuse distribution of facial pain along the distribution
of the trigeminal nerve. This condition occurs in the absence of any neurologic deficit
or known etiology. It presents mostly with neck-muscle tension and OP. Despite the
limitations of evidence-based literature, tricyclic antidepressants such as amitriptyline
or nortriptyline have proven effective and are considered the treatment of choice for
AFP [102,103]. However, AFP is one of the most challenging conditions to diagnose
due to the lack of clear diagnostic criteria, as well as specific, evidence-based guidelines
for management. This condition is diagnosed mostly by the exclusion of other known
etiologies. Specific disease modalities cannot be targeted, resulting in a deficiency of a clear
treatment protocol. Thus, this diagnostic category is often questioned [103,104]. Based on
our empirical clinical experience, we strongly suspect that the diagnosis of AFP is often, but
not always, used for patients with unrecognized COP (Šedý, Rocabado, unpublished data).
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7.6. Pain Due to Iatrogenic Causes

COP can be caused by iatrogenic factors. Typically, it occurs when the vertical dimen-
sion of occlusion drastically increases, typically due to a massive occlusal splint. Such
splints are sometimes fabricated for conservative treatment of obstructive sleep apnea,
to open upper airways during sleep (for review see Marklund et al., 2019 [105]). How-
ever, this extreme posteriorotation of the mandible leads to compensatory posteriorotation
of the head, leading to enhancement of cervical lordosis (“hyperlordosis”) causing the
compression of C1–C3 spinal nerves, leading to COP.

8. Diagnosis of Cervicogenic Orofacial Pain

Proper diagnosis of COP remains a crucial part of clinical protocol. Although it can
be time-consuming, demanding, and complex, it presents a fundamental take-off step for
successful curative treatment of COP.

8.1. Diagnostic Criteria

Antonaci et al. proposed seven criteria for cervicogenic headache: (1) Unilateral
headache without side-shift, (2) symptoms and signs of neck involvement: pain triggered
by neck movement or sustained awkward posture and/or external pressure of the poste-
rior neck or occipital region; ipsilateral neck, shoulder, and arm pain; reduced range of
motion, (3) pain episodes of varying duration or fluctuating continuous pain, (4) Moderate,
non-excruciating pain, usually of a non-throbbing nature, (5) pain starting in the neck,
spreading to oculo-fronto-temporal areas, (6) anesthetic blockades abolish the pain tran-
siently provided complete anesthesia is obtained, or occurrence of sustained neck trauma
shortly before onset [106]. Satisfying criteria 1 and 5 qualify for a diagnosis of possible
cervicogenic headache. Satisfying any additional three criteria advances the diagnosis to a
probable cervicogenic headache [106].

8.2. Importance of Prompt and Accurate Diagosis

Undiagnosed and unaddressed pain can be refractory, leading to disability, and reduc-
tion of quality of life [10]. When deep knowledge and clinical experience of the medical
specialist is set aside, the most important factor for a proper diagnosis is the time spent
with the patient. Patience is important for obtaining a detailed and valid and reliable
medical history of the patient (anamnesis). For COP, the most reliable features are previ-
ous neck trauma, pain that starts in the neck and radiates to the fronto-temporal region,
pain that radiates to the ipsilateral shoulder and arm, and provocation of pain by neck
movement [106–108].

These patients are often frustrated from previous “improper examination/treatment
failure” vicious cycles. Although they are highly motivated for treatment, their confidence
in medical authorities and proposed treatment methods may be low. In addition, most
psychological signs are not primary (i.e., primary psychiatric diseases such as schizophrenia
or endogenic depression) but secondary, caused by severe impairment of their psychosocial
aspects of life caused by long-term debilitating pain and other orofacial disabilities [109,110].
The following detailed clinical examination is also necessary. Additional maneuvers on
physical examination should include movement tests of the cervical spine, such as passive
flexion, extension, and rotation; segmental palpation of the cervical facet joints, and; it
should also include the assessment for palpation tenderness over the greater-occipital
nerve, lesser-occipital nerve and upper-cervical muscle groups [10,16,111] (Figure 5).

257



Medicina 2022, 58, 1324

Medicina 2022, 58, x FOR PEER REVIEW 17 of 43 
 

 

neck or occipital region; ipsilateral neck, shoulder, and arm pain; reduced range of mo-
tion, (3) pain episodes of varying duration or fluctuating continuous pain, (4) Moderate, 
non-excruciating pain, usually of a non-throbbing nature, (5) pain starting in the neck, 
spreading to oculo-fronto-temporal areas, (6) anesthetic blockades abolish the pain tran-
siently provided complete anesthesia is obtained, or occurrence of sustained neck trauma 
shortly before onset [106]. Satisfying criteria 1 and 5 qualify for a diagnosis of possible 
cervicogenic headache. Satisfying any additional three criteria advances the diagnosis to 
a probable cervicogenic headache [106]. 

8.2. Importance of Prompt and Accurate Diagosis 
Undiagnosed and unaddressed pain can be refractory, leading to disability, and re-

duction of quality of life [10]. When deep knowledge and clinical experience of the medi-
cal specialist is set aside, the most important factor for a proper diagnosis is the time spent 
with the patient. Patience is important for obtaining a detailed and valid and reliable med-
ical history of the patient (anamnesis). For COP, the most reliable features are previous 
neck trauma, pain that starts in the neck and radiates to the fronto-temporal region, pain 
that radiates to the ipsilateral shoulder and arm, and provocation of pain by neck move-
ment [106–108].  

These patients are often frustrated from previous “improper examination/treatment 
failure” vicious cycles. Although they are highly motivated for treatment, their confidence 
in medical authorities and proposed treatment methods may be low. In addition, most psy-
chological signs are not primary (i.e., primary psychiatric diseases such as schizophrenia or 
endogenic depression) but secondary, caused by severe impairment of their psychosocial 
aspects of life caused by long-term debilitating pain and other orofacial disabilities [109,110]. 
The following detailed clinical examination is also necessary. Additional maneuvers on 
physical examination should include movement tests of the cervical spine, such as passive 
flexion, extension, and rotation; segmental palpation of the cervical facet joints, and; it 
should also include the assessment for palpation tenderness over the greater-occipital nerve, 
lesser-occipital nerve and upper-cervical muscle groups [10,16,111] (Figure 5). 

 
Figure 5. Rocabado diagnostic protocol for cervical spine. Figure 5. Rocabado diagnostic protocol for cervical spine.

8.3. Local Anesthetic Blockade as a Diagnostic Tool

COP may respond to local anesthetic blockade of the occipital nerves (greater, lesser,
or both). While this intervention is sensitive, it is not specific. Many primary headache
disorders including migraine, tension-type headache, and cluster headache may also
demonstrate a similar response. Clinically, there may be a significant overlap in the clinical
appearance between COP, occipital neuralgia, migraine, and tension-type headache with
pericranial tenderness [10,79].

Neck pain can be a predominant feature in up to 68% of patients with migraine
and tension-type headaches [79]. In the case of migraine, neck pain may occur as a
prodromal symptom, intra-attack, or as a postdrome symptom [112]. Due to connections
with the vestibulocochlear, glossopharyngeal, and vagus nerves, symptoms such as tinnitus,
dizziness, and nausea may be features of both occipital neuralgia and COP [113]. However,
these features are less prominent in COP as well as in occipital neuralgia than in migraine.

9. Differential Diagnosis

COP can mimic several diseases, the most clinically important of which are pre-
sented here.

9.1. Dissecting Aneurysms

Dissecting aneurysms of the vertebral or internal carotid arteries can present with
neck pain and headache. They are indicated by the onset of cerebrovascular features, which
typically emerge within 1–3 weeks. If this differential diagnosis is not considered, there is a
risk of patients being treated with cervical manipulation, with fatal consequences due to
aggravation of the aneurysm [5,114–116].

9.2. Lesions of the Posterior Cranial Fossa

They are also important, as the dura mater and vessels of the posterior fossa are
innervated by the upper cervical nerves. These lesions are distinguished by the onset of
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neurological features or systemic illness, such as meningitis of the upper cervical spine
or herpes zoster. Moreover, the tiny, but clinically, extremely important muscles of the
suboccipital triangle have an anatomically defined connection of their epimysia with
cervical- and lower-cranial dura mater [117]. Importantly, the activity of these muscles is
directly connected with the change in the head position [118,119].

9.3. Migraine

While migraine tends to have unilateral shifting, both COP and occipital neural-
gia tend to be side-locked, and COP is often triggered by head movement (irritation of
C1–C3 spinal nerves) (Figure 6). Pain radiation in COP tends to have a postero-anterior
direction. However, in migraine, the pain tends to be more anterior, and radiation tends
to be anterior-posterior. COP should also be differentiated from other secondary disor-
ders such as headache attributed to cervical dystonia, Chiari malformation, cervical or
vertebral artery dissection, whiplash injury, congenital malformations, space-occupying or
destructive lesions, or infection [10,79,112,113,120].
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Figure 6. Pediatric patient with otalgia, headache, and pain of the occiput. Source: Rocabado Institute,
Chile. Atlas-axis syndrome previously not diagnosed. The importance of the neurological connection
between the cervical spine and the craniofacial and craniomandibular system. Patient showing sites
of pain.

9.4. Neck-Tongue Syndrome

Bogduk and Govind stressed that neck–tongue syndrome and C2 neuralgia can be
confused with COP, because the C2 spinal nerve runs behind the lateral atlanto-axial joint
and is accompanied by its dural sleeve and a substantial plexus of veins. Neck–tongue
syndrome occurs when rapid turning of the head subluxates the lateral atlanto-axial joint
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posteriorly. Tension in the joint capsule causes ipsilateral occipital pain, while compression
of the C2 spinal nerve produces numbness of the tongue [5,121,122].

9.5. Miscellaneous

Moreover, C2 compression/neuralgia can be caused by various disorders. Inflamma-
tory disorders or injuries of the lateral atlanto-axial joint can result in the adjacent nerve
becoming incorporated into the fibrotic changes of chronic inflammation [123,124]. The
C2 spinal nerve can be compromised by a meningioma, neurinoma, anomalous vertebral
arteries, and several other vascular anomalies [123–128]. Nerves affected by vascular ab-
normalities have several features indicative of neuropathy, such as myelin breakdown,
chronic hemorrhage, axon degeneration and regeneration, and increased endoneurial and
pericapsular connective tissue [125]. Unlike the dull, aching pain of COP, the features
of C2 neuralgia are intermittent, lancinating pain in the occipital region associated with
lacrimation and ciliary injection [5,123,125,128].

10. Diagnostic Use of Imaging Techniques

Several imaging methods have been proposed for the diagnosis of COP. However,
in their indication, risk-benefit ratio needs to be evaluated in every case, to prevent their
overindication (overtreatment). Moreover, analysis of previous medical specialist consulta-
tions (ear-nose-throat [ENT], neurological, dental, etc.) and results of previous examination
methods (radiography, CT, magnetic resonance imaging [MRI], sonography, etc.) is also
necessary. Imaging methods permit clinicians to objectively observe and confirm at least
the seven most frequent positional faults among the occiput, atlas, axis, and C3 vertebra
(Figures 7–9). These positional faults induce craniovertebral intra-joint irritation, as well as
capsular connective tissue, ligament soft tissue damage, tears, inflammation, bleeding, and
muscle disorders such as shortening, tightness, spasm, adhesions with local or referred
patterns of pain. These pathologies need to be addressed prior to reaching any definite
therapeutical decision of occlusal contact changes during the process of oral rehabilitation.
All dysfunctions are related to the trigeminal-cervical nucleus, affecting the occipito-atlanto-
axial joints and synovial TMJ with a broad syndrome of head neck and facial pain with or
without synovial TMJ disc pathology.
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10.1. Neck X-ray

The gold standard and most important basic imaging method for the evaluation of
COP source is neck X-ray, i.e., frontal X-ray of the upper cervical vertebrae (dorso-ventral
image of head with mouth open to maximum) and lateral head and neck image. From
these images, the following information can be obtained: general alignment of the cervical
spine and head, presence, position (rotation, shift—spondylolisthesis), and morphology
of particular vertebrae, changes suggestive of arthritis or cranio-cervical instability, the
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presence of ponticulus posticus, the position of the hyoid bone, jaw and teeth relationship,
and other important changes (Figures 10–14). In addition, particular distances and angle
measurements can be easily obtained. These images can be taken by classical medical X-ray,
available in most hospitals, or from cephalographs, available in orthodontic or maxillofacial
surgical departments. Thus, almost every medical specialist, including a dentist, can obtain
this examination quickly and cheaply.
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on imaging is not diagnostic for COP. Barmherzig and Kingston report from their experi-
ence that over-investigating a patient with a clinical history consistent with a primary 
headache disorder such as migraine carries the risk of discovering these incidental 
changes [10]. This has the potential for harm in creating patient doubt around the initial 
primary headache diagnosis. Therefore, there should be a reasonable clinical suspicion of 
COP prior to initiating these investigations [10]. Moreover, it should be performed in case 

Figure 14. Relations among the occiput, C1 and C2 vertebrae. Upper row: Static atlas on the occiput
causing mechanical compression and irritation of the C1 nerve root, causing occipital supraorbital
pain. Lower row: Static atlas on the axis causing additional complaints at the level of the C2 nerve
root, including unilateral craniofacial pain.

10.2. Computed Tomography of Cervical Spine

CT, particularly three-dimensional (3D), high-resolution tomography, should be con-
sidered when there is a high index of suspicion for an osseous pathology and/or rotation or
suspected malposition of a vertebra (Figures 15–17). It should be noted that osteoarthritic
changes are common with advancing age, and the presence of these findings alone on
imaging is not diagnostic for COP. Barmherzig and Kingston report from their experience
that over-investigating a patient with a clinical history consistent with a primary headache
disorder such as migraine carries the risk of discovering these incidental changes [10]. This
has the potential for harm in creating patient doubt around the initial primary headache
diagnosis. Therefore, there should be a reasonable clinical suspicion of COP prior to ini-
tiating these investigations [10]. Moreover, it should be performed in case of significant
intervertebral misalignment [70,71]. Although, we can perform CT with classical medical
CT scan, it might be better to perform cone-beam CT (CBCT), to minimize the radiation
dose [128]. Moreover, CBCT offers the acquisition of an image with high accuracy, reducing
the evaluation (measurement) bias and improving the reliability, including the evaluation of
data from scientific studies [50,51,129]. To date, CBCT is available in an increasing number
of ambulatory offices, becoming the standard examination modality in ENT, dentistry, and
cranio-maxillofacial surgery [129].
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Figure 15. Diagnosis. Atlas-axis three-dimensional high-resolution tomography. The cranium is
canted with lower cervical spine compensation. It is an occiput-atlas lateral or coronal plane disorder.
Diagnosed as normal axial and coronal atlas-axis relation. Habitually, it is not diagnosed or diagnosed
as normal craniovertebral relation.
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Static atlas on the axis. Loss of cervical lordosis. Scoliosis. Left: lateral cephalometric radiography.
Right: three-dimensional computed tomography reconstruction.
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Figure 17. C2-C3 segment. The angle of the spinous process of the axis determines the degree of
axis rotation.

10.3. Magnetic Resonance Imaging of Cervical Spine

MRI remains the imaging modality of choice, as it allows for high-quality visualization
of both the cervical spine as well as the surrounding occipital and cervical soft tissues
(Figures 18–20). The main benefit is the zero radiation dose. Its main disadvantage is the
high cost and discomfort in claustrophobic patients.
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Figure 18. Atlas-axis synovitis. Magnetic resonance imaging showing the left lateral effusion of
atlas-axis intra-joint passive congestion, with increased pain during active axial rotation of the atlas on
axis to either side. C2 nerve root involvement with unilateral hemicranial pain.

267



Medicina 2022, 58, 1324Medicina 2022, 58, x FOR PEER REVIEW 27 of 43 
 

 

 
Figure 19. Atlas-axis gapping. Left coronal, dynamic magnetic resonance imaging (MRI), showing 
the lateral gapping of the left facet joint between the atlas and axis, during lateral cranial rotation 
(side bending) restriction. The lack of rotational component of the axis during lateral rotation of the 
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lateral rotation of the cranium, opening the gap between the lateral mass of the axis below the atlas. 
The lateral evaluation of the axis is painful on the restricted side of the lateral movement. The axis 
cannot rotate to that side and descends below the atlas causing capsular distension of the atlanto-
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Figure 19. Atlas-axis gapping. Left coronal, dynamic magnetic resonance imaging (MRI), showing
the lateral gapping of the left facet joint between the atlas and axis, during lateral cranial rotation
(side bending) restriction. The lack of rotational component of the axis during lateral rotation of the
cranium to the same side induces a dysfunctional pattern of cranial rotation. When the axis attempts
to rotate towards one side, the superior lateral facet joint of axis drops down on the same side of the
lateral rotation of the cranium, opening the gap between the lateral mass of the axis below the atlas.
The lateral evaluation of the axis is painful on the restricted side of the lateral movement. The axis
cannot rotate to that side and descends below the atlas causing capsular distension of the atlanto-axial
joint. The MRI facilitates the understanding of the dysfunction to plan the treatment process and left
rotation of the axis on the C3 vertebra. During treatment, it is important to maintain proportional
rotational patterns of movement between atlas and axis.
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Figure 20. Dynamic coronal magnetic resonance imaging study. Lateral instability of atlas-axis
segments. The study facilitates the understanding of the dysfunction to plan the treatment process
and restore left rotation of the axis on the C3. Maintain proportional rotational patterns of movement
between the atlas and axis.

10.4. Sonography of Cervical Area

It may be a useful technique to evaluate the course of the occipital nerve from its origin
at the C2 nerve root until it becomes subcutaneous at the trapezius aponeurosis. This may
identify a site of entrapment in occipital neuralgia, corresponding with an enlarged, and
swollen nerve appearance. The main benefit of ultrasound is its relatively low cost and zero
radiation risk for the patient. However, evaluation with ultrasound relies on expertise in
performing the test and interpreting results, which may render it a less valuable diagnostic
modality for most clinicians [10]. Moreover, ultrasound does not provide any information
about bones and joints, often necessary for the diagnosis of COP. Thus, it remains a rare
modality for COP diagnosis.

11. Treatment

Successful treatment requires creating a therapeutic partnership with the patient, to
empower the patient to take an active role in the treatment plan. Without the patient’s sig-
nificant investment of time and effort, the treatment cannot be successful. Any underlying
or contributory pathology should be appropriately addressed and managed. Interestingly,
with the spread of COVID-19 disease during the recent pandemic, teledentistry has been
introduced in the management of patients with temporomandibular disorders [130].

11.1. Conservative Treatment

Conservative and non-pharmacologic therapy should be preferred to pharmacologic
approaches. Among these approaches, orthopedic manual therapy (targeted physiotherapy)
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should be the first choice. A randomized-control trial looking at spinal manipulation
therapy in a cohort of highly selected patients with COP, in the absence of contraindications
to spinal manipulation therapy, suggested a linear dose-response relationship between
spinal manipulation therapy therapeutic sessions and days with COP, with a reduction
in headache days sustained to 52 weeks after the start of therapy [131]. Another study
showed that treatment with manual therapy, specific exercises, or manual therapy plus
exercises was significantly more effective at reducing headache frequency and intensity than
generalized care by a general practitioner [132]. Approximately 76% of patients achieved
a more than 50% decrease in headache frequency and 35% achieved complete relief at
the 7-week follow-up. At 12 months, 72% had a more than 50% decrease in headache
frequency [132].

11.2. Orthopedic Manual Therapy

Orthopedic manual therapy comprises effective differential diagnosis and treatment
approach of both functional disturbances and effectiveness of motor activity in any synovial
joint of the body, its connective tissue that holds the joint together and abnormal muscle
function (Figures 21–28), including the shortening, weakening, and muscle imbalance
and, most important, the loss of muscle chain disconnections altering rest position. This
leads to the dysfunction of time direction and load of the joint surfaces and progression
to joint wear, tear, joint pain, and degenerative joint diseases. Together with a history
of patient complaint in a friendly environment, a thorough and functional total body
examination, and a concomitant sensitive palpatory technique with specific joint mobility
of the locomotor area involved, one can utilize certain criteria that help determine if and
what manipulative or total body stabilization exercise-program treatment is recommended
in that specific circumstance. Criteria used for the indication of orthopedic manual therapy
include localized and referred pain, observation of soft-tissue abnormalities and the zone
of irritation, pathologic motion barrier, characterized by motion restriction or hypomobility,
or benign joint systemic hypermobility. Muscle imbalance always presents as regional, such
as muscle weakening, shortening, or general myotendinous imbalance and/or enthesitis.
The first effort or provisional treatment attempt is of great concern. After the expert opinion
of treatment and elimination of possible contraindications, the manual therapist will be
able to make the first diagnosis and prescribe an initial approach to treatment.
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Figure 21. Initial orthopedic manual treatment. Source: Rocabado Institute, Chile. Long axis distraction
of the cervical spine (C0–C1–C2).
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Figure 22. Normalization of C2 left rotation. Source: Rocabado Institute, Chile. Employing alar
ligament and rectus capitis lateralis using neuromuscular techniques.
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oblique and right anterior rectus capitis muscles using neuromuscular techniques.
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Figure 24. Radiographic situation before and after one session of orthopedic manual therapy. 
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Freesmeyer suggested that an alteration in the position of the hips may be an etiological 
cause for cranio-mandibular dysfunctions [134–136]. Gelb provided an important ap-
proach to the diagnosis and treatment of cranio-mandibular dysfunctions, pointing out 
that alterations in posture play an etiological role in cranio-mandibular dysfunctions, and 
proposes that dysfunctional treatment includes the correction of body posture [137] (Fig-
ure 29). Thus, Bergbreiter found a relationship between the alterations of the posture of 
the hips and TMJ, finding a prevalence of joint noise in TMJ on the side of the body with 
a lower hip [138]. Similarly, studies by Stute showed that TMJ alterations are more fre-
quent on the same side of the body with the lowest hip [139]. Other authors report that in 
patients with postural alterations, the sensitivity to palpation of the masticatory muscles 
is increased [140,141]. 
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11.3. Correction of Body Posture to Address TMJ Dysfunction

As early as the first half of the 20th century, Thompson and Brody described the influ-
ence of posture of the body on the position of the jaw [133]. Hansson et al. and Freesmeyer
suggested that an alteration in the position of the hips may be an etiological cause for
cranio-mandibular dysfunctions [134–136]. Gelb provided an important approach to the
diagnosis and treatment of cranio-mandibular dysfunctions, pointing out that alterations
in posture play an etiological role in cranio-mandibular dysfunctions, and proposes that
dysfunctional treatment includes the correction of body posture [137] (Figure 29). Thus,
Bergbreiter found a relationship between the alterations of the posture of the hips and TMJ,
finding a prevalence of joint noise in TMJ on the side of the body with a lower hip [138].
Similarly, studies by Stute showed that TMJ alterations are more frequent on the same side
of the body with the lowest hip [139]. Other authors report that in patients with postural
alterations, the sensitivity to palpation of the masticatory muscles is increased [140,141].

Shup and Zernial propose that the anatomical relationships explain how the postural
alterations of the hips influence the position of the head [142]. These would be the relation-
ship between the sphenobasilar (sphenooccipital) synchondrosis and sacral bone, which is
made through the dura and the muscle chains made up of the masticatory, hyoid, flexor,
and extensor muscles of the neck and dorsal muscles with the muscles of the hips. This
finding can be explained through kinematic chains, which in the human body represent
circuits in the continuity of direction and planes through which the organizing forces prop-
agate, generating adaptive compensations based on three principles: Balance, Economy
and Comfort (no pain).

Under normal conditions, posture regulators are found in the support of the feet.
These are mediated by two pairs of nerves, sensory afferents and motor efferents, and
involve approximately 10% of the cerebral cortex. In conditions of dysfunction, posture
mediation involves the stomatognathic system, through the information provided by TMJ
structures [143] and occlusion, since the cranio-mandibular system joins the anterior and
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posterior kinematic chains, and, therefore, this system of complex control involves six
cranial nerves and approximately 38% of the cerebral primary sensory and motor cortices.
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intervention). The head is presented in the side bending/rotation to the right, and forwarded. The 
body posture is reassessed in both planes, this time avoiding occlusal contact with a soft disposable 
element. Although the shoulder misalignment is maintained, soft changes at the pelvic level can be 
seen: hip flexion’s pain is 1-2/10 (lower), and unipodal stability improves subjectively, although 
weakness persists. There are no significant changes in the sagittal plane. Such clinical findings lead 
us to consider the management of local conditions that are not necessarily the cause, but rather the 
consequence of alterations in complex kinematic chains to be considered, to increase the effective-
ness of interventions, combining dentistry and physiotherapy in such clinical situation’s manage-
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Figure 29. A 28-year-old patient with pain (5/10) and nonspecific muscle weakness in the right hip,
evaluated by active hip flexion (pain) and unipodal balance (weakness). The informed consent from
the patient was obtained for publication of photos. Source: Rocabado Institute, Chile. Note the
misalignments at the shoulders (most evident), and the pelvis (less evident, however, the object of our
intervention). The head is presented in the side bending/rotation to the right, and forwarded. The
body posture is reassessed in both planes, this time avoiding occlusal contact with a soft disposable
element. Although the shoulder misalignment is maintained, soft changes at the pelvic level can
be seen: hip flexion’s pain is 1-2/10 (lower), and unipodal stability improves subjectively, although
weakness persists. There are no significant changes in the sagittal plane. Such clinical findings lead
us to consider the management of local conditions that are not necessarily the cause, but rather the
consequence of alterations in complex kinematic chains to be considered, to increase the effectiveness
of interventions, combining dentistry and physiotherapy in such clinical situation’s management.

In an adaptive scheme, the body will attempt to maintain balance, even if the system is
not economical, but the priority will always be no pain. Thus, body posture affects balance
in the activation of the kinematic chains. Following the premise that “Posture control is
the result of a complex system that includes different sensor and motor components from
visual, somatosensory and vestibular information”, at the central level, there is a reciprocal
influence between the trigeminal nerve and the vestibular nucleus, responsible for the
masticatory function and balance control, respectively, and between the masticatory and
cervical muscles. This influence would explain that dental malocclusions significantly
impair posture control (and vice versa), even though research has not been conclusive.

Subcranial vertebral rotation conditions (Occiput-atlas-axis), generate three-dimensional
positional changes at the temporomandibular articular (mandibular) fossa, as it forms an
integrative part of the base of the skull, which directly affects the static and dynamic TMJ
alignments, and can generate compressive and shear forces both at rest and during activ-
ity [45,143]. If we also consider the relationship between the vestibular system and balance,
it is not surprising that the muscles involved in postural balance are in a condition of reflex
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inhibition, which may explain the changes in sensitivity and pain reported at the level of
the masticatory musculature and iliac torsion phenomena (“lower hip”). It is, therefore,
necessary that the study and diagnosis of cranio-mandibular dysfunctions/pathologies
also consider the global analysis of the patient’s posture.

11.4. Treatments Based of Concepts of Trigeminal-Cervical Convergence

Treating patients with headaches and facial pain with or without synovial temporo-
mandibular disorders and dysfunctions based on the neurological aspect has significant
advantages. Upper-cervical nociceptive neurons are the point of convergence between
the cervical spine, mandibular, and upper jaw nociceptive neurons. This provides a neu-
roanatomic interrelation between synovial TMJ and cervical spine positional faults, with or
without degeneration and/or pain. This suggests that synovial TMJ disorders can often
overlap with cervical-spine disorders or pathology [144]. This is crucial when formulating
a diagnosis or treatment plan with a broad perspective of a holistic well-being approach.

The convergence of cervical and trigeminal afferents on second-order neurons in the
trigemino-cervical nucleus may refer to pain from the upper cervical spine into the head
and face. Furthermore, “bi-directional interactions” between trigeminal and upper cervical
afferents may also explain neck symptoms of trigeminal origin (e.g., migraine) [145].

In orthopedic manual therapy, the musculoskeletal concept is that the synovial joints,
soft tissues that hold the joint together, and the muscles that move the joint have the same
innervation; however, the nerves that supply the joint also supply the muscles that move
the joint. This fundamental principle is also known as Hilton’s law [20,146]. When the
intra-joint terminals become irritated, the muscles that move the joint experience reflex
muscle contraction. This increases the intra-joint tension and a vicious cycle is set up.
Reinforcing this physiological concept is the fact that soft tissue damage precedes hard
tissue injuries.

Details of the Rocabado principles of conservative temporomandibular joint dysfunc-
tion (TMD) treatment are beyond the scope of this article, but are described in detail in
our previous studies [16,70,71,147]. Briefly, the TMD orthopedic manual therapy consists
of the use of occlusal 24/7 splint, distraction of TMJ in order to increase the joint space
and the vertical capsular/condylar dimension and wide range of myofascial techniques
at the level of masticatory musculature, supra- and infrahyoid muscles, suboccipital, and
paravertebral muscles [16,70,71]. Once the goal of cranio-cervico-mandibular and occlusion
stability is achieved, the patient continues with a total general musculoskeletal stabiliza-
tion program with a long-term approach and dental and physiotherapy control every
six months [147]. Thus, the musculo-fascio-ligamento-capsular aspects of TMD, and not
only the temporomandibular joint itself, is considered in both diagnosis and treatment.
Importantly, both TMD and neck pain could cause facial pain, and are frequently associated
with the development of craniofacial allodynia during painful exacerbation. The central
sensitization that could be developed in these patients needs to be taken into account, as
well [148,149].

11.5. Axis and Atlas Derotation

Considering these strong concepts in treating a facial pain or headache of cervical
origin with or without concomitant synovial TMJ disorder, the position of the head in space
in three dimensions, sagittal, coronal, and axial relation to the rest of the body, this concept
becomes fundamental. It determines the functional position of the occipital bone with the
atlas (first cervical vertebra) supporting through the condyles of the occiput, and the weight
of the head. The atlas needs to be horizontal over the segment of C2–C3, with the axis
(second cervical vertebra) in the skeletal midline to distribute the total weight of the head to
the rest of the body (Figure 30). This is a stable, centric relation of the craniovertebral joints.
The craniovertebral centric relation determines a horizontal transverse occlusal plane of
the upper maxilla and mandible.
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Importantly, the harmony of osseous structures remains the reflection of the dynamics
of soft-tissue biomechanics. Moreover, soft-tissue damage proceeds in hard-tissue injury of
the bone and joints. Cranial position and movement are controlled by more than 20 pairs
of cervical muscles. This enormous dynamic condition controls not only the cranium, but
determines the position of the mandibular fossa of the temporal bone in the three planes of
space and undoubtfully the 3D position of the maxilla. Once we normalize the occipito-
atlanto-axial relationship (not earlier!), we can begin determining the mandibulo-maxillary
relations, or condyle-fossa congruent position with or without the disc interposed, or
how mandibular occlusal contacts relate to maxillary occlusal contacts for rest position.
These 40 muscles work simultaneously to stabilize and control the cranium as a stable
foundation for mandibular proportional patterns of movement, which, consequently, can
affect the intra-joint condyle-disc/disc-temporal arthrokinematics.

The cranium through the cervical spine in lordosis (physiological curvature of the
cervical spine) needs to be stabilized over the horizontal shoulder girdle to permit the
coordinated action of the masticatory, supra- and infra-mandibular, prevertebral, as well
as middle and inferior pharyngeal-constrictor muscles with their antagonistic, deep cran-
iovertebral and superficial paravertebral cervical muscles. Particular orthopedic manual
therapy of the most common positional fault syndromes considers that these biomechan-
ical conditions are illustrated, showing they are not problems associated with age, as
often stated.

11.6. Treatments Focused on Temporomandibular Joint

Once the optimal craniovertebral position is acquired and stabilized and, thereby, the
optimal position of mandibular condyle-fossa relationship is obtained, initial (“default”)
conditions for the treatment of the TMJ are obtained [45]. If the occlusion does not change
significantly and the mandible can move freely in all directions without pain, an occlusal
splint is not necessary. However, this happens in few cases. In most cases, an occlusal
splint is necessary to provide free movement of the mandible in all directions, at the
beginning of treatment in the anteroposterior direction (protrusion/retrusion of mandible)
in particular. A plastic splint is most often fabricated on the upper jaw, so its bottom part
is rigid and flat, with only slightly increased canine regions to obtain a basic, mutually
protected occlusion [26,150,151]. In subsequent orthopedic manual therapy visits, the
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splint is grinded to obtain at least a 16-point contact with the lower teeth at rest, without
right-left imbalance.

During these visits, the manual therapist works with TMJ using particular techniques,
including long axis distraction of the joint, mobilization therapy, and a wide range of soft
techniques affecting the masticatory (and other) muscles and craniomandibular ligaments.
Further, help from a specialist in maxillofacial surgery may rarely be necessary; however,
such treatment should be planned (its necessity diagnosed) and discussed with the patient
prior to the start of the treatment.

11.7. Treatment of Occlusion

When the optimal occlusion is obtained, aligning the teeth to obtain an optimal maxillo-
mandibular tooth relationship should follow, including proper contact of all upper and
lower teeth according to the tripod concept and functional anterior guidance (separation of
the lateral teeth when the mandible is protruded; sagittal Christensen’s phenomenon), as
well as lateral guidance (separation of the contralateral lateral teeth when the mandible is
in laterotrusion; transversal Christensen’s phenomenon), led by the upper canine (canine
guidance) or more teeth (group function/group guidance). The most important factors
in occlusion remain the absence of traumatic articulation, artificial mandibular guidance
and/or occlusal interferences, in particular, mediotrusive molar interferences, thus avoid-
ing muscular avoidance patterns towards these occlusal “hot spots” and other consequent
problems [26] (for details, see Dawson, 2007; Greven et al., 2020 [152,153]). The occlusal
alignment can be obtained by orthodontic, restorative, prosthetic dentistry, or their com-
bination. Such alignment of the teeth allows the dental specialist to eliminate the splint
and obtain optimal functional (including masticatory) ability of the dentition, without pain
or disturbances.

11.8. Other Therapeutic Modalities

Apart from the principal approaches, there are several others, which may have adju-
vant (not primarily curative) potential. Anesthetic nerve blocks generally play a dual role
in both supporting diagnosis and pain relief. However, in the case of occipital neuralgia
or COP, the response to anesthetic nerve blocks should not be considered pathognomonic,
as its specificity is poor, and other primary and secondary headache disorders may also
respond [10].

Transcutaneous electrical nerve stimulation therapy has been used in the conservative
management of cervicogenic headaches, with reported benefits [154,155]. However, given
the inherent difficulty of realistic placebo and blinding in TENS studies, the results should
be interpreted cautiously [156].

Acupuncture or other alternative methods may be beneficial.
Psychotherapy, including meditation (e.g., mindfulness) and cognitive-behavioral

therapy remains important supplemental therapies in a significant number of patients,
due to the beneficial effect as they undergo this often long and demanding treatment
process. Although most psychological problems are secondary, it still has an important
therapeutic potential.

Pharmacological and surgical interventions should be reserved for selected patient
populations in whom all other conservative and minimally invasive options have failed, to
be weighed against the potential risk. They are not the primary focus of this article; thus,
they are reviewed elsewhere [10].

12. Conclusions

The etiopathogenesis of COP is complex, but the data are available, understandable,
and most importantly, clinically applicable. The key is the understanding of the mechanism
of trigeminocervical functional convergence as well as the tricentric concept. Based on
the understanding of neuroanatomical and neurophysical, neuromuscular relations, a
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precise diagnosis and a successful conservative treatment of these patients, based mainly
on orthopedic manual therapy and occlusal treatment, is possible, reliable and reproducible.
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Abstract: The estimation of sex from osteological and dental records has long been an interdisciplinary
field of dentistry, forensic medicine and anthropology alike, as it concerns all the above mentioned
specialties. The aim of this article is to review the current literature regarding methods used for
sex estimation based on the skull and the teeth, covering articles published between January 2015
and July 2022. New methods and new approaches to old methods are constantly emerging in this
field, therefore resulting in the need to summarize the large amount of data available. Morphometric,
morphologic and biochemical analysis were reviewed in living populations, autopsy cases and
archaeological records. The cranial and odontological sex estimation methods are highly population-
specific and there is a great need for these methods to be applied to and verified on more populations.
Except for DNA analysis, which has a prediction accuracy of 100%, there is no other single method
that can achieve such accuracy in predicting sex from cranial or odontological records.

Keywords: sex estimation; cranial methods; odontological methods; morphometric analysis;
morphologic analysis; biochemical analysis

1. Introduction

The estimation of sex from osteological and dental records has long been an interdisci-
plinary field of dentistry, forensic medicine and anthropology alike, as it concerns all the
above mentioned specialties.

In both forensic and archaeological cases, a reliable method to establish the sex of
the deceased is paramount, as it is the first step towards a more detailed analysis of the
human remains and helps in narrowing down the list of individuals and putting together a
demographic pattern.

The estimation of sex from osteological remains can be achieved using three major
types of methods: morphological assessment (non-metric) of teeth and bone traits that
exhibit dimorphic features, morphometric assessment (by measuring specific quantifiable
features of bones and teeth) and biochemical analysis, such as DNA analysis [1–4] or Barr
bodies analysis [5] (Figure 1). DNA analysis is by far the most accurate method, but it is
also the most expensive and may not be suited for large numbers of specimens [6,7].
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1.1. Morphological and Morphometric Methods

The morphological and morphometric assessment methods are both generally ac-
cepted techniques based on scientifically proven grounds, but they have limitations. For
instance, morphological assessment (non-metric) is based on a certain subjective evaluation
of the observer and also requires experience. Morphometric assessment (metric), on the
other hand, is a laborious technique and depends on the exact determination of anatomical
landmarks. Moreover, the population-specific variations in the skull make these methods
almost impossible to generalize [8].

More recently, computer-aided techniques have facilitated the use of morphomet-
ric assessments, making them less subjective and time-consuming. Advances in three-
dimensional image analysis have achieved rapid, automatic measurement of the entire
outer surface of the craniofacial hard and soft tissue, as opposed to measurements of only
limited distances and angles of the cranium. The digital analysis of the cranium and digi-
tal data storage have had a huge impact on sex estimation methods. The stored images,
whether digital impressions or radiographic images, can be used time and time again for
multiple analyses [9–11].

Almost all bones exhibit dimorphic features. Sex discrimination methods have proven
successful in many bones, including the hyoid, ulna, sternal end of the rib, metacarpals
and even metatarsals [12]. However, the pelvis shows the highest degree of dimorphism,
followed by the skull [13], which has an accuracy for gender determination of up to
94% [14].

The anatomical structures of the skull used for the purpose of sex estimation are
numerous: the frontal bone (position of squamous part, the appearance of the supraciliary
arch, the sharpness and shape of the orbit, the frontal sinus—which remains stable and
unchanged until old age and is, according to some studies, a unique structure, comparable
to fingerprints) [15], the zygomatic bone (presence of marginal tubercle on the frontal
process), the temporal bone (size and shape of the mastoid process, width of the zygomatic
processes), the occipital bone (the nucal crest, the clivus), the mandible (angle between
body and mandible ramus—angle of mandible, ramus height, base height), the shape of
the nasal root, muscular insertions on bones, tooth size, face shape etc. [16] (Figure 2).
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In many circumstances, whether in mass fatalities, explosions, mutilated bodies or
poorly preserved archaeological records, the entire pelvis or skull cannot be retrieved and
only fragmented parts of these bones are available for study. In these cases, the mandible
plays a decisive role in sex estimation because it is the largest, strongest and one of the
most dimorphic parts of the skull [17–19]. Dimorphism in the mandible is reflected in its
shape and size; male bones are generally bigger and more robust than female bones. If only
the mandible is available for assessment, gender determination has an accuracy of around
90% [16].

The mandible is usually one of the best preserved bones, along with the teeth, which
are highly resistant to bacterial degradation, extreme heat and other types of aggressions
and are therefore most likely to be preserved in fossil and archaeological records. Teeth
can be heated to temperatures of 1600 ◦C without appreciable loss of microstructure [20]
and, unlike skeletal bones, the human origin of teeth is rarely in doubt [21]. That is why
the teeth form a highly valuable asset in estimating the sex of deceased individuals and are
especially important in assessing children, where dimorphic aspects of the pelvis and other
bones are not yet recognizable. In cases of fire or explosion, the thermal trauma causes
major damage to the anatomical structures, leaving the teeth as the only way to establish
the sex of the victims.
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1.2. Biochemical Methods

Biochemical analyses for sex estimation purposes re based on DNA and Barr bodies
from the dental pulp or from the hard tissue of the teeth. The DNA polymerase chain
reaction (PCR) is more expensive and takes longer to obtain results, whereas the Barr bodies
analysis is quicker and requires less equipment [5,22].

Due to their great tissue resistance, teeth can be considered as a reliable source of
DNA, making them valuable in biochemical analysis methods as well. All structures of
the tooth have proven value for extracting DNA material (enamel, cementum, dentine
and pulp). The dental pulp contains fibroblasts, odontoblasts, endothelial cells, peripheral
nerves, undifferentiated mesenchymal cells and nucleated components of blood, found in
the coronal and radicular pulp, which are rich sources of DNA and free from contamination
by external factors [23].

Amelogenin (AMEL) is the enamel-specific matrix formed during the first stages of
tooth formation. It has been discovered that there are two types of AMEL genes, one
found on the X chromosome and the other found on the Y chromosome. Hence, using PCR
on the AMEL gene from DNA found in the dental pulp is a useful method to establish
the sex of an individual [23]. PCR analyses that target regions of the amelogenin gene
have become the method of choice for sex estimation of biological samples [24]. However,
discrepancies have been noted with AMEL gene-based sex estimation, mostly due to X
and Y deletion in the population and mutations in primer-binding sites. Some populations,
such as Indians, appear to be affected by high frequencies of Y deletion. The presence of
PCR inhibitors, degradation of the DNA samples and the presence of mixed DNA also
contribute to inaccurate results obtained by amelogenin analysis and, therefore, other
alternative techniques and markers have been suggested for sex estimation, such as STS,
SRY, TSPY, DXYS156, SNPs, DYZ1 and next generation sequencing (NGS) [25].

Among the methods used to extract DNA from the dental pulp, the method using
phenol chloroform appears to be quite cost-effective, but it is tedious and requires high
precision. Newer extraction methods, such as Chelex 100TM (Medox Biotech, Chennai,
India) and QIA cubeTM (Qiagen, Hilden, Germany), could be substituted for the traditional
method [23]. Recently, another method, termed the loop-mediated amplification method
(LAMP reaction), which can give results within an approximately half an hour time limit,
has been recommended as an alternative to conventional PCR techniques. Another advan-
tage of the LAMP method is that it works under isothermal conditions, which stops further
denaturation of the DNA [24].

Other biochemical analysis methods include the use of a fluorescent body test. It has
been shown that, when chromosomes are stained with quinacrine mustard, they fluoresce
differentially along their length when viewed under ultraviolet light, and the human Y
chromosome fluoresces more brightly than the other chromosomes [20]. The reason for
the bright fluorescence of the Y chromosome is not entirely clear. This technique has
been used in forensic science for sex estimation from dried blood stains, saliva and hair
since the 1970s [20]. The fluorescent Y body test has shown to be a reliable, simple and
cost-effective technique for gender determination in the immediate postmortem period of
up to one month after death. Therefore, its limitation is related to the post-mortem interval,
making it only relevant for recently deceased individuals and, hence, impossible to use in
archaeological findings [20].

The estimation of sex in ancient archaeological remains and fossils is also possible
through DNA extraction techniques. The dawn of ancient DNA (aDNA) techniques was
in 1983 at Berkeley, California, when Higuchi et al. extracted and sequenced ancient
mitochondrial DNA (mtDNA) from a 150-year-old specimen of the quagga, a zebra-like
species [26]. Then, in 1985, Svante Pääbo successfully investigated 23 Egyptian mummies
for DNA content [27] and, in 1997, aDNA from Neanderthal specimens from the Feldhofer
Cave in Germany was also successfully extracted [28].

Even today, the retrieval of mtDNA from ancient human specimens is not always
successful owing to DNA deterioration and contamination. Usually, only short DNA
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fragments can be retrieved from ancient specimens. Degradation and contamination in
long-term preserved specimens still make analysis very difficult. This is due to the technical
difficulties with extraction, amplification and sequencing of ancient mtDNA. In recent years,
NGS has mainly been applied to ancient samples. It seems that this technique is suitable for
aDNA research [29]. According to the literature, short tandem repeat (STR) typing could
represent a time-saving and cost-effective solution for sex estimation in archaeological
sites [30].

The aim of this article is to review the current literature regarding methods used for sex
estimation based on the skull and the teeth, covering articles published between January
2015–July 2022.

2. Materials and Methods

A digital search of PubMed/Medline and DOAJ was performed using the following
criteria: “sex” AND (“determination” OR “estimation” OR “prediction”) AND (“odon-
tometric” OR “teeth”), “sex” AND (“determination” OR “estimation” OR “prediction”)
AND “human skull”, “sex” AND “teeth” AND “ancient DNA“. Filtering of the publication
period was applied. The search retrieved 832,715 results. These results were then refined by
their title and abstract so as to be in accordance with the inclusion criteria. The reference list
of all identified articles was further manually searched for additional articles. This process
of refining and excluding eventually left a total number of 97 articles. The set question was:
What methods are used for cranial and odontological sex estimation and which ones have the highest
prediction accuracy?

The PICO specialized framework was used to form the question and facilitate the
literature search.

• Population: all ages, genders and ethnicities included;
• Intervention: cranial and odontological methods for sex estimation;
• Comparison: age range, sample size, method used, sex estimation accuracy;
• Outcome: to determine the methods and find out which ones have the highest sex

estimation accuracy.

The inclusion criteria comprised the following:

• Population included: all ethnic groups;
• Patients, autopsy cases and skeletons from archaeological records;
• Original articles;
• With or without abstracts;
• Articles written in English;
• Methodologies based on both skull and teeth assessments;
• Both metric and non-metric methods;
• Both temporary and permanent teeth;
• Study focus relevant to our search question;
• No minimum number of individuals required.

The exclusion criteria comprised the following:

• Studies covering non-human subjects;
• Studies published before 2015;
• Abstracts without full reports;
• Review articles.

Titles and abstracts were scanned by two reviewers independently (L.M.B. and L.C.R.)
for possible inclusion under the above mentioned criteria. Disagreements between authors
were solved through discussions and consensus and mediated by a thirdg reviewer, L.C.A.
The final decision was made based on the opinion of two out of the three reviewers. The
PRISMA flow chart (Figure 3) was used and guidelines were followed [31]. Studies were
assessed based on the reported data.
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1 [32] 
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dimensions recorded 
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junction levels of 
extracted molars 

Northwest 
Indian 
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Figure 3. Prisma flow diagram.

The data extracted from each article comprised:

• Methodology used;
• Population /ethnicity;
• Sample size;
• Main conclusions;
• Accuracy of the method applied, where available.

All this information was analyzed and then tabulated in order to depict the results
in a clearer manner, as the types of studies, the methodologies used and the conclusions
drawn varied greatly.

3. Results

The studies were split into different categories and tabulated accordingly. The cate-
gories are as follows:

• Odontometric methods (Table 1);
• Radiographic methods (Table 2);
• Non-radiographic methods (Table 3);
• Ancient populations studies (Table 4);
• Biochemical methods (Table 5).
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Table 1. Odontometric methods.

No. Reference Methodology Population No. of
Cases/Age

Main
Conclusions

Sex Estimation
Accuracy

1 [32]

Linear and diagonal
dimensions recorded at

both crown and
cementoenamel junction
levels of extracted molars

Northwest
Indian

73 males
57 females

The calculated index of
sexual dimorphism was
higher in lower molars

than in the upper molars

Max 70%

2 [33]

Four odontometric
parameters: ICW, IPW,
AL and CW, measured

directly with the subject

Indian 100 males
100 females

Maxillary parameters
exhibited higher mean

values in males
compared to females

3 [34] MD and BL dimensions
of all upper teeth Indian 250 males

250 females

The MD and BL
dimensions were

statistically significant
different between males

and females

99.8%
using stepwise
discriminant

functions

4 [35]
Lip prints; Mandibular

Canine Index; Facial
Index

Indian 50 males
50 females

Type II pattern in lips
most common

No significant difference
in odontometric analysis

5 [36]

Maxillary impressions;
palatine rugae;

MD canines; ICW; MD
and BL of upper molars

Indian

60 males
60 females

20 families of
4 members

Females—more wavy
rugaes

Males—all measured
indexes were higher than

in females

6 [37] MD, BL measurements
of 28 teeth Indian

100 males
100 females

18–25 years old

Larger dimensions of
teeth in males when
compared to females

7 [38]
Maxillary Canine Index

and maxillary first molar
dimensions

Indian
100 males

100 females
15–25 years old

BL dimension of
maxillary first molar is a
more reliable indicator

for gender determination

8 [39]
MD and BL dimensions

of upper and lower
temporary teeth

Indian
250 males

250 females
3–5 years old

Boys generally had
larger crown diameters

than girls

9 [40]

Maximum ramus height,
bigonion width and

bicondylar breadth in
OPG

MD of upper central
incisors, canines

Indian
100 males

100 females
18–30 years old

Ramus height—most
dimorphic

Permanent maxillary
central incisor—more
dimorphic than the
maxillary canines

10 [41] MD—left mandibular
canine Indian

60 males
60 females

15–40 years old

Increased MD diameter
in males 72.5%

11 [42] CBCT and odontometrics
of 28 teeth

Jordanian,
Saudi, Egyptian

159 males
93 females

20–45 years old

Odontometric
differences of 28 teeth
between gender and

among Saudi, Jordanian
and Egyptian

populations were
insignificant (p > 0.05)
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Table 1. Cont.

No. Reference Methodology Population No. of
Cases/Age

Main
Conclusions

Sex Estimation
Accuracy

12 [43]
MD and BL of

permanent upper first
molar

Indian
300 males

300 females
17–25 years old

The differences between
males and females in MD

and BL dimensions
measured were

statistically significant
(p < 0.05)

13 [44]
OPG—root length

observed in all
permanent teeth

Indian
500 males

500 females
21–60 years old

Sexual dimorphism in
root length was observed
in 13, 14, 15, 16, 23, 26, 33,

36, 43 and 46 (mesial)
Most dimorphic teeth

were canines

14 [45]
MD of left and right
canine, intercanine

distance, MCI
Indian

100 males
100 females

18–25 years old

Significant sexual
dimorphism of

mandibular canines
73%

15 [46] MD and BL of upper first
molar Indian

149 males
151 females

18–30 years old

BL crown dimension and
the hypocone

(distolingual) cusp
showed the highest
sexual dimorphism

64.3%

16 [47] MCI and Pont Index Indian
53 males

53 females
18–25 years old

MCI and Pont’s Index
showed significant
sexual dimorphism

Standard right
MCI could
predict sex

accurately at
75.4%

Standard left
MCI could
predict sex

accurately at
66.9%

17 [48]

MD diameter of
permanent mandibular
right and left canines, as

well as mandibular
intercanine distance

Indian
200 males

200 females
20–40 years old

The MD crown width of
the permanent

mandibular right and left
canines, as well as the

mandibular intercanine
distance of the males,

was found to be larger in
size

78.8%

18 [49]

MD and BL diameter of
mandibular canine and

mandibular first
molar—study casts

Indian
50 males

50 females
17–25 years old

Sexual dimorphism can
be predicted by

measuring mesiodistal
dimension of

mandibular canine and
mandibular first molar

19 [50]
Lip prints

Finger prints
MCI

Indian
25 males

25 females
18–25 years old

MCI was not found to be
a significant indicator of

gender
Lip prints exhibited
sexual dimorphism
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Table 1. Cont.

No. Reference Methodology Population No. of
Cases/Age

Main
Conclusions

Sex Estimation
Accuracy

20 [51] Dental measurements on
upper right teeth Brazilian

100 males
100 females

18–30 years old

Dental measurements are
useful tools for sex

determination, and the
canine measurements

showed a proportional
correlation with stature

70.5%

21 [52]
Experimentally burned
teeth at 400 ◦C, 700 ◦C

and 900 ◦C
Portuguese

The perimeter at the CEJ
and the combined

measurements of the MD
and BL diameters, at the
same level, were quite

promising in the
post-burning analysis

>80%

22 [53] MCI measured from
dental casts Portuguese

50 males
70 females

16–30 years old

MCI may not be
particularly useful in sex

prediction
64.2%

23 [54]

MD dimension of teeth
from study castsPCA

from the logarithm of the
dental widths

Spanish

120 patients
mean age: 14.48
± 2.78 (males)

mean age: 14.71
± 2.69 (females)

Tooth dimension can be
a considered a valuable
complementary tool in
sex determination for
Spanish population

76.2%

24 [55]

MD widths of
mandibular canines

ICW
From casts

Nepal 40 male
40 female

Sex predictability by
using MCI showed poor

sex predictability and
should be used

cautiously in Nepalese
population

57.5–62.5%

25 [56]

Raman spectroscopy of
teeth

PCA of teeth from
anthropological

collection

Croatian 55 teeth
11–76 years old

The accuracy of
classification models
depends both on the

tooth type (molar and
premolar) and recording
site (anatomical neck and

apex) on the tooth

>90%

26 [57]

MD and BL dimensions
of permanent teeth

measured from dental
casts and radiographs

Iranian
74 male

257 female
12–35 years old

Sex dimorphism is very
strong in the dentition
Ageing significantly

reduces measurements
Mandibular canines were

the most dimorphic
teethBolton ratio was not

affected by sex

ICW—intercanine width; IPW—interpremolar width; AL—arch length; CW—combined length of six maxillary
anterior teeth; MD—mesiodistal; BL—buccolingual; OPG—ortopanthomography; CBCT—cone-beam computed
tomography; MCI—Mandibular Canine Index; CEJ—cement–enamel junction; PCA—principal component
analysis.
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Table 2. Radiographic methods.

No. Reference Methodology Population No. of
Cases/Age Main Conclusions Sex Estimation

Accuracy

1 [42] CBCT and odontometrics
of 28 teeth

Jordanian,
Saudi, Egyptian

159 males
93 females,

20–45 years old

Odontometric
differences of 28 teeth
between gender and

among Saudi, Jordanian
and Egyptian

populations were
insignificant (p > 0.05)

2 [58]

A total of 99
cephalometric variables

were compared,
subjected to statistical
analysis and tested for
significance using the

t-test

Dravidian
125 males

125 females
25–40 years old

Twenty-four variables
showed statistical

significance
52—78%

3 [59] PA cephalometric
analysis

Hispano-
American
Peruvians

1525 patients
5–44 years old

Significant differences
between sexes

Males, on average, are
larger and have

increased muscle
attachment in their

skeletons than females

63–75%

4 [60] Mandible morphometry
on CBCT scans Korean

96 males
104 females

18–60 years old

Gender can be accurately
predicted using this

technique
67%

5 [61] CT scans of FM Indian 110 males
90 females

Shape and dimensions of
FM should be taken into

consideration during
surgery involving the

craniovertebral junction
and in forensic and

anthropological
investigations

65%

6 [62]
Morphometric analysis

of the mandible with
OPG

Italian

50 males
20–68 years
50 females

21–62 years old

Mandible exhibits great
sexual dimorphism 92.5%

7 [63] Morphometric analysis
with OPG Indian

500 males
500 females

21–60 years old
69%

8 [64] Submentovertex
radiography South Indian 75 males

75 females
Circumference in FM

was the best sex indicator 67.3%

9 [65] OPG measurements of
the mandible Chennai

150 OPGs
3–70 years old,
divided into
seven groups

Highly statistically
significant differences

between genders

10 [66] OPG measurements of
the mandible Indian

113 males
87 females

4–75 years old

Significant differences
between all the

parameters: gonial angle,
height and width of the

ramus of mandible
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Table 2. Cont.

No. Reference Methodology Population No. of
Cases/Age Main Conclusions Sex Estimation

Accuracy

11 [67] Maxillary sinuses
measured with OPG Brazilian

32 males
32 females

>20 years old

There were differences
between the mean values

of the maxillary sinus
dimensions evaluated for

both sexes
However, when the

values were between
27 mm and 31 mm for
height, and 44 mm and
48 mm for width, it was
impossible to determine

the sex

12 [68]
Maxillary sinus

measurements with MRI
scan

Indian
30 males

30 females
21–73 years old

Sexual dimorphism was
shown by the volume of
the maxillary sinuses on

the left side

13 [69] CT scans of skulls Malaysian
45 males

42 females
18–75 years old

Males showed higher
values for all the

parameters than females,
except for the left orbital

height

85.1%

14 [70]
Orbital aperture

dimension with PA
cephalogram

North Indian
250 males

250 females
20–50 years old

All the linear
measurements, such as
orbital height, orbital
width and interorbital

distance, were
significantly greater in

males than females

84.8%

15 [71] Maxillary sinuses
measured with CT scans Indian

50 males
50 females

>20 years old

Volume of left maxillary
sinus of males is larger

than that of females

84% in males
92% in females

16 [19]

Chin and mandibular
symphysis

measurements with CT
scans

Caucasian

203 males
216 females

>18 years old
Age-matched

samples

Chin width (the frontal
view) was found to be a
sexually selected trait; it
can be considered as a

parameter for sex
determination

The chin was found to be
a more heterogeneous
anatomical structure

than symphysis and it
was sexually more

dismorphic

17 [72] Frontal sinus measured
with PA cephalograms Indian

100 males
100 females
≥14 years old

It was found that the left
width and area are most

suitable for gender
determination

18 [73] CT scans of the gonial
angle Turkish

150 males
150 females
Three age

groups
20–80 years old

Males showed slightly
smaller gonial angle
values than those of

females in all age groups
Gonial angle is not a

particularly good
indicator to identify the

sex from the cranium
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Table 2. Cont.

No. Reference Methodology Population No. of
Cases/Age Main Conclusions Sex Estimation

Accuracy

19 [74] Mandibular CBCT scans Brazilian
74 males

86 females
18–60 years old

95.1%

20 [75]

Bi-zygomatic distance
and intervolt distance

measured with”jug
handle” radiograph

Indian
30 males

30 females
18–25 years old

Bizygomatic distance is a
more reliable parameter
to determine gender as
compared to intervault

distance

21 [17]
Mandibular ramus and

gonial angle
measurements with OPG

North Indian
200 males

200 females
10–40 years old

The mandibular ramus
showed a high sexual

dimorphism, with
condylar and coronoid
ramus heights as the

most significant
predictor for age and sex

estimation
Gonial angle can only be

used as an additional
tool

22 [18] Mandibular rami
measurements with OPG South Indian

229 males
271 females

20–60 years old

Condylar
height/maximum ramus
height was found to be
the best sex predictor

80.4%

23 [15] CBCT measurements of
the skull Iranian

51 males
51 females

46.65 ± 12.72
years old

Highest
accuracy
related to
mandible

bone—89%
Lowest

accuracy
related to
FM—71%

24 [76] Clivus measurements
with CBCT scan Indian

76 males
74 females

6–17 years old

The clivus length was
statistically significant
The clivus length was

greater in male
population

25 [44]
OPG—root length

observed in all
permanent teeth

Indian
500 males

500 females
21–60 years old

Sexual dimorphism in
root length was observed
in 13, 14, 15, 16, 23, 26, 33,

36, 43 and 46 (mesial);
The most dimorphic

teeth are canines

26 [77]

CT images used to
measure the
mediolateral,

superoinferior and
anteroposterior

dimensions and the
volume of the maxillary

sinuses

Indian 15 males
15 females 83.3%
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Table 2. Cont.

No. Reference Methodology Population No. of
Cases/Age Main Conclusions Sex Estimation

Accuracy

27 [78]
Lateral

cephalograms—gonial
angle

Indian
149 males

155 females
18–30 years old

56.3%

28 [79]

Morphometric
evaluation of frontal

sinus with PA
radiographs

Saudi Arabian
200 males

200 females
14–70 years old

Right width and left
width are most suited

regressors for sex
determination

67.70–95.90%

29 [80] OPG—ten mandibular
variables were measured South Indian 192 males

192 females

Coronoid height was the
single best parameter,

providing an accuracy of
74.1%

Overall
accuracy: 75.8%

30 [81]

Measurements of the
mandibular ramus:
maximum ramus

breadth, maximum
ramus height and

coronoid height using
Planmeca ProMax

Indian 80 OPGs

Greatest sexual
dimorphism was noticed
in the maximum ramus

height

Prediction rate
using all five

variables: 83.8%

31 [82]

Linear tooth
measurements with

CBCT
machine learning: naive
Bayesian, random forest,
support vector machine

Iranian 245 males
240 females

Naive Bayesian—highest
accuracy for sex

classification

Average
accuracy:
92.31%

32 [83]

Roof, height and floor of
pulp chamber

Marginal
enamel/dentine

thickness
Tooth width and crown

length
CBCT

Iranian

100 males
100 females
Mean age:

21.28 ± 2.47

Maxillary first molars
were more dimorphic
than mandibular teeth
Mesio-distal variables
were more dimorphic

than bucco-lingual ones

Highest
accuracy: 84%

33 [84] PCA with lateral
cephalograms Indian 54 males

51 females
Sex was clearly

associated with occlusion

Over 96%
variation

between male
and female

34 [85] PCA of mandible surface
CT scans Japanese

23 males
22 females
Mean age:
43.1 ± 14.6

Significant differences
between male and

female, the mandibular
branch of males was

larger than that of
females, and the

mandible angle was
overhanging outside

PA—postero-anterior; FM—foramen magnum; MRI—magnetic resonance imaging; CT—computed tomography;
HBM—homologous body modeling.

297



Medicina 2022, 58, 1273

Table 3. Non-radiographic methods (cranial morphometric studies on modern populations).

No. Reference Methodology Population No. of
Cases/Age Main Conclusions Sex Estimation

Accuracy

1 [9]
Morphological features

from the 3D skull
MKDSIF-FCM algorithm

Han Chinese

Accuracy improvements
of nearly 8.6%, 3.5% and
2.2% compared to other

algorithms

2 [14]

Supraorbital margin and
frontal bone quantified
by wavelet transform
and Fourier transform

Han Chinese
73 males

60 females
22–28 years old

Compared with the
traditional methods, the

correct rate is higher

90.9% for males
94.4% for
females

3 [86] Photographs of maxillary
sutures—dry skulls Thai 96 males

94 females

Maxillary suture length
can be applied for sex

estimation
79.47%

4 [87] Cranial vault
thickness—autopsy cases

Caucasion
Negroid

Mongoloid

1097 cases
103 <19 years

old
994 >19 years

old

Females appear to have a
larger frontal cranial

thickness
Cranial vault thickness

generally cannot be used
as an indicator for sex

5 [88]
Various craniometric
measurements on dry

skulls
Thai

100 males
36–96 years old

100 females
15–93 years old

Mastoid length (right
and left), nasal height,

FM length, cranial base
length, bizygomatic
breadth, FM breadth,
biauricular breadth,
upper facial breadth,
basion-nasospinale

length, maximum cranial
length and biorbital
breadth expressed
significant sexual

dimorphism

88–92.2%

6 [89]
Maxillary arch depth and
palatal depth measured

from dental casts
Indian

250 males
250 females
17–25 years

Only mean maxillary
arch depth values were
found to be statistically
significantly different

7 [90]
Anthropometric
measurements of

patients
Indian

50 males
50 females

30–40 years old

Significantly higher
facial height,

pronasale-to-menton
distance and

interzygomatic width in
males as compared to

females

8 [91] Measurements of FM in
skulls Indian

41 males
31 females

>18 years old

Predictability of
area was the

highest: 70.3%

9 [92] Palate measurements
from dental casts Jordanian

66 males
84 females

18–50 years old
75 males

75 females
6–12 years old

The palatal dimensions
that reflect the palatal
size were significantly
higher in males than in

females
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Table 3. Cont.

No. Reference Methodology Population No. of
Cases/Age Main Conclusions Sex Estimation

Accuracy

10 [11] 3D soft tissue
craniofacial analysis

British and Irish
white

Europeans

102 British
males

27 Irish males
132 British

females
31 Irish females
Below 13–over

50 years old

The magnitude of
dimorphism in sex is

revealed in facial, nasal
and crania

measurements
Males are relatively
larger than females,

especially in the mouth
and nasal regions

11 [93] Skull measurements Greek 176 individuals
Multivariate

combinations:
>95%

12 [94]

Vault and midsagittal
curve of the

neurocranium
measurements

Greek 94 males
82 females

In contrast to the
midsagittal curve of the

neurocranium, the shape
of the cranial vault can

be used as an indicator of
sex in the modern Greek

population

89.2%

13 [95]

Novel interlandmark
distance measures across

six regions of the
cranium (dry skulls)

South Africans
of European

descent (white)

114 males
113 females 74–88.2%

14 [10]

3D geometric
morphometric

measurements of the
cranium (dry skulls)

Greek 94 males
82 females

There are shape
differences between the
sexes in the upper-face

and the orbits
Size is significant for

sexual dimorphism in
the upper-face region

15 [16]
Mastoid process

measurements from dry
skulls

Bosnian

50 males
47–71 year old

50 females
43–76 years old

There was a statistically
significant difference

between the genders on
the basis of the mastoid

process

16 [96] Mastoid measurements
from dry skull Indian

25 males
25 females

>18 years old

The mastoid process is a
good indicator for sex

determination
83%

17 [12] Mandible measurements
from dry skulls British 40 males

36 females

Mandibular metrics are
good predictors for sex

determination
77.3%

18 [8] Computer vision cranial
measurements Malaysian

54 males
46 females

5–85 years old

CV methods are suitable
for sex determination 78.2–86.2%

19 [97]
Virtual

method—evaluating the
exocranial surface

Czech 208 individuals

Highest accuracy for
Czech

population—96.2%
Highest accuracy for

inter-populational
differences—92.8%

91.8%
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Table 3. Cont.

No. Reference Methodology Population No. of
Cases/Age Main Conclusions Sex Estimation

Accuracy

20 [98] Pterion surface evaluated
by machine learning Thai 100 skulls

PMP and PI distances
were significantly longer

in males
80.7%

21 [99] Fully automated method
with 3D models CzechGreek 170 Czech

156 Greek

The method is efficient in
estimating sex from

cranial remains

Population-
specific

accuracy:
78.5–96.7%
Population

generic
accuracy:

71.7–90.8%

PMP—distance from the center of the pterion to the mastoid process of the temporal bone; PI—distance from the
center of the pterion to the mastoid process of the external occipital protuberance.

Table 4. Ancient population studies.

No. Reference Methodology Population No. of
Cases/Age Main Conclusions Sex Estimation

Accuracy

1 [4]

Various anthropological
procedures of the skull

and skeleton
aDNA analysis

Croatian 84 adult me-
dievalskeletons

For the mandible, the
only measurement that

showed sexual
dimorphism was

mandibular body height

Seven multivariate and
five univariate

discriminant functions
for sex estimation with
overall accuracy rates

above 80%

2 [100]
Os coxae

Skull
Os coxae + skull

66 individuals
13–16th century

The preauricular sulcus,
frontal bossing and arc

compose should be
reconsidered as

appropriate traits for sex
estimation

The combined estimate
(97.7%) outperformed

the os coxae-only
estimate (95.7%), which

outperformed the
skull-only estimate

(90.4%)

Table 5. Biochemical studies.

No. Reference Methodology No. of Cases Main Conclusions Sex Estimation
Accuracy

1 [23]

PCR analysis from dental
pulp Amelogenin gene

analysis
Teeth subjected to different

conditions

130 teeth

Teeth buried in soil yielded
least amount of DNA over a
period of time and no DNA
could be obtained at high

temperatures

2 [101] PCR analysis Eight mesiodens
teeth

Sex identification through
DNA was possible in six out

of eight cases

3 [24] DNA—amelogenin analysis

50 teeth subjected
to different
conditions,

including extreme
temperatures of

1050 ◦C

Pulpal tissue and
degenerating odontoblastic
processes provided enough
DNA for sex identification

100% retrieval of
DNA along with

gender
determination
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Table 5. Cont.

No. Reference Methodology No. of Cases Main Conclusions Sex Estimation
Accuracy

4 [30]
DNA analysis of ancient

petrous bone compared to
femur and tooth

39 skeletal element
from 13

individuals

Petrous bone is the best
skeletal element with regard

to DNA conservation in
ancient remains

5 [102]

Capillary electrophoresis
(CE)-and massively parallel

sequencing (MPS)-based
analysis of petrous bone

Different sections
of eight unknown
cranial bones and

additionally—
where

available—other
skeletal elements

Short tandem repeat (STR)
typing from the petrous

bones leads to reportable
profiles in all individuals

6 [103] DNA extraction from
petrous bone and tooth 50 skeletal remains

More likely to obtain a
complete STR profile from

petrous bone material

7 [104] MS proteomics on 5000 year
old teeth

11 Neolitic human
teeth

The method represents an
alternative for sex

estimation when DNA is not
exploaitable

The targeted
proteomics assay

allowed the
confirmation of the

sex in all the
samples

8 [105]

Enamel peptide analysis by
liquid chromatography and
mass spectrometry without

destruction of analyzed
teeth

8 permanent, 15
deciduous teeth

from fossil remains

Analysis of teeth enamel
peptidome is sutable for sex

determination of human
fossil remains

9 [106] Enamel peptides

43 teeth from 29
nonadult

individuals
40 gestational

weeks to 19 years
old from

archaeological sites
in England

The method enables forensic
identification of nonadult
human remains, including

perinates

28 out of 29
individuals were

identified

The most frequently employed parameters were MCI, MD diameter of the lower
canines and ICW. Out of the total of 26 studies, 18 were performed on an Indian population.
Girish et al. reported the highest accuracy of sex estimation (99.8%) by measuring the BL
and MD dimensions of all upper teeth [34].

The most frequently used radiographic method was OPG, followed by CT and CBCT.
The highest accuracy of sex estimation was reported by Gamba et al. (95.1%), using CBCT
scans for mandibular sexual dimorphism analysis [74].

To our knowledge, so far, Gowland et al.’s study is the only one addressing the sex
determination from the teeth of pre-birth individuals [106].

4. Discussion

In the period between January 2015 and July 2022, a large number of studies have
dealt with the issue of sex estimation of individuals from measurements or analyses of the
teeth and cranium, which shows the importance of the subject.

4.1. Populations

The most studies by far were undertaken by Indian researchers on contemporary pop-
ulations, as shown in Tables 1–3 [17,18,24,33,44,61,63,66,68,70–72,75–78,80,81,84,89–91,96].
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With regard to European populations, Greek studies seem to be more frequent [10,93,94,99],
but there are also British [11,12], Portuguese [52,53], Spanish [54], Croatian [4,56], Bosnian [16],
Italian [62] and Czech [97,99] studies, a study concerning Caucasians in general [19] and one
concerning South Africans of European descent [95]. A number of articles concerned Saudi
Arabian, Egyptian, Malaysian, Chinese, Korean, Jordanian, Nepalese, Iranian, Japanese,
Thai, Turkish, Brazilian, Peruvian and Australian populations [4,8,9,14,43,55,57,59,60,67,
69,73,74,82,83,85,86,88,92,98]. One study described 1097 autopsy cases of Caucasian, Mon-
goloid and Negroid individuals [87]. The type of population on which morphometric studies
have been conducted is important, as the results are largely population-related and not
applicable to other ethnicities. This does not apply to biochemical studies, however, where
the conclusions are unrelated to the ethnicity of the individuals involved.

4.2. Sample Size

A few articles stand out, due the large samples involved, having over 500 cases and, in
some, as many as 1296 [34,44,59,87]. Girish et al.’s odontometric study comprised 500 cast
measurements—half male, half female—and their ability to differentiate gender in the
population using stepwise discriminant functions was found to be very high, with 99.8%
accuracy [34]. Govindaram et al.’s study is the only study reviewed that involved the
measurement of roots of permanent teeth in order to find sexual dimorphism. It also had
a large sample of 1000 cases, with only patients with the past three generations living in
Tamil Nadu and Tamil mother tongue accepted for study. The study found a number of
roots displaying sexual dimorphism, while the upper and lower canines were the most
dimorphic [44]. De Boer et al. used a sample of 1097 autopsy cases with multiple ancestral
origins belonging to Caucasian, Negroid and Mongoloid races, for which cranial vault
thickness was measured. Differences were found between males and females, with females
apparently having larger frontal cranial thickness, but the conclusion drawn was that
cranial vault thickness “cannot be used as a proxy for configuring the anthropological
biological profile” [87].

4.3. Sex Estimation in Children

Perez et al.’s article was the first study attempting to use Rickett’s PA cephalometric
analysis to establish the sex of an individual of a Peruvian population. Apart from being the
first study to use this type of PA analysis, its strength resides in the fact that the sample size
was large (1296 cases) and also involved children (5–44 year old), which is rare in this type of
study (Tables 1–3). However, their accuracy rate was between 63–75% and they concluded
that Rickett’s PA cephalometric analysis is not adequate for sex determination [59].

Other studies that included children or children’s skulls include those of Singh et al.,
Rajkumari et al., Poongodi et al., Noble et al. and Mustafa et al. [39,65,66,92,107]. Singh’s
research was performed on 500 dental casts belonging to 250 boys and 250 girls aged 3 to 5
and found significant differences between the dimensions of temporary teeth in girls and
boys, with boys having larger tooth dimensions than girls [39]. This was the single odon-
tometric study on temporary teeth that met our search criteria. Another study involving
children is that of Rajkumari et al., which aimed to find sexual dimorphism by analyzing
mandibular dimensions with OPG. It included the OPGs of 150 patients aged 3 to 70 years
and the measurements performed were: maximum ramus width (MaxRW), minimum
ramus width (MinRW), condylar height (ConH), coronoid height (CorH), projective ramus
height (PH) and gonial angle (GA), recorded bilaterally. They found that MaxRW (R/L),
ConH (R/L), CorH (R/L), PH (R/L) and GA (R/L) showed highly statistically significant
differences between the genders [65]. Poongodi et al. also included OPGs of both children
and adults (ages 4–75) in their research and the results showed significant variables in the
GA and the height of the ramus [66]. Mustafa et al. searched for sexual dimorphism in
the palatal arch and in the size of the incisive papillae measured from 150 dental casts of
Jordanian children and reported significant size differences both in the palatal arch and the
incisive papillae in children [92].
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Noble et al.’s research used multidetector computed tomography (MDCT) to scan 152
juvenile crania of a Western Australian population. They acquired fifty-two 3D landmarks
that were analyzed using Procrustean geometric morphometrics and found little quantifi-
able sexual dimorphism in individuals younger than 12 years of age, whereas, in older
individuals, at 18 years of age, the prediction accuracy rates are as high as 94%, and the
authors concluded that simple, linear interlandmark distances of crania could be an option
for preliminary classification of skeletal remains [107].

Ziganshin et al. used liquid chromatography and mass spectrometry to analyze
tooth enamel peptides from 15 deciduous teeth from fossil remains. A specific peptide
containing phosphorylated Ser66 residue was found only in the enamel from deciduous
teeth, suggesting its role in the enamel formation of deciduous teeth [105].

Gowland et al.’s study addressed sex determination from the teeth of nonadult human
remains, including pre-birth individuals, using dimorphic enamel peptide analysis [106].

4.4. Odontometric Studies

Odontometric studies searched for sexual dimorphism in teeth dimensions, whether
measuring upper or lower teeth, all teeth or only specific teeth. The measurements were
performed intraorally [37,40,43]; from dental casts [36,38,54,55,57] or, in some cases, radio-
graphs [40,41,57]; or using Raman spectroscopy [56], and their conclusions vary greatly in
terms of the accuracy rate found (Figure 4).
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The canines, maxillary central incisors and first molars (both upper and lower) [43,46]
were the teeth most frequently measured and, among them, the mandibular canines seem
to come up the most [40,41,45,55]. The mesiodistal and buccolingual diameters of the
teeth were also frequently assessed parameters, as was the Mandibular Canine Index
(MCI) [35,36,48,54,55,57].

4.4.1. Mandibular Canine Index

Regarding the MCI, the results reported are very different. While Priyadharshini
et al., Krishnan et al. and Silva et al. found that the MCI was not particularly useful in sex
determination (Silva et al. found an accuracy rate of 64.2%) [35,50,53], other studies seem
to disagree and show quite high accuracy rates, between 66.98% and 78.8%, in determining
the sex by MCI [45,47,48].

4.4.2. Other Teeth Measurements

Studies conducted on 28 teeth have also come up with different results. Alam et al.’s
cross-sectional CBCT study performed on 159 males and 93 females of Saudi, Jordanian
and Egyptian origin found that the odontometrics of the second maxillary and mandibular
molars were insignificant in terms of sex estimation [42]. However, the study conducted
by Girish et al. on 250 males and 250 females of Indian ancestry concluded that the ability
to differentiate gender in the population using stepwise discriminant functions was very
high, with 99.8% accuracy, with males showing statistically larger teeth than females [34].
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Larger dimensions of teeth in males were found in Dash et al.’s study as well. They
measured the MD and BL dimensions of all teeth, excluding the third molars, in an In-
dian population [37]. Similar to Priyadharshini et al., Krishnan et al. and Silva et al.,
they also concluded that canines and premolars showed no statistical difference between
sexes [35,50,53].

Gouveia et al.’s research stands out from the odontometric studies through their
methods. They employed experimentally burned teeth (at 400 ◦C, 700 ◦C and 900 ◦C) to
perform measurements and test the sexual dimorphism. However, they conclude that most
of the standard measurements, although presenting significant sex differences, were ”not
reliable enough to allow for correct sex classifications close to 100% both before and after
the burning”, but they managed to achieve correct sex classification above 80% [52].

4.5. Morphometrics of the Skull

Articles using morphometrics of the skull in various forms, whether through direct
measurements of the skull, through radiological scans or using 3D facial computed applica-
tions, are quite difficult to compare because the methods vary greatly (Figure 5) and their
conclusions are also very different.
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Among the parts of the cranium most frequently assessed, studies concerning the
mandible are the most frequent. Eight articles using OPG scans of the mandible, two
articles using mandibular CBCT measurements, two articles using lateral cephalogram to
measure mandibular parameters [78,84] and two articles employing CT (one to assess the
chin and the mandibular symphysis [19] and one the mandible surface [85]) were reviewed.
The most frequently measured parameters were GA and ramus height (RH).

4.5.1. Dimorphism of the Gonial Angle

With regard to GA, Sambhana et al., in an OPG based study on a South Indian
population, concluded that the GA did not show significant sexual dimorphism [80].
This was similar to the study by Bulut et al. [73], which examined 150 male and 150
female CT scans of the mandible of a Turkish population between the ages of 20 and
80 years old, divided into three groups for more accuracy, and concluded that the GA is
not a particularly good indicator for sex identification and should not be used as a sole
criterion [73]. Belaldavar et al. also found a low accuracy rate for the GA (56.3%) in their
research on lateral cephalometric radiographs of 155 males and 149 females of Indian origin,
aged 18–30 [78]. In contrast, Rajkumari et al., in their research on 150 OPGs, concluded that
the GA, along with other mandibular parameters, such as MaxRW, ConH, CorH, and PH,
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showed highly statistically significant differences between the genders [65]. Similar results
were found by Poongodi et al. in their OPG study, concluding that the GA and the RH are
significant variables in determining the sex [66]. The study of Suzuki et al., using CT, found
significant differences between Japanese males and females, the gonial angle overhanging
outside in male cases [85].

4.5.2. Dimorphism of the Ramus Height

RH is also often employed in morphometrics of the crania in studies performed
with OPG and CBCT, with a high accuracy of prediction rates, between 69% and
83.8% [40,58,60,62,63,80,81]. With regards to this parameter, studies seem to agree
more than for other parameters. Except for one study, that of Bašić et al., which only
found sexual dimorphism in the mandible in its body height, the others reported high
sexual dimorphism in the mandibular ramus [4]. The main difference between the study
by Bašić et al. compared to all others that involved mandibular ramus measurements is
that Bašić’s study was based on measurements of medieval Croatian skeletons, whereas
the others were radiographic studies conducted on modern populations, most of them
Indian [40,58,63,80,81] and one Saudi Arabian [60] and one Italian [62]. A particularly
large sample of cases was analyzed by More et al. (500 male and 500 female digital
OPGs), and the conclusion drawn was that the overall accuracy for diagnosing sex from
the mandibular ramus was 69.0% [63]. Damera et al., in their study, reported that the
greatest sexual dimorphism of the mandible was expressed in the maximum RH, giving
an accuracy in the prediction rate of 83.8% [81]. Missier et al., in their study on 250
lateral cephalograms, reported that the RH, along with the ramus length and Conylion
to Gnathion measurements, showed the highest sex-determining dependability (78%)
in the mandible [58]. Similar findings were presented by Sambhana et al. in their study
conducted on 384 OPGs, which resulted in an overall accuracy of 75.8%, with the CorH
being the single best parameter, providing an accuracy of 74.1% [80]. The CT-based
study by Suzuki et al. found significant differences regarding the size of the mandibular
branch between Japanese males and females, the mandibular branch of males being
larger [85].

4.5.3. Dimorphism of the Chin and Mandibular Symphysis

Tunis et al.’s study regarding the chin and mandibular symphysis had a large (419)
adult, age-matched sample of Caucasian origin. They concluded that males had a signifi-
cantly wider and taller chin than females and, with regard to the symphysis, their study
showed the existence of sexual dimorphism in the observed symphysis metric characteris-
tics; i.e., males exhibited higher, thicker and larger symphyses that were more lingually
oriented compared with those of females [19]. This was the only study reviewed concerning
the chin and the mandibular symphysis.

4.5.4. Dimorphism of the Foramen Magnum

Regarding the FM as a tool for sex determination, there were two types of measure-
ments performed: area and circumference. Raikar et al. found circumference to be the best
predictor of sex, achieving an accuracy rate of 67.3% [64], whereas Kamath et al.’s study
found the area of the FM to be the best sex predictor [91]. Both studies were based on
Indian populations, Raikar’s study being performed on 150 submentovertex radiographies
while Kamath’s study was undertaken with measurements from 72 skulls.

Vinutha et al., in their research, measured the anteroposterior and transverse diameters
of the FM, as well as the circumference, and 65% of cranial CT scans overall were sexed
correctly based on these measurements [61].

Nourbashkh et al. performed research based on measurements of the skulls of
102 people. The frontal sinus, maxillary sinus, mandible and FM were assessed. They
concluded that the highest accuracy was related to the mandible bone, with 89% (the RH
had the highest value), and the lowest accuracy was related to the FM, with 71% [15].
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Mahakkanukrauh et al. also measured the FM in their research, along with other
measurements of dried skulls of Thai origin, and found significant differences between the
genders [88].

4.5.5. Dimorphism of the Maxillary Sinuses

The maxillary sinuses have also served as a tool for sex identification, but the results
reported vary greatly. De Queiroz et al. measured the height and width of the maxillary
sinuses and found a limited applicability for sex estimation because, when the individuals’
maxillary sinus dimensions were between certain values, it was impossible to determine
the sex [67]. Rani et al.’s study was based on MRI scans of the maxillary sinuses, which was
found to be an adequate method for sex estimation, with the highest sexual dimorphism
being found in the volume of the left side maxillary sinus [68]. Similar results were
presented by Bangi et al. in their CT study on maxillary sinuses, showing that the volume
of the left maxillary sinus of males is larger than that of females [71]. Another CT-based
study on maxillary sinuses was undertaken by Prabhat et al., who reported a high gender
prediction accuracy of 83.3%; however, their sample size was relatively low (30 patients) [77].
In fact, except for Bangi’s research (100 cases) [71], the other reviewed studies regarding
maxillary sinuses had relatively small samples: 64 cases in de Queiroz et al.’s study [67]
and 60 subjects in Rani et al.’s study [68].

4.5.6. Dimorphism of the Left Side versus the Right Side of the Skull

With respect to the left side of the cranium being more sexually dimorphic than
the right side, Rani et al. found in their studies that the highest percentage of sexual
dimorphism was shown in the left maxillary sinus [68], and similar results were reported
by Bangi et al. [71]. Soman et al. also reported that the left width and area of the frontal
sinus are more suitable for gender estimation [72].

4.5.7. Dimorphism of the Mastoid

Regarding the mastoid, two articles were reviewed, one performed on 100 adult
modern Bosnian skulls [16] and the other also performed on skulls, this time of Indian
origin, all 50 adults [96]. They both concluded that the mastoid process is a good indicator
for sex estimation, and the latter gave an accuracy rate for prediction of 83%. The limitation
of using the mastoid process as sex estimation in forensic or anthropological investigations
is related to the fact that the mastoid region is considered as one of the slowest and
later-growing regions of the cranium, showing a higher degree of sexual dimorphism in
adulthood, so it can only be used in adults [96].

4.5.8. Dimorphism of the Palate, the Pterion and the Orbital Aperture of the Frontal Bone

Significant differences between sexes were also found in other parts of the cranium,
such as the palate, pterion and orbital aperture of the frontal bone.

Two articles regarding the palate were reviewed: one performed by Mankapure
et al. on 500 dental casts of adult Indian patients by measuring the arch depth and
the palatal depth, which concluded that only the mean maxillary arch depth values are
statistically significantly different between sexes [89]. The other study regarding the palate
was undertaken by Mustafa et al. [92] on 300 dental casts, among which 150 were children.
They measured the palatal arch dimensions and the size of the incisive papillae in both the
adult and children groups and the shape of the incisive papillae in the adult group only.
They found that the size of the palatal arch was significantly higher in adult males than
females, and there were also significant differences between the size and the shape of the
incisive papillae in adults. In the children group, the palatal width and length significantly
predicted the sex, while the size of the incisive papillae was also significantly different
between the two genders. Their conclusions strongly suggest that the palatal dimensions
and their overall size are sexually dimorphic [92].
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Regarding the orbital aperture, only the research done by Kanjani et al. met our search
criteria. This was performed with PA cephalograms of 250 adult males and 250 adult
females of North Indian origin, and the parameters measured were the maximum height
and width of the right and left orbits, along with the interorbital distance. The study
reported 84.8% accuracy after subjecting the obtained values to discriminant function
analysis [70].

The study by Uabundit et al., carried out on 124 dried skulls, aimed to classify and
examine the prevalence of all types of pterion variations using morphometric measurements
and machine learning models to estimate sex and age. The main conclusion was that the
random forest algorithm could predict sex with 80.7% accuracy [98].

4.6. High Sex Prediction Accuracy

Among the articles reviewed, few of them report a very high sex prediction accuracy
based on morphometric or odontometric methods. Mahakkanukrauh et al.’s study, which
performed various cranial measurements of the skull of 200 Thai individuals, reported that,
according to discriminant analysis, percentage accuracies obtained from both direct and
stepwise methods were distinctly high (88.0–92.2%) [88].

Yang et al. investigated the superior orbital margin and frontal bone of the skull in
a Chinese population and proposed a technology of objective sex estimation for the skull
using wavelet transforms and Fourier transforms. Their results showed that the accuracy
rate for male and female sex discrimination was between 90.9% and 94.4% [14].

A very high accuracy rate was also reported by Shireen et al. in their study regard-
ing the sexual dimorphism of the frontal sinus in a Saudi Arabian population. Their
reported accuracy rates were between 67.70% and 95.90% [79]. Nuzzolese et al., in their
OPG-based study on the mandible, also reported that the efficacy of cross-validated dis-
criminant analysis indicated a high level of robust and significant classification based on
their 25 chosen landmarks, with 92.5% correct overall classifications [62].

The odontometric study with the highest accuracy rate reported was that of Girish
et al., performed on cast models of all upper teeth except the third molars. They measured
the MD and BL dimensions of these teeth and found that the ability to differentiate gender
in the population using stepwise discriminant functions had a 99.8% accuracy [34].

4.7. Machine Learning

Machine learning and virtual methods to assess dimorphism are, most likely, the
way forward in this field. Not only are they becoming more and more accurate, but they
are also less time consuming, less invasive and more cost-efficient compared to other
methods [9,97–99]. Parts of the skull or the skull as a whole are more frequently assessed
through these methods, as in the studies undertaken by Gao et al. [9], Chovalpoulou
et al. [94,99], Arigbabu et al. [8], Musilova et al. [97], Uabundit et al. [98] and Bertsatos
et al. [99]. However, soft tissue can also serve to determine the dimorphic features of the
face, as in Agbolade et al.’s study [11]. Noble et al.’s study on juvenile crania also employed
machine learning methods [107].

4.8. Biochemical Analysis

The biochemical methods used for sex estimation were performed either on teeth
alone [23,24,101], on teeth and bone [30,103] or on bone alone [102].

Both Chowdhury et al., and Dutta et al. [23,24] performed their research on teeth
subjected to different conditions mimicking environmental conditions, such as teeth buried
in soil or under extreme heat, and attempted to amplify the Amel gene from dental pulp or
dentin using the PCR reaction. Chowdhury et al. found that the amount of DNA extracted
decreases as the period of time in which teeth were exposed increases, that teeth buried
in soil yielded the least amount of DNA over a period of time and that no DNA could
be obtained at high temperatures (350 ◦C) [23]. Dutta et al.’s research was performed on
50 teeth samples also exposed to different conditions, such as sea water, room temperature,
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soil and incineration (500–1050 ◦C) [24]. They achieved 100% retrieval of DNA along with
gender determination, even under extreme environmental conditions (1050 ◦C), which
was not reported elsewhere in the literature and gives the study particular strength. Their
reported limitation lies in the high number of PCR cycles needed and in the fact that it was
time-consuming in cases of salt-water exposure and incineration [24].

Both Pilli et al.’s and Gonzalez et al.’s studies compared the quality of DNA extracted
from teeth to that extracted from petrous bone and their results were similar, in that both
studies found that the petrous bone was the best skeletal element with regard to skeletal
conservation [30,103]. Pilli et al.’s research was conducted on ancient skeletal remains from
the 6th to 7th century CE and found that it was also possible to obtain a complete STR
profile when analyzing ancient bones [30]. Gonzalez et al. also performed a histological
analysis as well to compare the microscopic structure of a petrous bone to that of a tooth
and the microscopic structure of fresh petrous bone to that of an archaeological or forensic
sample, trying to understand why the petrous bone is an advantageous substrate in ancient
DNA studies. They found a ”peculiar microstructural characteristic, unique to the petrous
bone, that might explain the good preservation of DNA in that substrate” [103].

Kulstein et al. based their research on comparing the petrous bone to other parts of
cranial bones in trying to retrieve DNA. They showed that STR typing from the petrous
bones led to reportable profiles in all individuals. They also compared the efficacy of
two techniques—namely, CE typing and MPS analysis—and showed that ”MPS has the
potential to analyze degraded human remains and is even capable to provide additional
information about phenotype and ancestry of unknown individuals” [102].

The study by Froment et al. emphasized the high potential of MS-based proteomics as
an alternative for sex estimation of ancient remains when DNA is not exploitable [104].

The studies by Ziganshin et al. [105] and Gowland et al. [106] investigated the role of
enamel peptides in the sex determination of human remains, with promising results.

5. Conclusions

Except for biochemical analysis, there is no single morphometric or morphological
method reporting 100% accurate results regarding sex estimation. However, the multitude
of methods tested and the continuous development of new techniques, especially computer-
aided technologies and high-quality radiological images, and advances in the dental and
forensic research fields have improved gender determination methods over the last years
and will probably continue to do so in the future. The high volume of articles and the high
number of researchers, with various backgrounds, concerned about this topic show the
importance of this subject for scientists, dentists, forensic investigators and anthropologists
alike.
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Abstract: Background and Objectives: Study models are essential tools used in the dental teaching
process. The aim of the present study was to compare the values obtained by manual and digital
orthodontic measurements on physical and digital case study models. Materials and Methods: The
physical experimental models were obtained by traditional pouring (improved stone-type IV gypsum
products) and by additive manufacturing (resins). The digital experimental models were created
by scanning the physical ones, using a white light-emitting diode (LED) source and an L-shaped
dental scanner—Swing DOF (DOF, Seoul, Korea). The physical study models were first measured
using a digital caliper, and then, they were scanned and evaluated using the DentalCad 3.0 Galway
software (exocad GmbH, Darmstadt, Germany). The Pont, Linder–Harth, and Bolton indices, which
are used in orthodontics for training students, were derived using the available data. Results: When
comparing the linear measurement mean ranks taken on physical study models to those of digital
models, no statistically significant differences (p > 0.05) were found. A similar result was also shown
when the dentoalveolar growth indicators were analyzed. Conclusions: It can be concluded that dental
study models made by direct light processing (DLP) and pouring type IV class gypsum are both
acceptable for orthodontic teaching purposes.

Keywords: dental study model; additive manufacturing; direct light processing; arch measurements

1. Introduction

Dental models are an indispensable diagnostic and legal tool for all dental disciplines
regarding the processes for training future dentists. They may also be used as a documen-
tary tool, working well as a duplicate model. Furthermore, plaster models are valued by
the academic community for their use in evaluating patient progress and documenting
research [1,2].

Traditionally, dental models are made in the laboratory using gypsum products with
different levels of hardness, depending on the model’s purpose. These are obtained from
dental arch impressions—which are recorded using elastic materials or intraoral scanners—
producing positive images of a patient’s teeth and the surrounding tissue, which must
be reproduced as accurately as possible. Intraoral scanners are becoming more and more
common, but little is known about their accuracy for full-arch scans, despite their increasing
use in daily life [3,4]. The accuracy of a scan is affected by intraoral conditions, such as
the optical digitalization unit’s restricted area, possible fogging of the digitalization unit,
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the patient’s and dentist’s movements, intraoral light, the presence of humidity (saliva or
blood), the soft tissue, or the optical scanning equipment used (scanning wands) [5].

Traditional stone dental models have notable advantages, including their affordability,
simplicity of use, accuracy in details impression reproduction, compatibility with impres-
sion materials, dimensional stability, and great mechanical properties. The disadvantages
of using them include the need for additional storage space and the risk of fracture and
deterioration [6].

In contrast, digital models have a number of advantages, such as low cost, less time
consumed, the ability to share online images with other practitioners and patients, the
fact that they are durable and not prone to degradation, lower laboratory and chairside
expenses, computerized storage, enhanced patient instruction, and better professional
productivity and efficiency [7–9]. In cases of periodontal patients, digital dental models are
recommended, as they reduce the trauma caused by the impression procedure [10].

Despite these benefits, digital models are not yet routinely used in daily practice
because of some disadvantages in their application, including data loss in cases of degrada-
tion in electronic storage, dependence on third parties, time-consuming software support,
the need to learn the operating system, and high equipment costs.

The additive rapid prototyping/three-dimensional (3D) printing methods most often
used in dentistry are stereolithography (SLA), digital light processing (DLP), selective laser
sintering (SLS), selective laser melting (SLM), electron beam processing (EBM), PolyJet
photopolymer printing, and fused deposition modeling (FDM) [11–13].

Both DLP and SLA printing techniques employ similar printing principles (layer-
by-layer solidification of a light-polymerizable liquid polymer under laser illumination)
but require different devices [14]. To build extremely accurate models with fine-grained
geometries, SLA makes use of a moving ultraviolet (UV) laser beam, whereas DLP makes
use of fixed UV light from a projector [15,16]. The polymerization of each multilayer resin
deposit occurs far more quickly (in a matter of seconds) than with SLA, making DLP a
preferable process for dental laboratories with an industrial character. It also has a lower
cost than SLA by saving material (photopolymers and ceramic-filled resins) [17]. The digital
light-processing indications are as follows: dental models, cast coping, resin patterns, wax
pattern splints, temporary restorations, surgical guides, aligners, retainers, and castable
crowns and bridges [18–21].

The accuracy of printed models may vary greatly due to the materials (aging process),
equipment, and procedures used in the technical fabrication processes [22].

The degree of dental arch development may be assessed by looking at the size and
space of the teeth in relation to one another [23]. Many variables, both hereditary and
environmental, can lead to dental anomalies and occlusal problems [24]. Malocclusions
can be induced by volume anomalies, which are one of the contributing factors. Inci-
dence of different dental defects are explored in several studies; however, few focused on
malocclusions in relation to the teeth [25].

During the educational orthodontic evaluation of the study models, the Linder–Harth
and Pont indices and the Bolton analysis are frequently used. The Linder–Harth approach,
which was developed from Pont’s index, is useful for estimating the width of the dental arch.
These methods employ both measured and calculated values based on formulas [26,27].
When establishing the difference between these values, it is possible to determine whether
or not there is a dental arch abnormally present in transversal planes. However, the
transverse sizes of dental arches are not governed by the size of the teeth but by the gnathic
type of the arch [27].

Bolton’s analysis was developed in 1958 and assesses whether there is a volume differ-
ence between the maxillary and mandibular permanent teeth. Bolton [28] also discovered a
relationship between the total mesiodistal widths of the teeth and suggested that an anterior
ratio value of 77.2% and overall ratio value of 91.3% are needed for ideal occlusion. The
frontal ratio is the only one that can be determined in cases in which there are edentulous
spaces in the lateral area.
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A difference of more than 1.5 mm in the size of mandibular and maxillary teeth is
clinically important, with involvement in the future treatment plan [29].

The purpose of the present study is to compare the values obtained by traditional and
digital orthodontic measurements on physical and digital case study models.

In order to achieve the proposed objective, we formulated two null hypotheses:

– the linear measurement values are not influenced by the method, the material, or the
obtainment technique used in the case study models;

– the lack of space is undisturbed by the obtained values using various measurement
techniques and dental study models.

2. Materials and Methods
2.1. Patient Selection and Impression Recording

The study protocol (Figure 1) was approved by the Ethics Committee of “Grigore T.
Popa” University of Medicine and Pharmacy of Iasi (No. 196/03.06.2022), and the included
participants consented to the procedures.
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Figure 1. The study protocol’s design: from patient to digital case study models.

To perform the experimental models, alginate maxillary and mandibular impressions
were taken from patients.

Patients had to meet the following criteria in order to be included in the study: over
18 years of age; cooperative; no general diseases; no previous experience of anaphylactic
reactions; completely erupted permanent dentition from the first molar; no interproximal
caries or fillings, prosthetic crowns, or bridges; no teeth anomalies, edentation, orthopedic,
or orthodontic treatments in their history; and diagnosed with Class I malocclusion.

The impressions were registered at the Faculty of Dentistry, Iasi, Romania. To achieve
this stage, medium-sized plastic–steel impression trays (Guangzhou Aurora Health Prod-
ucts Company, Hunan, China), perforated for a better retention of the impression material,
together with Orthoprint (Zhermack SpA, Badia Polesine, Italy) alginate material, were
used. After the appropriate amount of powder with water was measured out and pre-
pared in accordance with the manufacturer’s recommendations, the final impressions were
transported to the dental laboratory, in a 100% humidity medium, within 30 min, and then
poured [30].
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2.2. The Methods of Producing the Case Study Models
2.2.1. The Physical Models

Traditional pouring and additive manufacturing/digital light processing were used to
create 4 sets of experimental models. Each set (using same material and method) included
4 study models—2 maxillary and 2 mandibular; therefore, a total of 16 models were
obtained (Figure 2).
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Figure 2. Experimental case study models.

Dental Stone Models

Silicon Duplicate Elite Double 22 (Zhermack SpA, Badia Polesine, Italy) was used to
duplicate the models. When using Type IV gypsum powder, the manufacturer’s recom-
mended dosage of water was followed. For 30 s, the gypsum paste was molded under a
vacuum to produce a homogenous paste with a semi-fluid consistency, free of air inclusions,
after it was spatulated. The gypsum material was gradually poured in the mold placed on
the vibration table. After 60 min, the models were removed from the molds and stored for
48 h at room temperature [31]. All models were poured by the same dental technician.

Three-Dimensionally Printed Models

The scanned images (Swing DOF Scanner—DOF, Seoul, Korea) of the recorded im-
pressions were automatically converted to standard tessellation language (STL) format by
the dedicated scanner software. The files were then imported using the Asiga Composer
software, version 1.2 (ASIGA, Alexandria, NSW, Australia) to be manufactured on a digital
light processing printer, 3D MAX UV Asiga (ASIGA, Alexandria, NSW, Australia).

The following settings were used:

– Support scripts: contact with the model—0.5 mm; height leveling—2 mm; support
spacing—2 mm; material strength—40×; and torsion tolerance—0.

– Thickness layer—0.05 mm.
– “Fast print” mode with separation detection and anti-aliasing.

At each printing cycle, two models in a series were printed in a horizontal position
(Figure 3). Each cycle lasted for approximately one hour. The printed models were stored
for 24 h at room temperature [22].

316



Medicina 2022, 58, 1230

Medicina 2022, 58, x FOR PEER REVIEW 5 of 14 
 

 

At each printing cycle, two models in a series were printed in a horizontal position 

(Figure 3). Each cycle lasted for approximately one hour. The printed models were stored 

for 24 h at room temperature [22]. 

 

Figure 3. The 3D-printed models: from STL files to printed models. 

2.2.2. The Digital Models 

The digital models were created by scanning the physical ones, using a white light 

LED source and an L-shaped dental scanner—swing DOF (DOF, Seoul, Korea). The data 

were saved in an STL-format file. 

2.3. Dental Measurement 

We evaluated the reproducibility of dental arch characteristics, such as mesiodistal 

widths of incisors, canines, premolars, and first molars, as well as interpremolar and mo-

lar widths, using manual and digital linear measurements as follows: 

− The upper arch interpremolar width was measured between central grooves on the 

occlusal surface of the first premolars. 

− The superior intermolar distance was measured between mesial pits on the occlusal 

surface of first molars. 

− The distance between the contact points of the lower premolars was assessed for the 

lower premolar diameter. 

− The distance between the tips of the distobuccal cusps of the first lower molar was 

used as the point of measurement for the lower molar diameter [26–28]. 

2.3.1. Traditional Dental Measurement 

The measurements were taken with a portable digital caliper Gedore No. 711 (GE-

DORE Austria GmbH, Ö sterreich, Austria) with 0.01 mm accuracy, which was previously 

calibrated. Each measurement was performed twice, at one-day intervals, by the same 

operator. The operator was instructed to measure a maximum of 8 dental study models 

in a single day so that fatigue related to errors may be reduced. The procedure was re-

peated in order to include all of the models, and a Microsoft Excel spreadsheet was used 

to record the results of the measurements that were taken in millimeters. A total of 448 

manual measurements were performed. 

2.3.2. Modern Dental Measurement 

The digital measurements made on the scanned experimental dental models fol-

lowed the same guidelines. The digital models were analyzed using DentalCAD 3.0 Gal-

way (exocad GmbH, Darmstadt, Germany). The three-dimensional images were rotated 

and enlarged on screen to facilitate measurements (Figure 4). 
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2.2.2. The Digital Models

The digital models were created by scanning the physical ones, using a white light
LED source and an L-shaped dental scanner—swing DOF (DOF, Seoul, Korea). The data
were saved in an STL-format file.

2.3. Dental Measurement

We evaluated the reproducibility of dental arch characteristics, such as mesiodistal
widths of incisors, canines, premolars, and first molars, as well as interpremolar and molar
widths, using manual and digital linear measurements as follows:

– The upper arch interpremolar width was measured between central grooves on the
occlusal surface of the first premolars.

– The superior intermolar distance was measured between mesial pits on the occlusal
surface of first molars.

– The distance between the contact points of the lower premolars was assessed for the
lower premolar diameter.

– The distance between the tips of the distobuccal cusps of the first lower molar was
used as the point of measurement for the lower molar diameter [26–28].

2.3.1. Traditional Dental Measurement

The measurements were taken with a portable digital caliper Gedore No. 711 (GEDORE
Austria GmbH, Österreich, Austria) with 0.01 mm accuracy, which was previously cali-
brated. Each measurement was performed twice, at one-day intervals, by the same operator.
The operator was instructed to measure a maximum of 8 dental study models in a single
day so that fatigue related to errors may be reduced. The procedure was repeated in
order to include all of the models, and a Microsoft Excel spreadsheet was used to record
the results of the measurements that were taken in millimeters. A total of 448 manual
measurements were performed.

2.3.2. Modern Dental Measurement

The digital measurements made on the scanned experimental dental models followed
the same guidelines. The digital models were analyzed using DentalCAD 3.0 Galway
(exocad GmbH, Darmstadt, Germany). The three-dimensional images were rotated and
enlarged on screen to facilitate measurements (Figure 4).
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study models.

A total of 14 measurements were made on each dental digital model by the same operator.

2.4. Orthodontic Model Analysis

Using these measured values for the orthodontic model analysis [26–28], the Pont and
Linder–Harth indices, Bolton’s anterior, and the overall ratio were calculated (Table 1).

Table 1. The formulas used to calculate the development of the arches.

Methods Equations

Pont index

Sum of incisors (SI) = sum of mesio-distal width of the maxillary incisors

Interpremolar arch widths =
sum of the widths of the maxillary incisors × 100

80

Intermolar arch widths =
sum of the widths of the maxillary incisors × 100

64

Linder–Harth index
Interpremolar arch widths =

sum of the widths of the maxillary incisors × 100
85

Intermolar arch widths =
sum of the widths of the maxillary incisors × 100

65

Bolton’s analysis
Anterior ratio =

sum of the widths of the 6 mandibular anterior teeth
sum of the widths of the 6 maxillary anterior teeth

× 100

Overall ratio =
sum of the widths of the 12 mandibular teeth
sum of the widths of the 12 maxillary teeth

× 100

2.5. Statistical Analysis

Statistical analysis was performed using SPSS, version 20 (SPSS Inc., Chicago, IL,
USA). The obtained data were subjected to multiple Mann–Whitney U tests for pairwise
comparisons among groups represented by manual and digital measurements on physical
and digital models. The statistical analysis was conducted at a significance level of p < 0.05.

3. Results
3.1. Evaluation of the First Hypothesis

The following data were compared in order to test the first study hypothesis:

– The average values obtained by manual measurements of the mesiodistal widths of the
incisors, canines, premolars, and first permanent molars, as well as the interpremolar
and molar widths at the level of the traditionally models (type IV gypsum) versus
3D-printed models (resins).

– The average values acquired by digital measurements of the mesiodistal widths of the
incisors, canines, premolars, and first permanent molars, as well as the interpremolar
and molar widths at the level of scanned models: type IV gypsum digital model
versus resin (3D printing) digital model.
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– The average values produced by manual measures as opposed to digital measurements
of the mesiodistal widths of the incisors, canines, premolars, and first permanent
molars, as well as the interpremolar and molar widths at the level of the traditional
models (type IV gypsum).

– The average values obtained by manual measurements, as opposed to digital mea-
surements, of the mesiodistal widths of the incisors, canines, premolars, and first
permanent molars, as well as of the interpremolar and molar widths at the level of the
additive processing models (resins).

The findings from the statistical analysis for the maxillary and mandibular arches are
shown in Tables 2 and 3.

Table 2. Maxillary pairwise comparison of the 14 studied diameters using the Mann–Whitney U test.

Pairwise Comparison Mean Rank p-Value a

Type IV gypsum versus resin
DigitalCalliper

S1.1 + S1.3 + S2.1 + S2.3 DigitalCalliper 28.45
0.980

R1.1 + R1.3 + R2.1 + R2.3 DigitalCalliper 28.55

Type IV gypsum versus resin
Exocad

S1.1 + S1.3 + S2.1 + S2.3 Exocad 28.75
0.909

R1.1 + R1.3 + R2.1 + R2.3 Exocad 28.25

DigitalCalliper versus Exocad
Type IV gypsum products

S1.1 + S1.3 + S2.1 + S2.3 DigitalCalliper 28.50
1.000

S1.1 + S1.3 + S2.1 + S2.3 Exocad 28.50

DigitalCalliper versus exocad
Resins

R1.1 + R1.3 + R2.1 + R2.3 DigitalCalliper 28.70
0.928

R1.1 + R1.3 + R2.1 + R2.3 Exocad 28.30
a The Mann–Whitney U test was used. The significance level was set at 0.05; S1.1—maxillary stone (GC FUJIROCK
EP Premium—GC, Tokyo, Japan) model, no.1; S1.3—maxillary stone (GC FUJIROCK EP Premium—GC, Tokyo,
Japan) model, no.3; S2.1—maxillary stone (GC FUJIROCK EP Classic—GC, Tokyo, Japan) model, no.1; S2.3—
maxillary stone (GC FUJIROCK EP Classic—GC, Tokyo, Japan) model, no.3; R1.1—maxillary resin (ASIGA
SuperCAST V3—ASIGA, Alexandria, NSW, Australia) model no.1; R1.3—maxillary resin (ASIGA SuperCAST
V3—ASIGA, Alexandria, NSW, Australia) model no.3; R2.1—maxillary resin (ASIGA DentaModel—ASIGA,
Alexandria, NSW, Australia) model no.1; and R2.3—maxillary resin (ASIGA DentaModel—ASIGA, Alexandria,
NSW, Australia) model no.3.

Table 3. Mandibular pairwise comparison of the 14 studied diameters using the Mann–Whitney U test.

Pairwise Comparison Mean Rank p-Value a

Type IV gypsum versus resin
DigitalCalliper

S1.2 + S1.4 + S2.2 + S2.4 DigitalCalliper 28.71
0.922

R1.2 + R1.4 + R2.2 + R2.4 DigitalCalliper 28.29

Type IV gypsum versus resin
Exocad

S1.2 + S1.4 + S2.2 + S2.4 Exocad 29.09
0.787

R1.2 + R1.4 + R2.2 + R2.4 Exocad 27.91

DigitalCalliper versus Exocad
Type IV gypsum products

S1.2 + S1.4 + S2.2 + S2.4 DigitalCalliper 27.95
0.799

S1.2 + S1.4 + S2.2 + S2.4 Exocad 29.05

DigitalCalliper versus Exocad
Resins

R1.2 + R1.4 + R2.2 + R2.4 DigitalCalliper 28.23
0.902

R1.2 + R1.4 + R2.2 + R2.4 Exocad 28.77
a The Mann–Whitney U test was used. The significance level was set at 0.05; S1.2—mandibular stone (GC
FUJIROCK EP Premium—GC, Tokyo, Japan) model no.2; S1.4—mandibular stone (GC FUJIROCK EP Premium—
GC, Tokyo, Japan) model no.4; S2.2—mandibular stone (GC FUJIROCK EP Classic—GC, Tokyo, Japan) model
no.2; S2.4—mandibular stone (GC FUJIROCK EP Classic—GC, Tokyo, Japan) model no.4; R1.2—mandibular
resin (ASIGA SuperCAST V3—ASIGA, Alexandria, NSW, Australia) model no.2; R1.4—mandibular resin (ASIGA
SuperCAST V3—ASIGA, Alexandria, NSW, Australia) model no.4; R2.2—mandibular resin (ASIGA DentaModel—
ASIGA, Alexandria, NSW, Australia) model no.2; and R2.4—mandibular resin (ASIGA DentaModel—ASIGA,
Alexandria, NSW, Australia) model no.4.
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Even if there were differences in the mean ranks of the obtained results (with greater
values recorded in digital measurements), they were not statistically significant (p > 0.05).

3.2. Evaluation of the Second Hypothesis

In order to evaluate the second hypothesis, the following values were compared:

– The values obtained by manual and digital measurements of the Pont index, the Linder–
Harth index, and Bolton’s analysis on traditionally poured versus 3D-printed models.

– The values obtained by manual versus digital measurements of the Pont index, the
Linder–Harth index, and Bolton’s analysis on physical and digital models.

A similar result for excessive mesiodistal mandibular teeth (Bolton’s overall
ratio > 91.3%) was noticed from a comparative examination of the average values ob-
tained in the case of the investigated indices (Figures 5 and 6).
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Table 4 shows statistically significant values for the measured indices: Pont inter-
premolar and intermolar arch widths (p < 0.05) and Linder–Harth interpremolar and
intermolar arch widths (p < 0.05) at the level of printed models versus traditional ones.
When the difference between the calculated and the measured values was evaluated, a statis-
tically insignificant result (p = 0.83—Pont’s and Linder–Harth’s interpremolar arch widths;
p = 0.59—Pont’s and Linder–Harth’s intermolar arch widths) was obtained.
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Table 4. Traditional pouring versus 3D printing comparison of the analyzed indices using the
Mann–Whitney U test.

Orthodontic Analysis Traditional Pouring
Versus 3D Printing Mean Rank p-Value a

Pont index

Interpremolar arch widths
Traditional pouring 2.50

0.020 *
3D printing 6.50

Intermolar arch widths
Traditional pouring 2.50

0.020 *
3D printing 6.50

The difference between the calculated and the
measured interpremolar arch widths values

Traditional pouring 6.00
0.083

3D printing 3.00

The difference between the calculated and the
measured intermolar arch widths values

Traditional pouring 6.00
0.059

3D printing 3.00

Linder–Harth index

Interpremolar arch widths
Traditional pouring 2.50

0.021 *
3D printing 6.50

Intermolar arch widths
Traditional pouring 2.50

0.020 *
3D printing 6.50

The difference between the calculated and the
measured interpremolar arch widths values

Traditional pouring 6.00
0.083

3D printing 3.00

The difference between the calculated and the
measured intermolar arch widths values

Traditional pouring 6.13
0.059

3D printing 2.88

Bolton’s analysis
Anterior ratio

Traditional pouring 5.75
0.149

3D printing 3.25

Overall ratio
Traditional pouring 5.63

0.189
3D printing 3.38

a The Mann–Whitney U test was used. * The significance level was set at 0.05.

In the case of the overall ratio (Bolton’s analysis, p < 0.05), a statistical significance
between the mean ranks of manual versus digital measurements (Table 5) was established.
However, the difference between the average values was 0.34 mm, which is considered to
have no clinical significance.

Table 5. Manual versus digital measurement comparison of the analyzed indices using the Mann–
Whitney U test.

Orthodontic Analysis Manual Versus Digital
Measurements Mean Rank p-Value a

Pont
index

Interpremolar arch widths
Manual measurements 4.50

1.000
Digital measurements 4.50

Intermolar arch widths
Manual measurements 4.50

1.000
Digital measurements 4.50

The difference between the calculated and the
measured interpremolar arch widths values

Manual measurements 5.75
0.149

Digital measurements 3.25

The difference between the calculated and the
measured intermolar arch widths values

Manual measurements 4.63
0.885

Digital measurements 4.38
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Table 5. Cont.

Orthodontic Analysis Manual Versus Digital
Measurements Mean Rank p-Value a

Linder–Harth
index

Interpremolar arch widths
Manual measurements 4.50

0.885
Digital measurements 4.50

Intermolar arch widths
Manual measurements 4.50

1.000
Digital measurements 4.50

The difference between the calculated and the
measured interpremolar arch widths values

Manual measurements 5.75
0.149

Digital measurements 3.25

The difference between the calculated and the
measured intermolar arch widths values

Manual measurements 4.63
0.885

Digital measurements 4.38

Bolton’s analysis
Anterior ratio

Manual measurements 3.00
0.083

Digital measurements 6.00

Overall ratio
Manual measurements 2.63

0.028 *
Digital measurements 6.38

a The Mann–Whitney U test was used. * The significance level was set at 0.05.

4. Discussion

Numerous authors highlighted dental digital models as beneficial. Some of these
advantages include simpler data transmission, reduced treatment planning, and shorter
diagnostic time when compared with traditional model setups and reconstruction [32–34].
However, when considering the usefulness of digital models, the following question arises:
are they reliable?

Two previous systematic reviews, by Fleming et al. [35] and Luu et al. [36], respectively,
compared the validity of digital model measurements with those from plaster models.
According to the authors’ findings, the digital model evaluations were correct.

The study results show that there were no statistically significant differences in the
mean rank of the obtained linear measurement values on the physical and digital case
study models, which means that the first null hypothesis was verified.

Similar findings were obtained by Sousa et al. [37], who evaluated the reliability of mea-
surements made on 3D digital models obtained by scanning plaster models with laboratory
scanners. The authors emphasized the increased ability to enlarge and rotate the pictures of
the digital model image, as well as the software’s simplicity of use in detecting landmarks.

Abizadeh et al. [6] found a statistically significant difference between model analysis
on plaster models and digital models created by model scanning. Measurements of plaster
models were more accurate than measurements of digital models due to the fact that the
digital model scans were not a true 1:1 replica of the plaster ones.

The current investigation included study models obtained by full dental arch im-
pressions with alginate material. The results indicate that printed and traditional models
both properly reproduce dental arch details. In contrast, a recent study conducted by
Sayed et al. [38] concluded that stone casts generated using polyvinyl siloxane and alginate
impression and pouring type IV die stone have a higher linear dimensional accuracy than
3D-printed casts.

According to Nestler et al. [39], both extrusion-based and photopolymerization-based
printers were precise, although Asiga MAX UV (ASIGA, Alexandria, NSW, Australia)
had the highest accuracy. In contrast, Sayed et al. [38] found that the greatest number
of distortions above 0.5% were produced by the digital model with full-arch-prepared
abutment teeth obtained using the same printer.

Choi et al. [40] and Jin et al. [41] found no statistically significant differences between
measurements taken from the physical plaster and printed models using the stereolithogra-
phy method.
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In a systematic review of the literature, Etemad-Shahidi et al. [42] evaluated the
accuracy of full-arch dental models manufactured using different 3D-printing technologies
and concluded that other factors, such as the layer thickness, base design, postprocessing,
and storage can equally influence the accuracy of the resultant 3D-printed models.

It is well documented in the literature that tooth size differences (TSD) play an im-
portant role in orthodontic finalization, particularly in the front area. Knowing about TSD
and other variables provides the practitioner an advantage when making a final treatment
selection to achieve great results.

The existing studies on TSD used traditional measuring compasses or digital calipers
to estimate mesiodistal tooth widths using plaster or digital models [43,44].

Furthermore, it is demonstrated that measurements taken from 3D digital models are
a viable alternative to those taken from physical models, since storing records is faster,
more reliable, and easier to complete. Accuracy is measured using digital calipers, which
are widely regarded to be the gold standard [44–49].

According to the “clinically acceptable” term [48,50–52], the results of the present
study reveal that the values had differences of less than 0.5 mm between traditional and
3D-printed models, as well as between manual and digital measurement methods. On the
other hand, for prosthodontic applications, the accuracy requirements for dental models
are often greater, and a measurement discrepancy of less than 0.2 mm was shown to be
clinically acceptable in [53].

Despite minor differences in the measurements of mesiodistal tooth width and arch
length on digital models, Leifert et al. [54] found that digital models were clinically accept-
able and repeatable when compared to traditional models.

Wan Hassan et al. [50] questioned the accuracy of dental measurements in various
degrees of crowded dentitions when measuring stone casts and reconstructed rapid proto-
typing models.

The findings of the current study show greater mesiodistal teeth width values recorded
in digital rather than manual measurements. Similar results were also obtained by Cuperus
et al.’s [55] research using an intraoral scanner to create the digital models.

The difference between manual and digital recordings, according to Naidu et al. [48], is
explained by the absence of a physical barrier when placing measurement points on virtual
models; the difficulty in scanning the contact points, which results in small amounts of
missing data that must be interpolated by a computer algorithm; and the operator’s training
and proficiency, which can cause minor variations in contact point locations between the
stone and digital models.

Even if—as in the case of Pont and Linder–Harth interpremolar and intermolar arch
widths (p < 0.05) and Bolton’s overall ratio (p < 0.05)—a statistically significant difference
between the manual and digital measurements was observed, the discrepancies were
deemed to have no clinical implications. In this context, the second null hypothesis must
also be accepted.

The reasons for the significant differences between physical and digital study models
could be a highlighted correction of tooth position, the increased accuracy of the virtual
setup compared with the manual one, and the superimposition of moving objects that may
affect the geometry of digital models [48,56].

Similar to other in vitro studies, this research had several limitations. One limitation
was that only one laboratory scanner, one type of 3D printer, and one software for digital
measurements were employed. Another limitation was the difficulty of measuring tooth
widths with a digital caliper on physical mandibular models due to access and the difficulty
of resting at the exact mesial and distal landmarks in crowded areas.

Digital technology limitations were represented by the scanning procedure (the accu-
racy of physical models may be affected when imaging powder is applied to them before
scanning), the “shape assumption” problem, which occurs when the software uses a com-
puter algorithm to fill the interproximal inaccurate or uncaptured data, and the process of
printing, which can produce its own errors [57,58].
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Additional research is needed to evaluate the accuracy of dental case study mod-
els obtained using various scanners (intraoral and laboratory), printers, and production
parameters, with measurements made using dedicated applications.

5. Conclusions

Within the limitations of the current study, it can be concluded that the precision
of digital measurements of teeth widths, using DentalCAD 3.0 Galway (exocad GmbH,
Darmstadt, Germany) on digital models, was comparable to direct measurements with a
portable digital caliper Gedore No. 711 (GEDORE Austria GmbH, Österreich, Austria) on
physical dental models.

Digital measurements of mesiodistal teeth width showed higher values compared
with manual ones; therefore, the difference between the average values recorded had no
clinical significance.

For orthodontic teaching purposes, dental study models manufactured by direct light
processing (DLP) and traditional pouring are both acceptable.
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