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PREFACE

,For every theory, there has to be counterevidence —
otherwise, science wouldn’t progress. “

Haruki Murakami

Curiosity and a strong desire to overcome obstacles motivate new scientific
discoveries. At every stage of my education, I have tried to untangle the most
complex problems regarding human health and disease.

As an odontology student, I learned about the connection between body
posture, breathing, and dental malocclusion in clinical management and even
in casual conversations. While walking around the city of Kaunas, I noticed
many children with slouched shoulders and dental disorders who did not seem
to comprehend the impact of their posture on their health. This awareness
sparked my scientific interest and made me want to study the topic more
thoroughly.

My residency enabled me to explore this relationship in greater depth, and
the data I collected was startling. Many children have poor posture, altered
facial form of the dental arch, and abnormal breathing, which damages their
oral health and physiological well-being. Breathing is an effortless activity
in which a human engages. However, a person may breathe inadequately as
many as six hundred million times, settling into a state of being that can harm
their development.

While investigating craniofacial anatomy and airway function, I was struck
by the potential for orthodontic treatment to improve breathing health. This
led to my research question: What causes respiratory dysfunction, and how
can orthodontic treatment facilitate the development of efficient breathing
patterns during childhood?

This study strives to extend patient management beyond aesthetic
concerns to include oral and general health by combining orthodontics,
airway physiology, and posture physiology. It is not merely about treating
malocclusion; it is about treating well-being.



INTRODUCTION

Ideal occlusion in orthodontics refers to the optimal alignment and
functional contact between teeth, ensuring efficiency, stability, aesthetics,
and appropriate oral and airway health [1]. In recent years, the relationship
between airway function and craniofacial development has attracted
considerable attention, mainly due to the increasing prevalence of respiratory
disorders reported in pediatric populations [2—4]. Specific estimates indicate
that between 11 % to 56 % of children mostly breathe through their mouths
[5-7], while orthodontic intervention is necessary for around 21 % to 27 %
of children [8,9].

Malvina Moss’ functional matrix theory offers essential explanations
relevant to the relationship between soft tissues and bones, suggesting that
adjunct soft tissues play a significant role in the development and growth of
bones [10,11]. Malocclusions like mandibular retrusion and narrow palates
are known to cause obstruction to the airway, thereby affecting oral activities
and the entire maxillofacial development. This relationship is complicated
and subject to the integration of cranial and skeletal systems. [12-22].
Interestingly, children who are mouth breathers tend to have some particular
craniofacial characteristics, such as greater facial angles and dental protrusion,
which leads to restricted airway space and impaired oral functions [17,23].

Although earlier investigations sought to understand separately the
processes of breathing, maxillofacial development, and the growth of
teeth alongside orthodontic treatments, there are no consolidated studies
of genetic and environmental factors in a single model for the airway
obstruction and malocclusion pathogenesis [12,24,25]. Twin study research
has notably assisted in disentangling the craniofacial morphology’s genetic
and environmental influences [26,27]. The malformation of the airway and
occlusion is understood through comparisons of monozygotic twins, who are
genetically identical, and dizygotic twins, who share part of their genetics
and are subjected to a similar environment [28-31]. Knowing how much
malocclusion results from genetic inheritance versus environmental change
largely determines treatment and prognosis, which features a genetically
changed structure of the jaws that are often less responsive to traditional
orthodontic treatment [32—35]. Even with progressive knowledge, there is still
an insufficient understanding of the effectiveness of therapeutic interventions
such as palatal expansion or repositioning of the mandible in enhancing
respiratory function over time [20,36—40]. In addition, the impacts from the
environment, which include changes in diet, the swallowing and non-nutritive
chewing behaviors common to infants, and even climate change, all require



additional scrutiny concerning their contributions to postural craniofacial
growth and the incidence of malocclusion [7,23,41-46].

There is also a population genetic covariate that will most certainly affect
craniofacial configuration and is likely to increase the incidence of orthodontic
treatment needs [47-49]. As difficult as this sounds, understanding the
interactions between the shape of the airway, the craniofacial elements,
and the body’s posture is vital for developing orthodontic and orthopedic
corrective measures.

This dissertation addresses several parts of this perspective by using
twin comparisons, sophisticated postural photography, and cephalometry. It
provides a systematic and novel view of the morphology of the airway and its
development together with other structures, which is still a significant deficit
in the literature on orthodontic subjects.

The aim of the study

The aim of the study was to assess the impact of genetics and environment
on the upper airway morphology and related craniofacial structures, with
the following assessment of interconnections between the upper airway,
occlusion, and body posture.

Objectives of the study

1. To evaluate interactions between nasopharyngeal obstruction, craniofa-
cial characteristics, and body posture.

2. To assess the genetic and environmental impact on cephalometric pa-
rameters of the airway morphology and related craniofacial structures.

3. To assess the genetic and environmental influences on maxillary dental
arch and palate morphology after completed maxillary growth.

4. To evaluate relationships between upper dental arch morphology, palate
dimensions, and upper airway parameters.

Scientific novelty

1. Multidisciplinary integration of airway obstruction, malocclusion,
and body posture
This is the first study to examine the interplay between airway
obstruction, occlusal pathologies, and body posture in a comprehensive,
multidisciplinary approach. Incorporating cephalometric, orthopedic,
and otorhinolaryngological assessments adds to our understanding of
how environmental influences contribute to skeletal and functional
adaptations in growing individuals.
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. Genetic and environmental determinants of airway morphology
This is the first study to analyze genetic and environmental influences
on airway morphology’s cephalometric parameters using monozygotic
(MZ) and dizygotic (DZ) twins. Unlike previous research, this study
employs DNA-based zygosity determination with 15 specific DNA
markers and the amelogenin gene fragment, ensuring highly accurate
genetic comparisons.

. Advancement in zygosity determination

Unlike previous studies that relied on indirect methods, this research
employs molecular genetic techniques to determine zygosity with
99.9 % accuracy. This methodological advancement ensures more
precise differentiation between genetic and environmental factors
influencing craniofacial and airway morphology.

. Refined genetic modeling for airway and craniofacial traits
Traditional twin studies primarily relied on classical correlation
approaches to estimate heritability, often neglecting shared
environmental influences. This study introduces an improved structural
equation modeling (GSEM) framework, allowing for a more detailed
partitioning of additive genetic effects, non-additive genetic effects,
common environmental factors, and unique environmental influences
on airway morphology and craniofacial structures.

. Post-growth analysis for enhanced genetic insights

Previous twin studies primarily focused on growing individuals,
limiting the ability to distinguish genetic predispositions from ongoing
craniofacial development. By selecting post-growth subjects, this
study ensures that genetic determinants of maxillary and mandibular
morphology are assessed without confounding effects from active
growth processes.

. Comprehensive assessment of palatal morphology

Unlike earlier research focused on linear palatal measurements, this
study pioneers by including three-dimensional parameters such as
palatal surface area and volume. Integrating advanced morphometric
techniques offers a more detailed understanding of how genetic and
environmental factors shape palatal development.

. Investigation of upper airway-palatal interactions

No previous twin studies have explored the correlation between upper
airway morphology and palatal dimensions. This study bridges this
knowledge gap by elucidating how genetic and environmental factors
simultaneously influence palatal width, height, and airway volume,
providing novel insights into these structural interactions.
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1. LITERATURE REVIEW

1.1. Relationship between upper airway morphology and malocclusion

The interplay between respiratory function and craniofacial development
has been extensively studied, particularly regarding the impact of mouth
breathing on skeletal growth patterns [4] (Table 1.1.1), (Fig. 1.1.1). Moss’
functional matrix theory further supports this relationship, emphasizing that
soft tissue function directly influences skeletal development [11].

Chronic mouth breathing is commonly associated with structural
abnormalities, such as adenoid and tonsil hypertrophy, maxillary or mandibular
retrognathism, inferior mandibular rotation, open bite, hyperdivergent growth
patterns, proclined upper incisors, increased lower facial height and gonial
angles, all of which contribute to airway narrowing and increase the risk of
obstructive sleep apnea (OSA) [13,16,41,50,51]. Specifically, individuals
with Class II skeletal patterns tend to exhibit reduced upper airway
dimensions, with studies demonstrating that Class II malocclusion patients
frequently have a narrower upper pharyngeal width, predisposing them to
airway obstruction [52]. While some studies suggest that Class III patients
have shorter nasopharyngeal airways due to maxillary retrusion [14], others
found no significant airway differences across skeletal patterns [53]. These
discrepancies highlight the complexity of airway morphology and the need for
further longitudinal studies. Similarly, some authors argue that no significant
correlation exists between sagittal jaw relationships and upper airway volume
[54].

Table 1.1.1. Craniofacial skeletal and soft tissue components related to air-
way function

Skeletal structures Associated soft tissue components
Nasal airway Nasal soft tissue

- Maxilla - Turbinates

- Pyriform aperture - Nasal septum

- Hard palate - Alar valve
Pharyngeal airway Oropharyngeal soft tissue

- Mandible - Tongue and tongue-tie

- Hyoid bone - Tongue base

- Epiglottis - Adenoids

- Maxilla (posterior) - Tonsils
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Opening of pharyngotympanic/
auditory/eustachian tube

Posterior nasal aperture
(choana)

Fig. 1.1.1. Upper airway anatomy, source: https://www.biodigital.com/

Airway narrowing is clinically significant due to its association with
systemic health concerns, including chronic fatigue, heightened sympathetic
nervous system activity, and increased blood pressure [32,55]. Masutomi et al.
reported that nasal obstruction leads to prolonged chewing time and reduced
masticatory efficiency [23]. Furthermore, mouth breathing has an effect on
chewing as well as on the functioning of the orofacial muscles, which leads
to skeletal and dental changes [24]. Obesity worsens airway obstruction by
adding more tissues to the tongue, uvula, and throat, which greatly reduces
airflow [56]. In light of these factors, orthodontic treatment planning
cannot be limited to achieving esthetic objectives but must also incorporate
functional and systemic health issues. This review of the literature analyzes
the intricate relations among the genetic predispositions, the environment,
and orthodontic treatment in craniofacial and airway development for the
purpose of developing clinical orthodontic practice.

1.2. Relationship between malocclusion, nasopharyngeal pathology
and body posture

Craniofacial development, posture, and respiratory function are closely
linked, influencing each other through neuromuscular and skeletal adaptations
[57]. The relationship between dental occlusion and body posture is complex
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and bidirectional. A large-scale study in China involving 595,057 students
reported that 65.3 % of children exhibited incorrect posture, with a higher
prevalence in older children [58]. The study highlights the widespread nature
of postural imbalances and their association with malocclusions. Class
IT malocclusions and retrognathic mandibles are associated with postural
adaptations: forward head posture is commonly observed in patients as a
compensatory mechanism to maintain airway patency and increased cervical
spine lordosis, reinforcing the functional link between stomatognathic
structures and postural control mechanisms [22,59,60]. This altered posture
can lead to musculoskeletal imbalances, affecting the entire body alignment
(Fig. 1.2.1). Several studies suggest that correcting malocclusions can positi-
vely influence body posture: orthodontic and orthopedic interventions, in-
cluding functional appliances, have improved head posture and enhanced
postural stability [25,61].

Breathing patterns significantly affect neuromuscular coordination and
postural alignment [62—66]. Chronic mouth breathing is associated with open-
mouth posture, which leads to anterior head displacement, cervical spine
misalignment, and compensatory changes in the thoracic and lumbar regions
[67,68]. Orofacial myofunctional therapy helps strengthen and synchronize
orofacial muscles, readjust tongue positioning, enhance breath intake through
the nose, body and head alignment, and reinforce long-term effectiveness of
orthodontic treatment. [57,62].

Early identification of risk factors for malocclusions, posture deviations,
and breathing dysfunctions can lead to preventive and therapeutic interventions
tailored to individual patient needs.

Rectus capitis

Semispinalis ; ;
posterior major

capitis
Sternocleidomastoid

Levator scapula X
Scalenus anterior

Fig. 1.2.1. Head posture: correct and habitual
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1.3. Genetic and environmental influences on upper airway morphology

Understanding upper airway morphology, assessing heritability, and
identifying craniofacial growth patterns in healthy populations is crucial for
detecting individuals at risk of respiratory conditions such as snoring, OSA,
and mouth breathing [33,37,43,69,70]. Treatment outcomes in orthodontic
and orthopedic interventions largely depend on distinguishing genetically
determined malocclusions from those influenced primarily by environmental
factors [47]. Malocclusions with a strong genetic component may show limited
responsiveness to conventional treatment [26]. Although genetic factors
lay the foundational blueprint for craniofacial morphology, environmental
factors and their interactions with genetics critically shape these structures
[3,26,29,71,72].

Studies demonstrate a strong genetic component underlying airway
structure, with variations in craniofacial anatomy such as mandibular size
and pharyngeal airway volume significantly influenced by genetic factors
[15,43]. Billing et al. [43] conducted a twin study on pharyngeal space
variations, examining 19 monozygotic and 23 dizygotic twin pairs. Their
findings demonstrated a significant genetic influence on pharyngeal space
size, posterior nasopharyngeal wall thickness, and nasopharyngeal airway
dimensions. Similarly, Kang et al. [72] analyzed pharyngeal parameters using
lateral cephalograms in adult monozygotic and dizygotic twins, reinforcing
that airway structures are under substantial genetic control. Jokkel et al.
conducted a study using magnetic resonance imaging (MRI) to quantify the
impact of heritable and environmental factors on upper airway dimensions
in twins [73]. The results demonstrated strong genetic determination in the
anteroposterior diameter of the tongue and the thickness of submental fatty
tissue. Other parameters of the tongue, soft palate, and uvula showed moderate
heritability. At the same time, the thickness of the parapharyngeal fatty tissue,
pharyngeal wall, and the minor diameter of the posterior upper airways were
primarily influenced by environmental factors [73].

Aspects like lifestyle choices and exposure to pollution have a major
impact on the environment, which in turn, affects craniofacial development.
For instance, environmental pollutants have been linked to epigenetic
modifications influencing craniofacial development, particularly nasal
obstruction and altered respiratory function [13,16,23,24,45,51]. These
findings underline the complexity of airway morphology, emphasizing the
need for further longitudinal research.
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1.4. Genetic and environmental influences on palatal development

The size and position of the maxilla are key determinants in the development
of malocclusion [74, 75]. Except for Class III malocclusion, which is
relatively rare and primarily hereditary, maxillary abnormalities can lead to
functional shifts at an early age. A narrow palate, for instance, can contribute
to the posterior positioning and underdevelopment of the mandible, resulting
in crowding of both upper and lower dentition [75]. Evidence suggests that
genetic variables are most significant when defining who has greater palatal
dimensions, with deep palates and wide maxillary transverse dimensions
noted as some of the most inheritable traits [33,76-79]. Nevertheless, external
factors in addition to the robust genetic component still have a profound impact
on maxillary evolution. Soft tissue improper functions, like mouth breathing
and abnormal tongue position or some parafunctional activities, have been
associated with variations of palatal form, which include narrower dental
arches along with higher palatal and lower intermolar width dimensions due to
tongue displacement and modified orofacial muscular activity [80]. Given the
significant impact of orofacial functions — particularly breathing and tongue
posture — on maxillary development, a multidisciplinary approach combining
orthodontics, myofunctional therapy, and otolaryngology may yield optimal
treatment results for individuals with palatal deformities [19,38].

In recent years, research has increasingly focused on the impact of
maxillary expansion on airway morphology [20]. Although expansion
therapies demonstrate short-term improvements in airway dimensions, long-
term outcomes remain controversial [81]. A systematic review and meta-
analysis evaluating rapid maxillary expansion (RME) in pediatric populations
showed a significant reduction in nasal resistance and an increase in nasal
airflow, supporting the potential of expansion therapies to enhance nasal
breathing efficiency [20].

Heritability studies have demonstrated that palatal dimensions and dental
arch widths are strongly influenced by genetic factors, which suggests that
individual responses to expansion therapy may vary [77,78]. Moreover, the
timing of intervention is crucial, as palatal suture fusion occurs progressively
with age. Research suggests that the midpalatal suture begins ossifying around
puberty, typically by age 13, rendering conventional RME less effective in
older adolescents and adults [82,83]. In such cases, alternative expansion
methods such as surgically assisted rapid maxillary expansion (SARME) or
miniscrew-assisted rapid palatal expansion (MARPE) may be required to
achieve stable skeletal changes and minimize relapse (Fig.1.4.1) [82].
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Fig.1.4.1. MARPE vs conventional RME

1.5. Relationship between maxillary dimensions and upper airway
cephalometric measurements

The relationship between maxillary dimensions and upper airway
morphology has been extensively studied in the context of obstructive sleep
apnea (OSA), mouth breathing, and craniofacial development. However, very
few studies focus specifically on the respiratory function in twins [43,72,73].

Aretrospective study investigated the correlation between the palatal index
and pharyngeal airway dimensions across different skeletal patterns [84].
Findings revealed that Class II patients had a higher palatal index (indicating
a deep, high-arched palate) and reduced upper and lower pharyngeal airway
dimensions compared to Class I and Class III. This suggests that Class II
malocclusion is significantly associated with airway restriction due to more
posteriorly positioned hyoid bone supporting the tongue [84,85]. In another
study, Aluru et al. reported that Class II patients (with a retruded lower jaw)
exhibited deeper palates and smaller airway spaces, suggesting that increased
palatal depth may contribute to airflow limitation [83].

Similarly, Kecik et al. and Johal et al. analyzed the palatal morphology
of OSA patients compared to that of a control group [86,87]. Their results
demonstrated that OSA patients exhibited significantly smaller oropharyngeal
volumes and narrower maxillary arches [86-88]. Habumugisha et al. found
that mouth-breathing children had narrower maxillae and smaller airway
volumes than nasal breathers, further linking maxillary constriction to
compromised airway function [17]. A study on children at risk for sleep-
disordered breathing found that they had significantly smaller intercanine,
interpremolar, and intermolar widths and narrower airways than controls [89].

Despite strong evidence supporting the link between palatal morphology
and airway size, some studies challenge this association. For instance,
a CBCT study found that vertical facial growth (long face pattern)
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substantially impacted depth alone [84]. Similarly, Tepedino et al. concluded
that mandibular length — not maxillary sagittal dimensions — was the most
significant cephalometric predictor of OSA severity [89]. These findings
suggest that lower jaw position and vertical facial proportions may influence
airway volume more than maxillary dimensions alone. However, Kecik et
al. and Ciavarella et al. suggested that maxillary dimensions continue to
play a role in airway function, especially when combined with mandibular
positioning [21,86].

1.6. Genetic and environmental influences on mandibular morphology
and its relationship with the upper airway

Twin studies have been instrumental in distinguishing genetic and
environmental contributions to mandibular morphology. Studies involving
monozygotic and dizygotic twins have demonstrated that mandibular
length is under substantial genetic control, with higher similarity observed
in monozygotic twins than in dizygotic twins [90,91]. Cephalometric twin
studies confirm that ramus height and gonial angle exhibit significant genetic
determination, suggesting that vertical mandibular growth patterns are pri-
marily inherited [91,71].

Recent genome-wide association studies (GWAS) and whole-exome
sequencing have expanded ourunderstanding of the genetic basis of mandibular
morphology: Several single-nucleotide polymorphisms (SNPs) have been
associated with mandibular prognathism [92]. Studies have also implicated
growth hormone receptor (GHR), fibrillin-3 (FBN3) and ectodysplasin A
receptor (EDAR) in determining mandibular dimensions, highlighting the
polygenic nature of mandibular development [93].

Although genetic factors predominantly shape mandibular morphology,
environmental factors critically modify its development and positioning.
Dysfunctions of soft tissues, especially mouth breathing and altered tongue
posture, considerably impact the development of the mandible. Chronic
mouth breathing has been linked to mandibular retrognathism and increased
gonial angles, illustrating environmental impacts on mandibular positioning
and development [6].

The interaction between mandibular positioning and airway dimensions is
a crucial area of study, particularly in Class II malocclusions, which are often
characterized by mandibular retrusion and reduced pharyngeal airway space.
Advancing the mandible has increased airway dimensions, particularly in the
oropharyngeal and hypopharyngeal regions [94,95]. Functional appliances
such as the Twin Block and Herbst appliances (Fig. 1.6.1.) can modify
mandibular positioning and influence airway dimensions [95,96]. Pavoni et
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al. found that pharyngeal airway space improvements following Twin Block
therapy remained stable in Class II patients, suggesting that skeletal changes
persist beyond active treatment [97]. Unlike the Twin Block, Forsus primarily
produces dentoalveolar changes rather than accurate skeletal modifications,
which may result in less stable airway improvements over time [98,99].

Fig. 1.6.1. Functional appliances a. Herbst appliance, b. Twin block

Studies emphasize the interplay between genetic and environmental factors
in airway morphology: the sagittal position of the mandible is influenced by
the cranial base morphology, with saddle angle (NSBa) variations affecting
mandibular positioning and airway space [100-102]. Dunn et al. examined
nasopharyngeal airway size in monozygotic twins and found a strong genetic
component in mandibular morphology and airway dimensions. Their findings
support the hypothesis that nasopharyngeal obstruction contributes to gonial
angle modifications and mandibular width alterations [103].

1.7. Cephalometric analysis in airway assessment

Cephalometric radiography continues to be a cornerstone in assessing
craniofacial morphology and upper airway dimensions in orthodontic
diagnosis and treatment planning. Among the available imaging techniques,
lateral cephalometric radiographs (LCRs) are particularly valued for their
accessibility, low radiation exposure, and diagnostic reliability. While cone-
beam computed tomography (CBCT) offers advanced three-dimensional
visualization of the craniofacial structures, including volumetric assessment
of the upper airway, its application in routine clinical settings is often
constrained due to higher radiation doses, more significant cost, and limited
availability of specialized equipment.

Lateral cephalograms, in contrast, are widely used and provide accurate
and reproducible linear and angular measurements, which are particularly
useful for evaluating skeletal structures. Practitioners can utilize these
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images to analyze the dimensions of the upper respiratory tract’s inflow and
outflow regions, which is critical in detecting potential airway obstruction
or pathological narrowing [42]. Despite being a two-dimensional modality,
LCRs have demonstrated strong clinical utility. Studies report high levels
of reliability in cephalometric measurements of the upper airway and hyoid
bone, with intraclass correlation coefficients (ICCs) consistently exceeding
0.8, confirming their reproducibility and diagnostic value [104].

Nevertheless, certain limitations of LCRs must be acknowledged. While
skeletal structures can be measured with high precision, evaluating soft tissue
components such as the tongue, soft palate, and pharyngeal wall shows only
moderate reliability. This is primarily due to the inherent limitations of two-
dimensional imaging in capturing complex three-dimensional anatomical
relationships and tissue density variations. As such, LCRs are best suited
for analyzing skeletal landmarks and general airway space, whereas detailed
evaluation of soft tissues may require complementary imaging modalities.

Furthermore, cephalometric projection techniques have proven useful in
assessing airway patency. The narrowing of the airway can be visualized
and quantitatively assessed through standardized cephalometric landmarks
and linear measurements. These evaluations provide valuable information
for interdisciplinary collaboration, particularly when managing patients with
suspected airway compromise or craniofacial anomalies that may impact
respiratory function.

While CBCT remains the gold standard for comprehensive airway analysis,
especially when precise volumetric data is necessary, its higher radiation
burden restricts its use in pediatric and longitudinal studies. In this context,
LCRs represent a practical and efficient alternative, allowing clinicians
to conduct preliminary screening and longitudinal monitoring of airway
morphology with minimal patient exposure. They are especially beneficial
in large-scale epidemiological studies and in populations requiring repeated
imaging.

Although CBCT offers superior three-dimensional analysis, LCRs remain
an indispensable tool in clinical orthodontics and airway evaluation due to
their low radiation, cost-effectiveness, ease of use, and acceptable diagnostic
accuracy for skeletal and selected soft tissue structures. Integrating both
imaging modalities — when necessary and feasible — can provide a more
holistic approach to diagnosis, treatment planning, and outcome assessment
in craniofacial and airway-related disorders.
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2. MATERIALS AND METHODS

The study protocols were approved by the Regional Biomedical Research
Committee (BE-2-41 and BE-2-48). Relevant guidelines and regulations
were followed. Informed consent was obtained from each participant and, for
participants younger than 18 years, from their parents.

2.1. Study sample

The twins who participated in this study were recruited from the Twin
Centre register of the Lithuanian University of Health Sciences. All twins of
this register were offered DNA testing based on zygosity determination as
well as medical consultations, including dental and orthodontic consultations,
free of charge. Digital dental casts and standardized lateral head cephalograms
were taken as part of dental and orthodontic examinations.

The study sample which evaluated the impact of nasopharyngeal ob-
struction on occlusal development and body posture was obtained from
consecutive patients attending the LSMU Department of Orthodontics.

The study sample numbers as well as inclusion/exclusion criteria varied
depending on the objectives of the study. The inclusion and exclusion criteria
are presented in Table 2.1.1.
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Table 2.1.1. Study sample inclusion and exclusion criteria

Study objectives Inclusion criteria Exclusion criteria
To evaluate relationships Children at the age Maxillofacial trauma/
between nasopharyngeal 7—-14 years surgery, syndromes, clefts,

obstruction, occlusal
characteristics and body
posture

prior orthopedic, orthodontic,
treatments, spine or pelvis injury

To assess the genetic and
environmental influences on
cephalometric parameters of
the airway morphology and
related craniofacial structures

Twins of the European
descent, CVM stage 6,
available lateral head
cephalograms

Previous orthodontic treatment,
permanent teeth extractions,
dental/facial trauma, systemic
diseases

To assess the genetic and
environmental influences
on maxillary dental arch
and palate morphology after
completed maxillary growth

Twins of the European
descent with a full

set of permanent
dentition (except third
molars) and completed
maxillary growth (age
> 13 years)

Previous orthodontic treatment,
permanent teeth extractions,
dental restorations interfering
with the assessment landmarks,
excessive dental wear, poor-
quality dental arch and palate
models, dental/facial trauma,
systemic diseases

To evaluate relationships
between occlusal
characteristics, upper dental
arches morphology, palate
dimensions and upper
airways parameters.

Twins of the
European descent,
available lateral head
cephalograms and
dental arch models

Previous orthodontic treatment,
permanent teeth extractions,
dental/facial trauma, systemic
diseases

The sample’s age and sex characteristics are shown in Table 2.1.2.

Table 2.1.2. Study sample age and gender characteristics

Study obiecti d . g . Mean age SD
udy objective and group (:lr:l all\;;- (years) (years)
Evaluation of nasopharyngeal obstruction impact 94 11.90 2.10
on occlusal development and body posture

- Male 44 - -

- Female 50 - -
Assessment of genetic and environmental influ- 94 18.85 4.92
ences on upper airway and related craniofacial
structures (twin pairs)

Monozygotic (MZ) twins 50 - -

- Male 15 - -

- Female 35 - -
Dizygotic (DZ) twins 44 - -

- Male 19 - -

- Female 25 - -
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Table 2.1.2 cont.

. . N . Mean age SD
Study objective and group (indivi-
duals) (years) (years)
Assessment of craniofacial structures (twin pairs) 141 21.73 5.24
Monozygotic (MZ) twins 90 - -

- Male 29 - -

- Female 61 - -
Dizygotic (DZ) twins 51 - -

- Male 20 - -

- Female 31 - -
Assessment of genetic and environmental influen- 85 17.95 2.83
ces on maxillary dental arch and palate morpholo-
gy after completed maxillary growth (twin pairs)

Monozygotic (MZ) twins 50 - -

- Male 19 - -

- Female 31 - -
Dizygotic (DZ) twins 35 - -

- Male 19 - -

- Female 16 - -
Evaluation of relationships between occlusal cha- 53 17.82 3.05
racteristics, upper dental arch morphology, palate
dimensions, and upper airway parameters (twin
pairs)

Monozygotic (MZ) twins 27 - -

- Male 8 - -

- Female 19 - -
Dizygotic (DZ) twins 26 - -

- Male 13 - -

- Female 13 - -

2.2. Cephalometric analysis

The cephalometric analysis measures the airway, skeletal dimensions,
and mandibular variables (Fig 2.2.1). The cephalograms were obtained
under standard conditions using digital X-ray equipment (Kodak 8000C). A
cephalostat stabilized the subject’s head in a constant position. The ALARA
(As Low as Reasonably Achievable) principles were followed to minimize

radiation exposure.
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Fig. 2.2.1. Consolidated list of cephalometric landmarks

Below is a consolidated list of cephalometric landmarks from the studies provided, ensuring
no duplicates: S (Sella) — The midpoint of the sella turcica. N (Nasion) — The extreme ante-
rior point of the frontonasal suture. A (Point A) — The deepest point in the curvature of the
maxillary alveolar process. B (Point B) — The deepest point in the curvature of the mandibu-
lar alveolar process. ANS (Anterior Nasal Spine) — The anteriormost point of the anterior
nasal spine. PNS (Posterior Nasal Spine) — The most posterior point of the hard palate. Ba
(Basion) — The most anterior-inferior point on the margin of the foramen magnum. Co (Con-
dylion) — The most posterior superior point of the condyle. Ar (Articulare) — The point at
the junction of the posterior border of the ramus and the inferior border of the posterior cra-
nial base. Go (Gonion) — The midpoint of the mandibular angle between the ramus and the
mandibular corpus. Me (Menton) — The lowest point on the anterior border of the mandible.
Gn (Gnathion) — The midpoint between Pogonion and Menton. Pog (Pogonion) — The most
anterior point of the chin. Xi (Xi Point) — The point located at the geometric center of the ra-
mus. Rp (Ramus Posterior Point) — The most prominent postero-superior point at the angle
of the mandible on the posterior ramus. MB1 (Inferior Border Point) — The most convex
point along the inferior border of the ramus. MB2 (Antegonial Notch) — The highest point
of the notch of the lower border of the body of the mandible. is (Incision Superior) — The
incisal tip of the most anterior maxillary central incisor. ii (Incision Inferior) — The incisal
tip of the most anterior mandibular central incisor. Ms (Molar Superior) — The tip of the
mesial buccal cusp of the mandibular first molar. Po (Porion) — The midpoint on the upper
contour of the external auditory canal. Or (Orbitale) — The deepest point on the infraorbital
margin. Ad1 (Point Ad1) — The point of intersection of the posterior pharyngeal wall and the
line PNS-Ba. SPPW (Soft Palate Posterior Wall) — The point of intersection of the poste-
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rior pharyngeal wall and the line that extends perpendicularly from the posterior pharyngeal
wall to the center of the soft palate. SPP (Soft Palate Posterior) — The point of intersection
of the posterior margin of the soft palate and the line that extends perpendicularly from the
posterior pharyngeal wall to the center of the soft palate. TPPW (Top Posterior Pharyngeal
Wall) — The point of intersection of the posterior pharyngeal wall and the extension of line
B-Go. LPW (Lower Posterior Pharyngeal Wall) — The point on the posterior pharyngeal
wall from which a perpendicular line will pass through point V. PCV (Posterior Cervical
Vertebra) — The point of intersection of the posterior pharyngeal wall and an extension of the
lower edge of the second cervical vertebra. U (Uvula) — The tip of the uvula. V (Vallecula)
— The point where the epiglottis meets the base of the tongue. AH (Anterior Hyoid) — The
most anterior and superior point on the body of the hyoid bone. ai (Apex Inferior) — The
root apex of the most anterior mandibular central incisor. Pm (Protuberance Mentis) — The
point at which the shape of symphysis mentalis changes from convex to concave. L1 — Lower
incisor axis. Ul — Upper incisor axis.

Lateral cephalometric radiographs were taken after swallowing. All lateral
cephalograms had the same magnification. The radiographs were analyzed
using Dolphin Imaging software (v.10.5 and 11.7). Cephalometric variables
and definitions used in the study are presented in Table 2.2.1.

Table 2.2.1. Cephalometric points, linear and angular measurements used in
the study

Measurement Definition

SNA Angle determined by points S, N and A.

SNB Angle determined by points S, N, B.

OB Overbite: distance of vertical overlap of the lower incisors (point
ii) by the upper central incisors (point is) in mm.

(0] Overjet: distance from the tip of the upper central incisor (point
is) to the lower incisor (point ii) in mm.

ANB Angle — the difference between SNA and SNB.

MP-SN Angle formed by Go-Me plane and SN plane.

UIT-ANS/PNS Inclination of maxillary incisors.

L1-MP Inclination of mandibular incisors.

UA The width of the upper airway.

LA The width of the lower airway.

PNS-Adl Distance between PNS and Ad1.

SPPW-SPP Distance between SPPW and SPP.

U-MPW Distance between U and MPW.

PPW-TPP Distance between PPW and TPP.

LPW-V Distance between LPW and V.

PCV-AH Distance between PCV and AH.

S-N Distance between S and N.

N-Me Distance between N and Me.

S-Go Distance between S and Go.
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Table 2.2.1 cont.

Measurement Definition

PNS-ANS Distance between PNS and ANS.

SPL Soft palate length.

SPW Soft palate width.

PNS-AH Distance between PNS and AH.

ANS-AH Distance between ANS and AH.

ANS-V Distance between ANS and V.

Go-Gn Distance between Go and Gn.

Ulip-E Distance between upper lip anterior border and E line.

Llip-E Distance between lower lip anterior border and E line.

Wits Distance between perpendiculars from points A and B onto the
occlusal plane in mm.

SNPog Angle determined by points S, N, and Pog.

NSBa Angle determined by points N, S, and Ba.

NSAr Angle determined by points N, S, and Ar.

NAPog Angle determined by points N, A, and Pog.

SN-GoMe Angle formed by S-N and Go—Me lines.

ANSPNS-GoMe Angle formed by ANS—PNS and Go—Me lines.

SN—-ArRp Angle formed by S-N and Ar—Rp lines.

PoOr-GoMe Angle formed by Po—Or and Go—Me lines.

NGnGo Angle determined by points N, Gn, and Go.

DcXiPm Angle formed by Dc, Xi, and Pm points.

ArRp-MBI1Me Angle formed by Ar—Rp and MB1-Me lines.

CoGoMe Angle determined by points Co, Go, and Me.

ArGoMe Angle determined by points Ar, Go, and Me.

ai.ii-NB Angle formed by line ai-ii and N-B lines.

ai.ii—-GoMe Angle formed by line ai-ii and Go—Me lines.

CoA Distance between points Co and A in mm.

CoGo Distance between points Co and Go in mm.

CoPog Distance between points Co and Pog in mm.

CoB Distance between points Co and B in mm.

ArB Distance between points Ar and B in mm.

ArA Distance between points Ar and A in mm.

Pog L NB Perpendicular distance from the point Pog to N-B line in mm.

GoGn Distance between points Go and Gn in mm.

GoPog Distance between points Go and Pog in mm.

XiPm Distance between points Xi and Pm in mm.

RIR2 Ramal width at Xi, distance between points R1 and R2 in mm.

NMe TAFH, total anterior face height, distance between points N and
Me in mm.

NANS UAFH, upper anterior face height, distance between points N and
ANS in mm.
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Table 2.2.1 cont.

Measurement Definition

ANSMe LAFH, lower anterior face height, distance between points ANS
and Me in mm.

SGo TPFH, total posterior face height, distance between points S and
Go in mm.

ii L NB Perpendicular distance from point ii to N-B line in mm.

ii L APog Perpendicular distance from point ii to A-Pog line in mm.

ii L GoMe Perpendicular distance from point ii to Go—Me line in mm.

ms 1 GoMe Perpendicular distance from point ms to Go—Me line in mm.

MB2 1| MB1Me Depth of antegonial notch, perpendicular distance from the line
between points MB1 and Me to the point MB2 in mm.

2.3. Assessment of the craniofacial growth and skeletal maturity

The cervical vertebrae maturation (CVM) method, as modified by Baccetti
et al., was employed as the preferred approach for evaluating the completion
of mandibular growth [105]. This method facilitates the assessment of
skeletal age while eliminating the need for additional radiographic imaging,
as the vertebrae are already captured in lateral cephalograms. The Baccetti
modification relies on visually evaluating the size and shape of a reduced
number of cervical vertebrae.

Our studies utilized the CS6 stage, corresponding to active growth
completion. Twin participants who had reached CVM stage 6 were included
in the study sample. The cervical stage is defined based on concavities along
the lower borders of vertebrae C2, C3, and C4 (Fig. 2.3.1 and Fig. 2.3.2). At
least one of the vertebral bodies of C3 or C4 must exhibit a rectangular vertical
shape. If this condition is not met, the body of the other cervical vertebra
should display a squared shape. Notably, the peak mandibular growth phase
finishes at least two years before this stage.
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Fig. 2.3.1. The stages of cervical vertebrae maturation
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Fig. 2.3.2. Cervical maturation stage 6 (CS6)

2.4. Dental arch and palate measurements

In the first study, comprehensive model analysis was conducted focusing
on three dimensions. 1. Transverse analysis: This dimension involved diag-
nosing posterior crossbites, which were identified when at least two teeth
exhibited a cross-relationship with antagonists in the posterior dental arch
segments. Crossbites were further classified as unilateral or bilateral.
2. Sagittal analysis: Overjet (OJ) measurements were recorded and classified
into three categories: normal (1-3 mm), increased (>3 mm), and decreased
(<1 mm). 3. Vertical analysis: Overbite (OB) was evaluated and similarly
categorized as normal (1-3 mm), increased (>3 mm), and decreased
(<1 mm). Finally, space analysis assessed the relationship between available
and required space for proper dental alignment.

In the fourth study, high-precision alginate dental impressions were
obtained from study participants. These impressions were digitized using
the 3Shape e3 scanner (3Shape, Copenhagen, Denmark), renowned for its
accuracy of 7-10 um (scan time: 18 seconds; resolution: dual 5.0-megapixel
cameras). The digital data representing maxillary dental casts and palates
were saved in STL format and carefully examined to remove irrelevant or
extraneous artifacts. Subsequently, virtual 3D models were analyzed and
measured using Blender, a universal software tool for 3D processing and
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animation (Fig. 2.4.1). The definitions of the measurements used in the study
are presented in Table 2.4.1.

a

Volume

Fig. 2.4.1. The upper dental arch parameters

(a) The upper dental arch widths were defined as the distances between the two reference
points at the occlusal and dento-gingival junctions. The interdental distances were measured
between the cusp tips of the canines, first premolars, second premolars, and first molars at
the occlusal plane and between the centers of the dento-gingival junction of the canines, first
premolars, second premolars, and first molars at the palatal side. (b) The upper dental arch
depth. Distance between a tangent from the incisal edge of the central incisors and a line
connecting the contact point between the first molar mesiobuccal cusps. (c) Palate height.
Distance between the line connecting the centers of the dento-gingival junctions of second
premolars on the palatal side and the highest point of the palatal vault on the midpalatal rafe.
(d) Palate surface area is below the gingival plane and limited by the distal plane; palate vo-
lume is below the gingival plane and limited by the palate surface and distal plane.
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Table 2.4.1. Definitions of the measurements

Measurements

| Definition

Dental arch widths at occlusal line

ICW - intercanine width

Distance between cusp tips of the canines on the maxillary
occlusal plane.

1IPW — interfirst premolar
width

Distance between buccal cusp tips of the first premolars on
the maxillary occlusal plane.

2IPW — intersecond
premolar width

Distance between buccal cusps tips of the second premolars
on the maxillary occlusal plane.

IMW — interfirst molar
width

Distance between mesiobuccal cusps tips of the first molars
on the maxillary occlusal plane.

Dental arch widths at gingival line

ICWG - intercanine width
at the gum line

Distance connecting the centres of the dentogingival junctions
of canines on the palatal side.

1IPWG — interfirst
premolar width at the gum
line

Distance connecting the centres of the dentogingival junctions
of the first premolars on the palatal side.

2IPWG — intersecond
premolar width at the gum
line

Distance connecting the centres of the dentogingival junctions
of the second premolars on the palatal side.

IMWG - interfirst molar
distance at the gum line

Distance connecting the centres of the dentogingival junction
of the first molars on the palatal side.

Palatal heights

ICH - intercanine palate
height

Distance between the line connecting the centres of the
dentogingival junctions of the canines on the palatal side and
the highest point of the palatal vault on the midpalatal rafe.

1IPH — interfirst premolar
palate height

Distance between the line connecting the centres of the
dentogingival junctions of the first premolars on the
palatal side and the highest point of the palatal vault on the
midpalatal rafe.

2IPH - intersecond
premolar palate height

Distance between the line connecting the centres of the
dentogingival junctions of the second premolars on the
palatal side and the highest point of the palatal vault on the
midpalatal rafe.

IMH - interfirst molar
palate height

Distance between the line connecting the centres of the
dentogingival junctions of the first molars on the palatal side
and the highest point of the palatal vault on the midpalatal
rafe.

Macxillary arch depth, palate surface area and volume

MD — maxillary depth

Distance between a tangent from the incisal edge of the
central incisors and a line connecting the contact point
between the first molar mesiobuccal cusps.
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Table 2.4.1 cont.

Measurements

Definition

PSA — palate surface area

Palate surface area below the gingival plane and limited by
the distal plane. Gingival plane constructed by connecting

the line of the midpoints of the dentogingival junction of all
teeth (except second molars). The distal plane constructed
perpendicular to the occlusal plane passing from the two most
distal points corresponding to the distal surface of the first
molars.

PV — palate volume

Volume below the gingival plane and limited by the palate
surface and distal plane. Gingival plane constructed by
connecting the line of the midpoints of the dentogingival
junction of all teeth (except second molars). The distal plane
constructed perpendicular to the occlusal plane passing from
the two most distal points corresponding to the distal surface
of the first molars.

2.5. Zygosity determination of twins

Zygosity was determined through a DNA-based test using the AmpFISTR®
Identifiler® polymerase chain reaction kit (Applied Biosystems, USA), which
amplified short tandem repeats and 15 distinct DNA markers (D8S1179,
D21S11,D7S820,CSF1PO, D3S1358, THO1,D13S317,D16S539, D2S1338,
D19S433,vWA, TROX, D18S51,D5S818, FGA) (Fig.2.5.1). The amelogenin
gene fragment was also utilized for genetic profile comparisons, achieving an
accuracy rate of 99.9 % [106,107].
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Figure 2.5.1. Graphic representation of DNA markers used
for zygosity determination

2.6. Otorhinolaryngological examination

Anterior and posterior rhinoscopy and pharyngoscopy were conducted
to evaluate the nasal and pharyngeal regions. The following diagnostic
criteria were applied: 1. Adenoid hypertrophy (grades 2-3), diagnosed when
up to two-thirds of the choanal space was compromised. 2. Palatal tonsil
hypertrophy (grades 2—4), defined when <50 % of the space between the
tonsillar pillars was obstructed. 3. Nasal septum deviation, identified when
the nasal septum failed to align with the center. 4. Allergic rhinitis, diagnosed
based on typical allergy symptoms, including nasal congestion, rhinorrhea,
sneezing, and watery eyes, corroborated by the results of skin prick tests.
Otorhinolaryngological examinations were conducted by expert investigators
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(RP). To minimize method error in clinical investigations, the investigator
underwent calibration and standardization of their procedures before the
study. This involved repeating examinations on 10 patients at two different
time points. Inter-rater reliability was assessed using the kappa statistic, with
kappa values exceeding 0.8, indicating a high level of agreement.

2.7. Orthopedic examination

The examination was conducted in a quiet classroom, free from external
interference. Patients were assessed in a relaxed standing posture, barefoot,
and instructed to maintain an upright position without movement. They were
asked to look straight ahead with relaxed shoulders and arms resting naturally
at their sides to ensure a neutral head and body alignment. A standard routine
examination was performed for each patient from the front, side, and back.
Since manual orthopedic diagnostics do not allow precise differentiation of
severity, findings were categorized as normal or abnormal. Initial assessments
were conducted from the side, focusing on evaluating thoracic kyphosis. The
posture was classified as kyphotic if increased but adjustable asymptomatic
curvature of the thoracic spine was identified. Patients were instructed to
stand upright, retract their shoulders to achieve thoracic extension and rule
out conditions such as Scheuermann’s disease and ankylosing spondylitis.
Postural kyphosis was identified when a mobile, regular, increased curvature
was observed. Subsequently, patients were examined from the front to assess
the position of the shoulders, the symmetry of the waist triangles, and the
horizontal alignment of the upper iliac crests. The final assessment was
conducted from the back, focusing on the position of the shoulders, scapular
height, and the symmetry of the waist triangles, iliac crests, and thoracic
rib hump. Differences between the left and right sides were interpreted as
asymmetry. To rule out scoliosis, all patients underwent a forward-bend test.
They were instructed to bring their chin to their chest, relax their arms, and
flex their hips while keeping their knees extended. The examiner observed the
presence of a paravertebral muscle roll in the lumbar region or a rib hump in
the thoracic region. If a rib prominence hump greater than 1 cm was detected,
full-length frontal and lateral spinal radiographs were taken to measure the
degree of spinal deformity using Cobb’s angle (Fig. 2.7.1). The orthopedic
examination was performed by an experienced investigator (EC). To ensure
consistency and minimize methodological error, the procedures were
standardized prior to the study by conducting repeated clinical assessments
on 10 individuals at two different time points. Agreement was evaluated
using the kappa coefficient, with values exceeding 0.8, indicating high inter-
examination reliability.
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b
Fig. 2.7.1. Orthopedic examination

A) Evaluation from the front: a) Assess the symmetry of the shoulders. b) Evaluate the sy-
mmetry of the waist triangles. ¢) Examine the horizontal alignment of the upper iliac crests.
B) Thoracic kyphosis assessment: Thoracic kyphosis is evaluated from the side view.
C) Evaluation from the back: a) Assess the symmetry of the shoulders. b) Examine the height
of the scapulae. c) Evaluate the symmetry of the waist triangles. D) Scoliosis assessment:
A test is performed to confirm or rule out scoliosis by observing the emergence of a para-
vertebral muscle roller in the lumbar region and a rib hump in the thoracic region.
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2.8. Statistical analysis

In the first, second, and third studies, descriptive statistics, including mean
and standard deviation (SD), were used to summarize the data. The normality
of data distribution was tested using the Shapiro—Wilk test. For comparisons of
quantitative variables between two independent groups, parametric Student’s
t-tests were applied. Pearson’s correlation coefficients were calculated, and
the differences between correlation coefficients were statistically evaluated.
All statistical analyses were conducted in the R statistical computing
environment (R version 3.3.0, http://www.r-project.org). A p-value of <0.05
was considered statistically significant. Pearson’s correlation coefficient (r)
was used to evaluate the relationship between upper airway dimensions and
palatal parameters.

In the fourth study, statistical analyses were conducted using SPSS 20.0
(IBM Corp., Armonk, NY, USA). The Student’s t-test compared group means
for normally distributed data. Non-normally distributed data were analyzed
using the Mann—Whitney U test. Interrelationships among characteristics were
evaluated using the chi-square (%?) test and Spearman’s correlation coefficients
(r). Logistic regression analysis and receiver operating characteristic (ROC)
curve analysis were applied to identify significant predictors of SNB angle
reduction.

Method error

Intraobserver method error was evaluated using the intraclass correlation
coefficient (ICC) for reliability and the Bland—Altman method [108]. The
estimated random error between repeated measurements was calculated using

the Dahlberg formula:
_ z (di —dy)?
SDd = N

SD represents the standard deviation of differences, d, and d, are the first
and second measurements, and N is the number of samples. Reliability was
tested by repeating measurements on lateral cephalograms and models of 20
randomly selected twin pairs at a one-month interval by the same investigator.

Estimation of heritability

Genetic structural equation modeling (GSEM) was conducted using the
“OpenMx” package (http://openmx.psyc.virginia.edu) in the R environment
[109]. Variance in traits was attributed to additive genetic factors (A), non-
additive genetic factors (D), shared environment (C), and unique environment
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(E) (Fig. 2.8.1). The sources of genetic and environmental variations consi-
dered in the fitted model were: 1. Additive genetic factors (A): genetic factors
that cumulatively influence a phenotype. 2. Non-additive genetic factors (D):
genetic factors that interact through dominance and epistasis to infuence a
phenotype. 3. Shared environmental factors (C): environmental factors shared
by twins raised in the same family environment that infuence a phenotype.
4. Non-shared environmental factors (E): environmental factors specifc to
each twin that infuence a phenotype. Given the limitations of twins reared
together, only ACE or ADE models were tested [110]. The goodness-of-fit
for the models was assessed by comparing the Akaike Information Criterion
(AIC) and chi-square (y*) values. The most parsimonious model with the
lowest AIC was selected.

r=1(Mz), r=0.5 (DZ)

r=1(M2), r=0.25 (DZ)

r=1

.
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A% \\YY
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Fig. 2.8.1. Path diagram for the univariate twin model

Squares are latent variables (A — additive genetic factors, D — non-additive genetic factors,
C — common environmental factors, and E — unique environmental factors) shown with their
respective path coefficients (a, d, ¢, e) indicating the relative importance of each contributing
influence. Circles are observed variables, single-headed arrows are one-way (causal) relati-
onships, and double-headed arrows are two-way (covariance).

Principal component analysis

Principal component analysis (PCA) was performed to reduce data
dimensionality and explore correlations among cephalometric and palatal
variables. The “principal” function from the “Psych package” (Procedures
for Psychological, Psychological, Psychometric and Personality research)
was used, and varimax rotation was applied to optimize the interpretation
of components. Variables with absolute component loadings >0.5 were
considered significant contributors.
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3. RESULTS

3.1. Relationships between nasopharyngeal obstruction, dental occlusal
pathology and body posture

The orthodontic, otorhinolaryngological and orthopaedic characteristics of
the patients are presented in Table 3.1.1. Adenoid hypertrophy was present
in 54 patients (57.4 %), tonsillar hypertrophy in 85 patients (90.3 %), nasal
septum deviation in 51 patients (54.3 %), and allergic rhinitis in 19 patients
(20.2 %). Postural disorders were identified in 72 patients (76.6 %).

Table 3.1.1. Orthodontic, otorhinolaryngological and orthopedic characteris-
tics of the study group

Characteristic | Patients n (%)
Orthodontic characteristics

Class I (ANB angle 1-3°) 26 (27.7 %)
Class II (ANB angle >4°) 60 (63.8 %)
Class IIT (ANB angle <0°) 8 (8.5 %)
Otorhinolaryngological characteristics

Hypertrophy of adenoids — Grade 1 24 (25.5 %)
Hypertrophy of adenoids — Grade 2 30 (31.9 %)
Hypertrophy of tonsils — Grade 1 46 (48.9 %)
Hypertrophy of tonsils — Grade 2 32 (34 %)
Hypertrophy of tonsils — Grade 3 7 (7.4 %)
Nasal septum deviation 51 (54.3 %)
Allergic rhinitis 19 (20.2 %)
Postural characteristics

Kyphotic posture 45 (47.9 %)
Asymmetry of shoulder line 23 (24.5 %)
Asymmetry of position of scapulae 23 (24.5 %)
Asymmetry of waist triangles 5(5.3 %)
Rib hump 48 (51.1 %)

No significant associations were observed between transverse orthopedic
pathology and malocclusion or otorhinolaryngologic pathology. There were
no relationships between crowding, posterior crossbite, and orthopedic or
otorhinolaryngologic parameters (Table 3.1.2).

Table 3.1.3 presents the relationship between malocclusion, sex, and
sagittal orthopedic pathologies. A statistically significant correlation was
identified between males’ kyphotic posture and reduced SNB angle.
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Kyphotic posture was significantly more prevalent among patients with
nasopharyngeal obstruction (54.1 %) than those without obstruction (25 %).
Patients with kyphotic posture and nasopharyngeal obstruction exhibited
a significant reduction in SNB angle (<77°). Among this group, kyphotic
posture was observed in 71.1 % of patients, while normal thoracic kyphosis
was seen in 38.8 %.

Regression Analysis: With a significant decrease in the SNB angle in
patients with kyphotic posture and nasopharyngeal obstruction, the logistic
regression analysis was performed to evaluate the risk of a reduction in the
SNB angle. The critical value of the SNB angle was determined using ROC
curve analysis (Figure 3.1.1). The threshold of 77° was crucial for the SNB
angle (sensitivity 71.1 %; specificity, 69.8 %; p=0.002). Our study indicated
that among patients with the SNB angle <77°, kyphotic posture was found in
71.1 % of patients and normal thoracic kyphosis in 38.8 % . Binary logistic
regression revealed that kyphotic posture increased the odds of an SNB angle
<77° by 3.887 (95 % CI: 1.639-9.218). After adjusting for nasopharyngeal
obstruction, the odds ratio increased to 4.037 (95 % CI: 1.652-9.861).

A
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-
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0.7 //
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N //
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0.0 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

0.1

1-Specificity

Fig. 3.1.1. Receiver operating characteristic (ROC) curve analysis for
prediction of the critical values of the SNB angle. Area under the receiver
operating characteristic curve = 65.2 %
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3.2. Genetic and environmental influences on cephalometric parameters
of the airway morphology and related craniofacial structures

The study consisted of 94 twin pairs — mean age 18.85 with standard
deviation 4.92. There were no significant differences between the first and
second measurements of cephalometric variables. The model-fitting analysis
revealed distinct genetic and environmental contributions to craniofacial and
airway variables. Table 3.2.1 shows the AIC values for all of the models, and
Table 3.2.2 shows the best-fitting models.

Table 3.2.1. AIC values for all models

ACE ADE DE AE CE E

PNS-Ad1 2.48 —-1.02 -3.02 0.48 10.93 18.99
SPPW-SPP 3.40 3.72 4.74 1.71 4.69 29.32
U-MPW —5.66 —5.65 -5.83 —7.64 —1.88 24.46
PPW-TPP 4.09 4.29 3.30 2.29 2.81 15.77
LPW-V 14.57 16.02 15.03 14.02 12.56 14.07
PCV-AH 3.71 8.60 11.73 6.60 1.82 44.24
S-N —0.36 -2.16 -3.90 —2.36 25.66 54.44
N-Me —7.86 —1.45 6.41 -3.45 9.48 114.47
S-Go 2.04 12.45 21.17 10.49 8.41 115.43
PNS-ANS —-7.19 —7.76 -9.71 -9.19 —4.96 3.55

SPW -10.47 -10.21 —-10.65 -12.21 —-11.55 0.82

SPL 6.84 1.93 —0.07 4.84 40.90 64.09
PNS-AH —8.52 —8.50 —6.41 -10.5 33.87 95.01
ANS-AH —7.51 —7.52 —6.3 -9.51 47.11 113.63
ANS-V -3.02 —2.94 0.2 —4.94 28.8 81.16
Go-Gn —4.29 —0.68 3.26 —2.68 —1.08 70.22
SNA —2.89 —2.89 -3.2 —4.78 28.49 94.44
SNB —2.77 —2.87 -3.66 —4.77 28.49 94.44
ANB 3.36 2.44 1.44 1.35 32.2 64.97
SN-MP —0.49 4.54 6.86 2.54 -2.5 33.25
Ulip-E —9.25 9.72 -10.93 -11.25 12.09 53.27
Llip-E -3.00 —4.28 —6.19 -5.00 21.44 65.40
WITs 2.52 -1.25 -3.25 0.52 22.21 39.98

E — specific environmental factors; CE — common and specific environmental factors; AE —
additive genetic factors and specific environmental factors; ACE — additive genetic factors,
common environmental factors, and specific environmental factors; ADE — additive genetic
factors, dominant genetic factors, and specific environment; DE — dominant genetic factors
and specific environmental factors; values in bold — best-fitting models (lowest AIC values).
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Table 3.2.2. Best-fitting models for each variable

a? SE (a?)| d* |SE(d c? SE (¢?) e? SE (e?)
PNS-Ad1 (DE) 0.51 0.08 0.19 0.08
SPPW-SPP (AE)| 0.64 0.08 0.24 0.08
U-MPW (AE) 0.50 0.08 0.22 0.07
PPW-TPP (AE) | 0.24 0.09 0.38 0.09
LPW-V (CE) 0.20 0.10 0.63 0.10
PCV-AH (CE) 0.47 0.06 0.28 0.06
S-N (DE) 0.77 0.04 0.09 0.04
N-Me (ACE) 0.21 0.02 0.14 0.14 0.05 0.02
S-Go (ACE) 0.89 0.13 0.3 0.12 0.07 0.02
PNS-ANS (DE) 0.48 0.08 0.21 0.08
SPW (AE) 0.46 0.08 0.24 0.08
SPL (DE) 0.81 0.03 0.08 0.03
PNS-AH (AE) 0.9 0.02 0.4 0.02
ANS-AH (AE) 0.92 0.01 0.03 0.01
ANS-V (AE) 0.86 0.02 0.06 0.02
Go-Gn (ACE) 0.05 0.2 0.23 0.04
SNA (AE) 0.78 0.03 0.09 0.03
SNB (AE) 0.84 0.02 0.07 0.02
ANB (AE) 0.8 0.03 0.08 0.03
SN-MP (CE) 0.42 0.69 0.3 0.07
Ulip-E (AE) 0.75 | 0.04 0.1 | 0.04
Llip-E (DE) 0.76 | 0.04 0.1 | 0.04
WITs (DE) 0.7 0.05 0.12 0.05

a? — additive genetic factors; d> — dominant genetic factors; ¢ — common environmental fac-
tors; e? — specific environmental factors; SE — standard error.

Upper airway dimension: Variables such as SPPW-SPP and U-MPW
demonstrated moderate to high heritability, with the AE model being the
best fit, a> = 0.64 and 0.5, respectively. PNS-Ad1 exhibited strong dominant
genetic determination (DE model, d*>=0.51).

Soft Palate Dimensions: The soft palate (SPL) length was mainly influenced
by dominant genetic factors, while its width (SPW) showed moderate additive
genetic influence.

Skeletal Variables: Most skeletal variables demonstrated genetic
determination: Maxilla-hyoid relationships showed strong additive genetic
influence. Additive genetic and specific environmental influences primarily
affected sagittal mandibular positioning (SNA, SNB).

Principal Component Analysis: The data were reduced to five principal
components, which jointly explained 36.8 % of the total variance. Figures
3.2.1. and 3.2.2. illustrate the correlation densities and biplot analysis.
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3.3. Genetic and environmental contributions to mandibular

morphology and relationship to cranial base and maxilla

The growth and formation of mandible have a major impact on the occlusion
and is closely related to and dependent on breathing function and airway
morphology. The results of model fitting analysis displaying genetic and
environmental impact on mandible morphology cephalometric characteristics
are summarized in Tables 3.3.1 and 3.3.2.

Table 3.3.1. AIC values of all models

Variable ACE ADE AE CE DE E
SNA (°) -0.10 -0.10 -2.10 10.34 -1.04 87.24
SNB (°) —6.78 =5.17 =717 0.81 -2.36 98.61
SNPog (°) -6.27 -3.72 =572 -0.82 —-0.03 97.55
NSBa (°) -3.96 -3.96 -5.96 12.94 -3.97 91.48
NSAr (°) -1.72 -2.05 -3.72 13.26 -3.64 80.94
NAPog (°) —4.37 —4.23 -6.23 10.38 —2.73 87.50
SN-GoMe (°) -10.91 =7.51 -9.51 —7.55 —2.83 83.45
ANSPNS-GoMe (°) —6.14 -3.23 —5.23 -1.75 0.73 94.60
SN-ArRp (°) —6.60 -6.70 —8.60 9.45 =7.60 79.26
PoOr—GoMe (°) -9.16 -5.19 -7.19 —6.05 -0.16 89.22
NGnGo (°) -9.38 —8.81 -10.81 2.83 -6.32 87.04
DcXiPm (°) —8.87 —8.45 -10.45 -1.09 -6.59 65.49
ArRp—-MB1Me (°) —9.68 -10.36 | —11.68 16.13 -11.89 88.65
CoGoMe (°) —10.08 -9.55 -11.55 —3.66 —7.95 66.25
ArGoMe (°) -10.73 -10.83 -12.73 6.86 —11.53 77.10
ai.ii-NB (°) -3.40 -3.41 -5.40 5.29 —4.04 58.48
ai.ii-GoMe (°) —4.11 -3.37 -5.37 1.30 -0.97 63.32
CoA (mm) -8.09 -2.24 -4.24 9.05 5.78 157.25
CoGo (mm) -8.56 -1.21 -3.21 —6.51 7.21 95.97
CoPog (mm) -7.06 11.59 9.59 -1.80 24.23 185.25
CoB (mm) -8.40 11.18 9.18 -3.79 23.99 185.22
ArB (mm) -11.16 7.07 5.07 -0.57 19.94 201.11
ArA (mm) —6.15 1.16 -0.84 12.71 10.28 172.45
Pog L NB (mm) 2.97 3.69 1.69 19.03 5.88 126.10
GoGn (mm) -9.49 0.74 -1.26 4.07 10.57 174.38
GoPog (mm) -8.75 3.50 1.50 1.82 14.30 173.61
XiPm (mm) -10.28 4.79 2.79 5.98 16.93 204.94
R1R2 (mm) -1.15 2.92 0.92 2.49 8.39 98.49
NMe (mm) -9.74 7.47 5.47 1.12 19.74 200.72
NANS (mm) -8.25 4.89 2.89 943 13.28 115.68
ANSMe (mm) -10.13 -0.15 -2.15 4.92 9.94 174.85
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Table 3.3.1 cont.

Variable ACE | ADE AE CE DE E
SGo (mm) -1018 | 136 | 064 | —730 | 11.92 | 12721
ii L NB (mm) —0.17 | 002 | -198 | 21.84 144 | 124.20
ii L APog (mm) 475 | 589 | —6.75 | 33.81 | -7.60 | 117.77
ii 1 GoMe (mm) 945 | 258 | 458 | 19.15 744 | 184.65
ms L GoMe (mm) 784 | 002 | —2.02 | -822 | 7.8 80.30
OB (mm) ~124 | 339 | 324 | 1846 | -536 | 56.78
0J (mm) 633 | -394 | —594 | —788 | -1.93 | 31.03
MB2 L MBIMe (mm)| —3.53 | —3.16 | -5.16 162 | -1.63 | 5571

E — specific environment; CE — common and specific environment; AE — additive genes and
specific environment; ACE — additive genes, common and specific environment; ADE — ad-
ditive genes, dominant genetic factor, specific environment; DE — dominant genetic factor
and specific environment; PC — principal component; Values in bold — best-fitting model

(lowest AIC value).

Table 3.3.2. Path coefficients of the most parsimonious model for each

variable
Genetic Environment
Variable Model| 2> | SE | & | SE | ¢ | SE | ¢ | SE

Mandibular relationship to cranial base and maxillary structures

SNA (°) AE | 0.74 | 0.04 0.26 | 0.04
SNB (°) AE | 0.79 | 0.04 0.21 | 0.04
SNPog (°) ACE | 042 | 0.18 036 | 0.17 | 0.22 | 0.04
NSBa (°) AE | 0.79 | 0.04 0.21 | 0.04
NSAr (°) AE | 0.75 | 0.04 0.25 | 0.04
NAPog (°) AE | 0.78 | 0.04 0.22 | 0.04
SN-GoMe (°) ACE | 0.36 | 0.19 0.39 | 0.17 | 0.24 | 0.04
ANSPNS-GoMe (°)] ACE | 0.39 | 0.18 038 | 0.17 | 0.23 | 0.04
NMe (mm) ACE | 0.24 | 0.09 0.68 | 0.09 | 0.09 | 0.02
NANS (mm) CE 0.77 | 0.03 | 0.23 | 0.03
ANSMe (mm) ACE | 0.34 | 0.12 0.56 | 0.12 | 0.10 | 0.02
CoA (mm) ACE | 043 | 0.14 045 ] 0.14 | 0.12 | 0.02
ArA (mm) ACE | 041 | 0.13 0.49 | 0.13 | 0.10 | 0.02
SN-ArRp (°) AE | 0.76 | 0.04 0.24 | 0.04
PoOr-GoMe (°) ACE | 0.34 | 0.18 042 | 0.17 | 0.24 | 0.04
NGnGo (°) AE | 0.79 | 0.04 0.21 | 0.04
SGo (mm) ACE | 0.24 | 0.13 0.60 | 0.12 | 0.17 | 0.03
Mandibular skeletal variables

DcXiPm (°) AE | 0.74 | 0.04 0.26 | 0.04
CoGoMe (°) AE | 0.73 | 0.04 0.27 | 0.04
CoB (mm) ACE | 0.18 | 0.09 0.71 | 0.09 | 0.11 | 0.02
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Table 3.3.2 cont.

Genetic Environment

Variable Model| a2 SE d? SE c? SE e? SE
ArB (mm) ACE | 0.23 | 0.09 0.68 | 0.09 | 0.08 | 0.02
GoGn (mm) ACE | 0.33 | 0.12 0.57 | 0.12 | 0.10 | 0.02
XiPm (mm) ACE | 0.28 | 0.10 0.64 | 0.10 | 0.08 | 0.01
R1R2 (mm) ACE | 0.35 | 0.18 042 | 0.17 | 0.23 | 0.04
?fn}iff MBIMe | \g | 0.68 | 0.05 0.32 | 0.05
CoPog (mm) ACE | 0.20 | 0.09 0.70 | 0.09 | 0.11 | 0.02
ArRp-MB1Me (°) DE 0.81 | 0.03 0.19 | 0.03
ArGoMe (°) AE | 0.77 | 0.04 0.23 | 0.04
CoGo (mm) ACE | 0.27 | 0.16 0.50 | 0.14 | 0.22 | 0.04
GoPog (mm) ACE | 0.29 | 0.11 0.60 | 0.11 | 0.11 | 0.02
Dento-alveolar variables
Pog | NB (mm) AE | 0.83 | 0.03 0.17 | 0.03
al.ii-NB (°) AE | 0.69 | 0.05 0.31 | 0.05
ii L NB (mm) AE | 0.84 | 0.03 0.16 | 0.03
it L APog (mm) DE 0.85 | 0.03 0.15 | 0.03
ii 1 GoMe (mm) ACE | 046 | 0.13 0.46 | 0.13 | 0.08 | 0.02
ms 1 GoMe (mm) CE 0.69 | 0.04 | 0.31 | 0.04
OB (mm) DE 0.74 | 0.05 0.26 | 0.05
0J (mm) CE 0.50 | 0.06 | 0.50 | 0.06
ai.ii-GoMe (°) AE | 0.71 | 0.05 0.29 | 0.05

a? — additive genetic factors; d*> — dominant genetic factors; ¢ — common environment fac-
tors; e* — specific environment factors; SE — standard error.

The error analysis revealed no statistically significant differences between
the initial and repeated measurements.

Sagittal mandibular relationship to cranial base and maxilla. Linear
variables (NMe, ANSMe, CoA, ArA, and SGo) showed contributions
from additive genetic factors (a> = 2443 %), shared environmental factors
(c* = 45-68 %), and unique environmental factors (¢* = 9—-17 %). One linear
variable, NANS, was influenced solely by environmental factors (¢* = 77 %,
e’ =23 %). Angular variables (SNA, SNB, NSBa, NSAr, NAPog, SN-ArRp,
and NGnGo) exhibited strong additive genetic determination (a*> = 74—79 %).
Four angular variables (SNPog, SN—GoMe, ANSPNS-GoMe, and PoOr—
GoMe) were influenced by both genetic and environmental factors (ACE
model).

Mandibular skeletal variables. The ACE model best explained linear
variables, except MB2 1 MB1Me, which followed the AE model. Angular
variables (DcXiPm, CoGoMe, ArGoMe) demonstrated high additive genetic
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determination (a? = 73—77 %), while ArRp—MB1Me was best explained by
the DE model (d*> = 81 %).

Mandibular dento-alveolar variables. Angular variables (ai.ii-NB, ai.ii—
GoMe) were influenced by the AE model (a> = 69—71 %). Linear variables
demonstrated diverse influences: AE model: Pog 1 NB, ii L NB (a?> = 83—
84 %) — CE model: ms L GoMe, OJ. ACE model: ii L GoMe.

Principal component analysis. Six principal components explained 83 %
of the variance: PC1 (linear variables, except Pog 1 NB, i1 L NB, i1 L APog,
OB, OJ, MB2 1 MB1Me) followed the ACE model. PC2-PC5: Included
angular and select linear variables, with high additive genetic determination
(a? =76-79 %) and best-fitting AE models. PC6: Comprised of NAPog, OB,
and OJ, best explained by the DE model.

3.4. Genetic and environmental determinants of palatal morphology

The error analysis results found no significant differences between the
initial and repeated measurements. Males exhibited slightly greater dental
arch width at the occlusal plane than females. The most notable difference
was observed for 1IPW (p < 0.01). Differences in the canine and molar
regions were statistically significant but less pronounced (p < 0.05). Though
not statistically significant, dental arch widths at the gingival line were bigger
in males. Palatal height, surface area, and volume were significantly greater
in males than in females (p < 0.01) (Table 3.4.1).
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Genetic analysis: AIC values were calculated (Table 3.4.2). The AE and
DE models best fit most variables(Table 3.4.3). Interdental distances (11PW,
2IPW, IMW) exhibited high genetic determination (AE model, a*> = 0.76,
0.72, and 0.86, respectively). ICW demonstrated strong dominant genetic
determination (DE model, d*> = 0.59). Palatal gum line distances (ICWG,
1TPWG, 2IPWG) were predominantly influenced by dominant genetic factors
(d> = 0.50, 0.78, and 0.81, respectively). Genetic factors influenced palatal
volume and surface area (a?> = 0.62). Heritability estimates were high for all
widths, maxillary depths, palatal surface, and palatal volume, ranging from
0.48 to 0.8.

Table 3.4.2. AIC values of all models

Variables ACE | ADE DE AE CE E
Dental arch widths at occlusal line
ICW =312 | -553 | -7.54 | -5.12 | 934 | 30.13
11PW -6.53 | —6.81 | —8.35 | —8.53 | 13.26 | 64.47
2IPW =7.83 | =7.31 | =598 | -9.31 | 3.24 | 63.78
MW -6.41 | —6.41 | —6.47 | —8.41 | 2547 | 93.16
Dental arch widths at gingival line
ICWG 5.97 341 1.41 3.97 14.7 | 32.32
1IPWG 2.35 048 | -1.52 | 035 | 2737 | 77.6
2IPWG 124 | 272 | —4.72 | -0.76 | 36.8 | 71.27
IMWG 0.2 1.14 2.04 | —0.86 | 10.65 | 86.54
Palatal heights
ICH 7.25 2.96 0.96 5.25 17.13 | 28.33
11PH =5.02 | —5.43 | -7.34 | —-7.02 | 2.01 333
2IPH -1093 | -9.42 | -6.82 | —11.42 | —5.83 | 50.04
IMH —8.65 | 833 | —-6.45 |-10.33 | 946 | 68.81
Maxillary arch depth
MD 8.32 8.35 8.88 6.35 13.27 | 37.46
Palate surface area and volume
PSA —4.14 | —3.16 | 43.84 | -5.26 | —1.57 | 41.84
PV =744 | —6.27 | 5452 | -8.28 | -3.11 | 52.52
Principal component
PC1 -342 | -4.01 | -5.83 | —5.42 | 2542 | 84.8
PC2 =9.77 | =9.77 | -10.52 | -11.77 | —2.44 | 35.34
PC3 1.67 | —1.87 | —3.88 | —0.33 | 27.92 | 49.37

ACE — additive genetic factors, common environmental factors, and specific environmental
factors; ADE — additive genetic factors, dominant genetic factors, and specific environment;
AE — additive genetic factors and specific environmental factors; CE — common and specific
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environmental factors; DE — dominant genetic factors and specific environmental factors;
E — specific environmental factors; ICH — intercanine palate height; ICW — intercanine wi-
dth; ICWG - interfirst premolar width; ICWG — intercanine width at the gum line; IMH —
interfirst molar height; IMW — interfirst molar width; IMWG — interfirst molar distance at
the gum line; 1IPH — interfirst premolar palate height; 2IPH — intersecond premolar palate
height; 2IPW — intersecond premolar width; 1IPWG — interfirst premolar width at the gum
line; 2IPWG — intersecond premolar width at the gum line; MD — maxillary depth; PSA —
palate surface area; PV — palate volume. Notes: Best-fitting models (lowest AIC values) are
indicated in bold.

Table 3.4.3. Best-fitting models for each variable

Variables a? (Sa ]E; dz 31]23) c? (Sc% e’ (Se }E)
Dental arch widths at occlusal line
ICW (DE) 0.59 | 0.06 0.17 | 0.06
1IPW (AE) 0.76 | 0.04 0.1 0.04
21PW (AE) 0.72 | 0.04 0.1 0.04
IMW (AE) 0.86 | 0.02 0.06 | 0.02
Dental arch widths at gingival line
ICWG (DE) 0.5 | 0.07 0.22 | 0.07
1IPWG (DE) 0.78 | 0.03 0.09 | 0.03
2IPWG (DE) 0.81 | 0.03 0.08 | 0.03
IMWG (AE) 0.78 | 0.03 0.09 | 0.03
Palatal heights
ICH (DE) 0.48 | 0.08 022 | 0.8
11IPH (DE) 0.56 | 0.06 0.19 | 0.06
21PH (AE) 0.7 | 0.04 0.13 | 0.04
IMH (AE) 0.8 | 0.03 0.08 | 0.03
Maxillary arch depth
MD (AE) | 056 | 0.07 | | | | | 0.18 [ 0.07
Palate surface area and volume
PA (AE) 0.61 | 0.05 0.18 | 0.05
PV (AE) 0.69 | 0.04 0.15 | 0.04
Principal components
PC1 (DE) 0.82 | 0.03 0.07 | 0.03
PC2 (AE) 0.62 | 0.06 0.16 | 0.06
PC3 (DE) 0.76 | 0.04 0.09 | 0.036

1IPH — interfirst premolar palate height; IIPWG — interfirst premolar width at the gum line;
2IPH - intersecond premolar palate height; 2IPW — intersecond premolar width; 2IPWG
— intersecond premolar width at the gum line; a> — additive genetic factors; d> — dominant
genetic factors; ¢ — common environmental factors; e? — specific environmental factors; ICH
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— intercanine palate height; ICW — intercanine width; ICWG — intercanine width at the gum
line; ICWG — interfirst premolar width; IMH — interfirst molar height; IMW — interfirst molar
width; IMWG — interfirst molar distance at the gum line; MD — maxillary depth; PSA — palate
surface area; PV — palate volume; SE — standard error.

Principal Component Analysis: Three principal components explained
69.3 % of the total variance (Figure 3.4.1 and Figure 3.4.2).

%

Standardised PC2
(explained var: 23.2%)

-2 -1 0 1 2
Standardised PC1
(explained var: 46.2%)

Total explained variance: 69.3%

Fig. 3.4.1. Principal components biplot
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3.5. Relationships between occlusal characteristics, upper dental arche
morphology, palate dimensions and upper airway parameters.

The study consisted of 53 twin pairs with a mean age of 17.82 and a
standard deviation of 3.05. Table 3.5.1 presents the correlation coefficients
(r) and p-values between various palatal dimensions and upper airway
parameters. Statistically significant results (p < 0.05) are highlighted with an
asterisk (*). Figure 3.5.1 demonstrates the correlation heatmap of palatal and
upper airway dimensions. Significant correlations were observed between
palatal parameters and upper airway dimensions:intercanine distance ((ICD)
(GL)) correlated with ANS—AH distance (r = 0.19, p = 0.046) and ANS-V
distance (r=0.21, p=0.029), suggesting a link between arch width and airway
space. Intercanine height (ICH) correlated with ANS—AH distance (r = 0.26,
p = 0.007) and ANS-V distance (r = 0.27, p = 0.005), indicating a vertical
influence on airway dimensions. Palate surface area and volume correlated
with PCV-AH (p = 0.002, p = 0.003) and soft palate width (SPW) (p =0.047,
p = 0.035), reinforcing their importance in airway structure.

55



dop

v1°0 L00 20°0- 0 60°0 v1°0 10°0 10 €0°0- 80°0- ¥0°0 AreqIXe
(8%1°0) (LLY'0) (s¥8°0) | (s96°0) | (£¥€0) ) 10160 | (s620) | (LyL0) | (T6€0) | (L69°0)
10 20°0 200- | 000 o0 | CETOYIOL Ta0T | 0T €00- | 800- | ¥00 HAI
(006°0) (199°0) (961°0) | (87€0) | . (€+00) . (61€°0) | (soz0) | (6v1°0) | (1L9°0) | (6Lt°0) (I5) AL
10°0- 070 €ro 60°0 00 [(100°0)€€0| 010 7o v1°0 ¥0°0 L0°0
(zzro) (286°0) ($80°0) | (L9¥'0) | (890°0) L (10000) | (z9g0) | (¢vT0) (zzo) | (€86°0) | (#66°0)
80°0 0 LT0 L0°0 81°0 9¢°0 60°0 110 4R 0 0 AN
(sze0) Q1200 | .(s10°0) | (S¥T0) | . (S£0°0) . (9L9°0) | (6€8°0) | (9260) | (€95°0) | (16¥°0) HdIZ
01°0 z10 vT0 110 020 |(€000)620| ¥0°0 200" 10°0 90°0 L00
(926°0) (s€6°0) (s81°0) | (18T0) | (€1€°0) . (Feco) | (Lyo0o) | (LeL0) | (zLLo) | (68T0) (1) dIz
100 10°0- €1ro 110 010 [(500°0) 0| 600 S0°0 €0°0 €0°0 01°0
(651°0) (889°0) .(€00) | (16T0) | (2S0°0) L(10000) | (Lszo) | (L1v0) | (Lgzo) | (8€60) | (+06°0)
v1°0 ¥0°0 120 10 61°0 LEO 110 80°0 10 100- | 100" adiec
(080°0) (zso0) | .(ooo) | (1s1°0) | . (L¥00) . (068°0) | (918°0) | (268°0) | (109°0) | (9650) HaIl
LT°0 61°0 920 v1°0 170 | (200°0)0€0| €00 ¥0°0- 20°0- 80°0 S0°0
(€€€0) 6Lv'0) | .(6100) | (bFT0) | L (ST00) | .(100°0>) | (98%°0) | (¢81°0) | (cLv'0) | (0LE0) | (SLT0) (1) ddIl
01°0 L00 €0 110 vT0 LEO L0°0 €ro L00 6070 €10
(LL070) (9590) | .(zzo0) | (Le1°0) | (1S0°0) L(10000) | (c1¥7°0) | (€800) | (8L1°0) | (289°0) | (€56°0)
LT°0 ¥0°0 70 €10 61°0 €r0 80°0 LT°0 €ro ¥0°0 10°0- adli
L(5000) | .(Lo00) | (@810 | (1ss0) | (g2t0) ) | 6r10) | (bSL0) | (svS0) | (8¥T0) | (€£€5°0)
LT0 970 10 | 900- | 800 | S860000 T Teg 90°0 o | 900 HOI
.(6200) | .(9r00) | (891°0) | (821°0) | (0150) ) | 6270 | (@90 | #81°0) | (Z08°0) | (96L°0)
120 61°0 €10 SI°0 90°0 (106'0) 10°0 zro- S0°0- €1ro- 200- | €00 (19) adI1
(zz9°0) (88°0) (9sz0) | (F15°0) | (828°0) (€01°0) (ss°0) | (+€9°0) (86'0) | (19L°0) | (68€0) aol
S0°0 10°0- 110 90°0 20°0- 91°0 90°0- S0°0 0 €0°0- | 800"

ddL dds Qv | uorsudui(q
A-SNV | HV-SNV | HV-SNd | '1dS LdS HVADd |AMdT| o0 | MAI-D | A9 o o R

sugounavd Avoap 1oddn pup suoisuowip [vipipd uaamiaq diysuonvjay *1°6°€ a|qu

56



“(5) JSLIGISE UB UM PI)
-y31ysy a1e (s0°Q > d) synsa1 jueoyugis A[peonsnels ‘siojowered Aemire 1oddn pue suorsuowip [eyered usomioq sonjea-d pue (1) SJUSIOILJO0))

(szg0) 8170 | .(51000) | (ST0) | .(s€00) | .(€000) | (929°0) | (6£8°0) | (926'0) | (£95°0) | (16t°0)
. . . . . . . o . . . |
10 10 vT0 110 0 620 ¥0°0 200 10°0 90°0 L0°0 _on S1e[Eg

. (80°0) (zs00) | .(ooo) | (1st0) | .(vo0) | ,(Zooo) | (68°0) | (918°0) | (268°0) | (109°0) | (965°0)
LT°0 61°0 970 v1°0 61°0 €0 10°0 200~ 10°0- S0°0 SO0 | ®oredeeq

(8%1°0) (LLY0) (s¥8°0) | (596°0) | (£¥€0) (6€1°0) | (9160) | (s62°0) | (L¥L'0) | (26€0) | (L69°0)
] ] ] ] ] ddL ] dds AV | uoisudwiq

A-SNV | HV-SNV | HV-SNd | '1dS LdS HV-ADd |AMdT| S0 | MAI-D | g9 o oy A

Ju0o [°¢°€ 919U

57



sudjounand Avmaip 1addn pup suorsuawip (pipipd Jo dvuipay UOYD]2.LI0D S UOSIDI *[*C S Sl

& >
& &

SN . )

N N N R O

0T'0 [450] 110 LO0'0 - dWnN|oA S1k|ed

10—
610 ealy djejed
600 yidaq Asejjixepy
00 600
0Z'0 ; 0T’ L00 PSovn__\,__
ro- 020 | 00 -Hdit
010 -(719) adiz
610 § . 800 E 10°0- dadic
20-
120 800 HdIT
7§é €10 60°0 €0 -(19) adit
l w | o £ o [
¥'0
IT°0 910 €0°0- 80°0- aoil

siolpweled Aemuly Jaddn "sA suolsuswiq |e1ejed ||In4 :dewiesH uoiie|alio) uosiesd

58



Additionally, significant associations were found between palatal para-
meters and cephalometric variables. Figure 3.5.2 demonstrates correlation
heatmap of palatal dimensions and craniofacial structures. Table 3.5.2.
shows correlation between palatal dimensions and craniofacial cephalometric
variables. ICD (GL) correlated with ANB (r = 0.27, p = 0.006) and Wits’
appraisal (r = 0.19, p = 0.048). ICH correlated with SNB (r = 0.28, p =
0.004) and ANB (r = 0.23, p = 0.018). Intermolar distance correlated
with maxillary length (r = 0.30, p = 0.002) and Go-Gn distance (r = 0.26,
p =0.007). Intermolar height was associated with N-Me (r = 0.29, p = 0.003),
S-Go (r = 0.26, p = 0.007), PNS-ANS (r = 0.21, p = 0.03), and Go-Gn
(r=0.21, p = 0.03). Palate area and volume demonstrated relationships with
N-Me (r = 0.37, p <0.001), S-Go (r =0.32, p=0.001), PNS-ANS (r = 0.26,
p=0.007),and Go-Gn (r=0.28, p=0.004), reinforcing their role in craniofacial
development. Maxillary depth correlated significantly with N-Me (r = 0.20,
p=0.038) and ANB (r=0.14, p = 0.139).
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4. DISCUSSION

This study integrates findings from five key publications to comprehensively
understand the interplay between genetic and environmental influences on
the upper airway, craniofacial structure, palate, and mandible. By analyzing
these interrelationships, this research offers novel insights into the etiology
of occlusal and airway pathologies, shedding light on their functional and
developmental significance.

4.1. Relationship between malocclusion, nasopharyngeal pathology, and
body posture

This study investigated the relationship between craniofacial morphology,
nasopharyngeal pathology, and sagittal body posture, in a cohort of
orthodontic patients aged 7—14. This developmental period is characterized
by the transition from primary to permanent dentition, significant craniofacial
growth, and the establishment of spinal curvature. Normal spinal curvature
develops by age seven, while peak growth velocity occurs at approximately
12.2 years in females and 13.9 years in males [111]. During this critical phase,
postural abnormalities may either self-correct or become more pronounced
[111].

Our findings revealed a high prevalence of orthopedic anomalies, with
kyphotic posture observed in 47.9 % of participants and thoracic rib hump
in 51.1 %. These results are in line with prior studies, such as Lippold et al.
[112], who reported orthopedic abnormalities in 52 % of preschool children,
and Hagner et al. [113] who found postural defects in 65.71 % of 10-year-olds
and 54.29 % of 13-year-olds. Additionally, nasopharyngeal pathology was
highly prevalent (78.9 %), consistent with previous findings indicating that
adenoid and tonsillar hypertrophy contributes to mouth breathing and affects
40-60 % of children [6,114]. In our sample, adenoid hypertrophy was present
in 57.4 % and tonsillar hypertrophy in 90.3 % of patients, a rate possibly
influenced by the specific characteristics of our study population.

A significant correlation was observed between sagittal body posture and
vertical craniofacial parameters. Patients with kyphotic posture exhibited a
reduced SNB angle, suggesting mandibular retrusion. This supports previous
studies indicating that mouth breathing affects mandibular growth by
promoting a downward and backward rotation pattern [115]. Furthermore,
thoracic kyphosis was significantly more common in patients with naso-
pharyngeal obstruction, reinforcing findings that postural changes are
associated with mouth breathing [136]. Our results also revealed a significant
association between kyphotic posture and a reduced SNB angle, which was
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primarily observed in male patients. This sex-specific trend may be attributed
to the higher prevalence of kyphotic posture among males (59.1 %) compared
to females (38 %) (p = 0.01). These findings align with Lippold et al. [112],
who reported a relationship between mandibular sagittal positioning and
thoracic inclination, but no correlation between maxillary position and
spinal curvature [117], a conclusion supported by our study. However, unlike
Lippold et al. [118], we did not identify a significant relationship between
vertical mandibular position and thoracic inclination.

Despite previous studies suggesting an association between craniocervical
posture and dental arch narrowing [119-121], our study did not find signi-
ficant correlations between body posture and transverse malocclusions such
as posterior crossbite or dental crowding. Korbmacher et al. [122] reported
that children with unilateral crossbites exhibited a higher prevalence of
postural asymmetries, including oblique shoulders, oblique pelvis, leg
length discrepancies, and scoliosis, compared to those with symmetrical
dental arches. However, our study did not establish significant associations
between body posture, nasopharyngeal pathology, and posterior crossbite.
This aligns with Michelotti et al. [123], who found no significant correlation
between posterior crossbite and postural stability or orthopedic asymmetries.
Similarly, no association was observed between dental crowding and postural
abnormalities, despite previous research by Pachi et al. [ 124] and Solow [119]
suggesting a connection between craniocervical posture and dental crowding.

Differences in study design, sample characteristics, and orthopedic
evaluation methodologies may account for these inconsistencies. Similarly,
while Silvestrini-Biavati et al. [125] reported a higher prevalence of deep
and open bites in children with postural abnormalities, our study did not find
statistically significant differences in vertical skeletal parameters between
kyphotic and regular posture groups.

The question of causality remains central: do postural and airway changes
precede craniofacial adaptations, or are they secondary responses to skeletal
and functional imbalances? The functional matrix theory (Moss) posits that
craniofacial bone growth is influenced by surrounding soft tissue matrices,
including muscles and airway volumes, while Solow’s soft tissue stretching
hypothesis suggests that airway obstruction leads to compensatory head
extension, which in turn affects facial growth patterns [119].

Recent studies have further highlighted the link between craniofacial mor-
phology, postural deviations, and nasopharyngeal obstruction. Saccomanno
et al. [126] examined the relationship between malocclusion and scoliosis,
emphasizing the importance of a multidisciplinary approach in assessing
skeletal and postural anomalies. Similarly, a systematic review by Rozanska-
Perlinska et al. [12], analyzing data from 24 cross-sectional studies involving
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6,199 participants, confirmed significant associations between postural
defects, malocclusions, and airway dysfunction. Their findings suggest
that nasopharyngeal pathology and poor posture exacerbate craniofacial
imbalances, reinforcing the need for early intervention strategies in growing
children.

Previous studies have reported that nasopharyngeal obstruction influences
mandibular growth by promoting posterior rotation and increasing lower
facial height [115,127]. Our results did not support this association. How-
ever, kyphotic posture was significantly more common in patients with
nasopharyngeal pathology. Interestingly, Neiva et al. [116] did not report a
significant increase in thoracic kyphosis among mouth-breathing subjects,
suggesting that additional variables, such as individual compensatory mecha-
nisms, may contribute to these discrepancies. While the stomatognathic
system likely influences cervical function, its overall impact on body posture
remains inconclusive. The absence of definitive scientific evidence linking
occlusion, nasopharyngeal pathology, and postural abnormalities underscores
the need for further well-designed longitudinal studies to elucidate these
complex interactions.

4.2. Genetic and environmental influences on craniofacial and airway
morphology

Understanding upper airway morphology, heritability, and growth patterns
in a healthy population is essential for identifying individuals at risk of
breathing disorders such as snoring, obstructive sleep apnea (OSA), and
mouth breathing. Heritability analysis in this study revealed that 19 out of
23 cephalometric parameters exhibit strong genetic determination, while
the remaining parameters are influenced by environmental influences or a
combination of both. Upper airway dimensions, particularly SPPW-SPP
and U-MPW, showed moderate to high heritability, with additive genetic
factors accounting for 50-64 % of the variance. These findings align with
Billing et al. [43], who reported that pharyngeal space dimensions, posterior
nasopharyngeal wall thickness, and nasopharyngeal airway size are pre-
dominantly genetically determined. Similarly, Kang et al. [72] confirmed
genetic control over airway features using lateral cephalograms of adult twins.
Our findings further support this idea. The nasopharyngeal airway parameter
(PNS-Ad1) demonstrated significant genetic influence (a? = 0.51), likely due
to its anatomical positioning within the sphenoid and occipital bones and the
atlas vertebra — highly heritable structures. However, given its functional
interaction with the oropharynx and soft palate, environmental influences
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also contribute to their variability [54]. The relatively low environmental
influence on PNS-Ad1 (¢ = 0.19) reinforces this observation.

Obesity is known to affect upper airway dimensions [56]. While
environmental factors contribute to obesity, familial BMI correlations and
twin studies suggest a strong genetic component in its development. In
our study, the oropharyngeal airway space (U-MPW) exhibited moderate
heritability (a*> = 0.5), suggesting a genetic basis. However, this contrasts with
previous research emphasizing the role of environmental influences such as
posture and muscle function [73]. Our study also found an environmental
contribution to U-MPW (e* = 0.22), likely due to its anatomical interaction
with the tongue, hyoid bone, and cervical vertebrae, which are susceptible to
environmental stimuli [16]. Lower airway dimensions, including LPW-V and
PCV-AH, were predominantly determined by shared and unique environmental
influences, highlighting the complex interplay between genetic predisposition
and environmental exposures.

Orthodontic treatments have been associated with upper airway
modifications, including rapid maxillary expansion (RME) and functional
appliances (e.g., Herbst, Twin Block). Studies indicate that RME enhances
oropharyngeal airway volume and nasal airflow [38], though some reports
have found no significant post-treatment changes compared to control groups
[128]. Functional appliances, including the Twin Block and Herbst devices,
have been linked to increased airway volume and reduced airflow resistance
[96-99]. While they induce skeletal and soft tissue adaptations, our findings
confirm that oropharyngeal airway development results from genetic and
environmental influences.

The relationship between upper airway morphology and craniofacial
structures remains debated. Some studies suggest that airway size correlates
with malocclusion type and craniofacial morphology [101] while others,
including Di Carlo et al. [129], report no significant association between
sagittal skeletal patterns and upper airway volume. Our findings did
not establish a direct correlation, indicating that additional factors may
contribute to these variations. Environmental factors predominantly influence
hypopharyngeal dimensions, consistent with the studies linking pharyngeal
space reduction to obesity [130]. Kim et al. [131] reported that OSA patients
exhibit increased tongue volume and fat deposition, impairing tongue
function as an airway dilator, supporting our findings on environmental
contributions to hypopharyngeal morphology. However, Kang et al. [72]
reported high heritability for hypopharyngeal structures, contrasting our
results. This discrepancy may stem from measurement variability, as the
valleculae can collect saliva, affecting assessments. Factors such as head
posture, cervical spine positioning, and craniofacial angulation also contribute
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to inconsistencies in hypopharyngeal measurements. Da Costa et al. [132]
noted that cephalometric analysis of the hyoid bone position is particularly
challenging due to minor deviations leading to substantial measurement
variations. These findings emphasize the need for a multidisciplinary approach
to airway assessment, integrating genetic, environmental, and functional
considerations to optimize orthodontic and orthopedic interventions.

4.3. Heritability of mandibular cephalometric variables

Several key determinants, including the position of the mandibular fossa,
cranial base length, and overall growth pattern shape the sagittal position of
the mandible. The location of the mandibular fossa, which is governed by
cranial base morphology, can be described using the saddle angle (NSBa).
In our study, NSBa demonstrated strong genetic determination (a> = 79 %).
However, previous research presents conflicting results:studies involving
twins over 16 years of age report high heritability, whereas younger twin
cohorts indicate minimal or no genetic influence [34]. Longitudinal parent-
offspring analyses suggest that the heritability of the saddle angle increases
with age, a trend supported by our data [133]. Additional angular variables
representing the sagittal relationship between the mandible and cranial base,
such as SN-ArRp and SNB, also exhibited substantial genetic control (a*> =
76 % and 79 %, respectively), corroborating findings from previous studies
[102].

Linear cephalometric measurements describing the vertical and horizontal
positioning of the mandible relative to the cranial base and maxilla (e.g.,
ANS-Me, N-Me, S-Go, Co-A, and Ar-A) were found to have low-to-moderate
heritability, with most variables fitting the ACE model. An exception was
N-ANS, which demonstrated strong environmental determination (CE
model). Our analysis revealed a notable distinction between the genetic
influences on horizontal versus vertical mandibular positioning. Genetic
factors more strongly determined horizontal variables than vertical ones,
contrasting with some studies that report higher heritability estimates for
vertical measurements [34,134—-136]. These discrepancies may stem from
differences in measurement techniques, as our study utilized actual lengths
rather than projected lengths, which may not fully reflect the relationship
between horizontal and vertical dimensions. Our findings suggest that genetic
control is more pronounced in the sagittal positioning of the mandible than in
the vertical positioning. Furthermore, anterior facial height (TAFH, LAFH)
exhibited higher heritability than posterior facial height (TPFH), reinforcing
the importance of genetic influences on vertical facial dimensions.
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Key morphological features of the mandible such as angles ArGoM and
DcXiPm are critical in determining skeletal form. Our findings indicate high
heritability for the ArGoMe (a?> = 77 %) and DcXiPm, (a’ = 74 %). However,
linear parameters such as mandibular body length (Go-Pog, Go-Gn), ramus
width (R1-R2), and ramus height (Co-Go) demonstrated lower genetic
determination. These linear measurements were explained by ACE model.
This suggests that while the mandibular angles are primarily governed by
genetic factors, mandibular length and ramus height are more susceptible
to environmental influences, particularly during the pubertal growth spurt.
Previous studies indicate that genetic control over mandibular length is more
substantial in younger cohorts, whereas environmental influences become
more prominent with age [34,102]. Dudas and Sassouni [137] also reported an
increasing environmental contribution to linear cephalometric measurements,
aligning with our findings.

Dentoalveolar to skeletal parameters appear to be predominantly influenced
by environmental rather than genetic factors. This observation aligns with
previous studies demonstrating lower heritability estimates for dentoalveolar
traits than craniofacial variables [138-140]. Clinical research has established
that environmental factors significantly shape occlusal development,
including tongue posture, lip pressure, oral musculature, and functional
habits such as breathing and mastication [40]. Our findings further support
these clinical observations, suggesting that dentoalveolar height is more
susceptible to environmental modulation. However, sagittal positioning of
the lower incisors and chin protrusion (ai.ii-NB, ii L NB, ii L. APog, and Pog
1 NB) exhibited very high heritability, indicating that specific components of
the dentofacial complex operate within a genetically determined equilibrium.
In contrast, to individuals with genetically stable traits, others adapt more
readily to environmental stimuli [102].

Comparing twin study findings is inherently challenging due to variations
in sample characteristics, zygosity determination, statistical methodologies,
and skeletal maturity stages. Earlier twin studies often employed traditional
path analysis and Dahlberg quotient calculations. In contrast, contemporary
research employs model-fitting techniques to statistically test the goodness-
of-fit of various genetic and environmental models [34,135]. The principal
component analysis in our study identified six components that explain 83 %
of the total variance. In contrast, Carels et al. [34] found five components
accounting for 81 % of variance, and Nakata et al. [141] identified nine
independent components. Differences in eigenvalue criteria likely account
for these variations across studies.

From a clinical perspective, our results indicate that mandibular skeletal
morphology — particularly gonial angle and mandibular arc angles — is more
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genetically determined than mandibular length. Consequently, orthodontic
and orthopedic interventions may be more effective in modifying mandibular
size rather than its inherent form. However, it is essential to recognize that
heritability is a population-level concept and does not necessarily predict
treatment outcomes for individual patients. While traits with low heritability
are generally considered more amenable to intervention, treatment success
remains case-specific and cannot be determined solely based on genetic
predisposition.

An intriguing aspect of our findings is the identification of a specific
lateral facial region delineated by highly heritable angles, including SNB
(a> =79 %), NSAr (a> = 75 %), and ArGoMe (a? = 77 %). By analogy with
the ‘triangle of facial similarity’ defined by Na, Go, and Gn landmarks, we
propose designating this strongly genetically determined region as the ‘poly-
gon of facial profile similarity’ [88]. This area may contribute to the striking
resemblance observed among twins, underscoring the role of genetic factors
in defining facial aesthetics.

4.4. Heritability in the palatal dimension

Numerous twin studies have explored the genetic and environmental
influences on upper arch morphology and palatal characteristics. However,
comparing these studies is challenging due to variations in sample size,
population characteristics, and zygosity classification. The statistical method
of model-fitting analysis provides a robust means of distinguishing the
sources of variation affecting dental arch and palate dimensions. Our study
implemented this analytical approach to enhance accuracy. Our findings
revealed significant sexual dimorphism in palatal parameters. Males
demonstrated slightly wider dental arches than females, and the palatal surface
area and volume were significantly larger (p < 0.01). This is consistent with
previous research [18,35]. However, a longitudinal study by Chaaban et al.
[79] on monozygotic and dizygotic twins reported a weaker genetic influence
on transverse palatal dimensions, indicating a more substantial environmental
impact. It is worth noting that Chaaban et al. [79] relied on the Pearson’s
correlation coefficient and Falconer’s heritability test to estimate genetic
contributions retrospectively, which may account for differences in findings.
Lione et al. [142] suggested that tongue pressure largely shapes maxillary
arch form.

Our study found that the AE (additive genetic and unique environmental)
and DE (dominant genetic and unique ecological) models best explained the
variance in palatal dimensions. The DE model primarily influenced interdental
distances at the gingival plane, except IMWG. This suggests that genetic
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factors and specific non-shared environmental influences mainly drive palatal
variability in individuals with complete maxillary growth. Furthermore,
dominant genetic effects predominantly determined distances at the gingival
plane. The higher correlation of all parameters in monozygotic twins compared
to dizygotic twins supports the substantial genetic contribution to dental arch
width and palatal morphology, including depth, height, and volume.

While the dental arch influences palate morphology, our study did not find
significant environmental effects on palatal area or volume variation. Since
we did not assess mouth breathing in our twin cohort, it was not possible
to determine the influence of tongue positioning on dental arch and palate
morphology. However, our results strongly indicate that genetic factors play
a dominant role in palatal variability. Genetic influence on inter canine width
was lower (a> = 0.59), suggesting that environmental factors play a more
significant role in shaping this transverse dimension. The influence of genetic
factors on palatal and dental arch width in the canine region was also reduced
(ICW d* = 0.59, ICWG d? = 0.5, ICH d? = 0.48). These findings align with
previous research by King et al. [48] and Cassidy et al. [143], who reported
heritability estimates of 0.53 and 0.56 for intercanine width, respectively.
This region’s more substantial environmental influence may be attributed
to functional factors such as tongue posture, swallowing habits, and mouth
breathing. These parafunctional habits can contribute to a flatter, narrower
palate and maxillary anterior teeth protrusion [142].

In patients with completed maxillary growth, the midpalatal suture ossifies
around the age of 13 [143], meaning that conventional rapid maxillary
expansion (RME) may only lead to buccal tipping of the posterior teeth,
increasing the risk of relapse. Surgical expansion or miniscrew-assisted
RME (MARPE) may be necessary. Palatal suture ossification has been
reported as early as 11, making chronological age an unreliable predictor of
suture maturation [143]. According to our results, palatal surface area (a?> =
0.61), palate volume (a?> = 0.69), and maxillary arch depth (a> = 0.56) are
predominantly influenced by genetic factors. These findings suggest that for
patients older than 11 years, MARPE may provide more stable maxillary
expansion than conventional RME. However, even with MARPE, long-term
stability remains uncertain, as both dental and skeletal relapse can occur over
time [70]. Our study also revealed that heritability estimates for intermolar
width (a? = 0.86) were the highest among all parameters. This is particularly
relevant since RME appliances are typically anchored on the first molars, and
the strong genetic influence on intermolar width may contribute to relapse
following expansion. Similar findings were reported by Eguchi et al. [76] (a*
= 0.82) and Hughes et al. [77] (a> = 0.87), further supporting the idea of the
genetic dominance in this region.
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Our results may have implications for predicting patient responses to
orthodontic interventions, particularly maxillary expansion. Traits with
strong genetic determination may exhibit less responsiveness to corrective
procedures whereas those with more significant environmental influence may
be more adaptable and exhibit greater post-treatment stability. A key clinical
takeaway from this study is that orthodontic interventions modifying dental
arch and palate dimensions should respect biological limits. Maintaining
equilibrium among skeletal, dental, and muscular structures is essential, as
excessive deviation from an individual’s genetically determined arch form
may increase the likelihood of post-treatment relapse toward the genetic norm.

4.5. Relationship between upper airway and palatal parameters

The relationship between palatal dimensions and upper airway morphology
has been extensively studied due to its implications for orthodontics, sleep-
disordered breathing, and craniofacial development. Pearson’s correlation
analysis provides novel insights into how palatal width and height influence
airway patency, emphasizing the clinical significance of maxillary constriction
in airway-related conditions. Our study’s findings reveal significant
correlations between transverse palatal dimensions and airway morphology.
Specifically, 1IPD (r = 0.43, p < 0.05) and 1IPD (GL) (r = 0.37, p < 0.05)
demonstrated notable associations with PCV-AH, suggesting that a narrower
palate may contribute to a reduced lower airway space. This aligns with prior
research indicating that maxillary constriction is linked to pharyngeal airway
narrowing and increased respiratory resistance [117]. Additionally, IMD
(r=0.36,p <0.05) exhibited a moderate correlation with PCV-AH, reinforcing
the role of posterior palatal width in airway structure. These findings suggest
that a wider interdental width correlates with a more anterior tongue and hyoid
bone position, further supporting the idea of the interplay between palatal
dimensions and airway morphology.

Palatal height also demonstrated significant correlations with airway
parameters. Measurements such as 1IPH (r = 0.30, p < 0.05) and 2IPH
(r = 0.29, p < 0.05) showed positive relationships with airway variables,
supporting the hypothesis that increased palatal height may contribute to
airway restriction by altering the posterior pharyngeal space [144]. However,
maxillary depth and overall palate volume exhibited weak or negligible
correlations, suggesting that these parameters alone do not strongly determine
upper airway morphology. Interestingly, lower airway dimensions such as
LPW-V did not correlate strongly with palatal morphology. This highlights
the more significant influence of environmental and functional factors, such
as tongue posture, head position, and hyoid bone movement hypopharyngeal
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airway development. This underscores the complex interplay between skeletal
structures and soft tissue adaptations in airway formation.

Our results align with Ciavarella et al. [145], who found a negative
correlation between palatal height, palatal area, maxillary sagittal and
transverse dimensions. These findings suggest that specific craniofacial
characteristics may be anatomical markers for increased OSA severity
in individuals with dental malocclusions, facilitating early diagnosis and
intervention. Similarly, Oliveira et al. [146] demonstrated that craniofacial
structures, including maxillary length, occlusal plane inclination, dental
angulation, soft palate dimensions, tongue size, and hyoid bone position, are
significantly correlated with sagittal pharyngeal airway parameters.

Orthodontic interventions such as rapid maxillary expansion (RME) or
miniscrew-assisted RME (MARPE) may benefit patients with compromised
airway dimensions, particularly those with narrow palatal widths impacting
upper airway space. An important clinical consideration is the definition of
a “narrow maxilla.” While a posterior crossbite is a clear indicator, not all
individuals with a narrow palate exhibit this feature, emphasizing the need
for standardized reference parameters to establish normative functional
and aesthetic values. Additionally, the observed correlation between palatal
morphology and upper airway dimensions reinforces the importance
of a multidisciplinary treatment approach, integrating orthodontic,
otolaryngologic, and myofunctional therapy to optimize patient outcomes in
airway-related conditions [146].

4.6. Summary of studies

This study provides novel insights into craniofacial morphology’s genetic
and environmental determinants, upper airway structure, and their interplay
with postural and functional factors. The findings highlight the critical role
of genetic influences in determining upper airway, palatal, and mandibular
morphology, with angular cephalometric parameters demonstrating
particularly strong heritability. However, environmental influences such as
breathing patterns, tongue posture, and body alignment were also found to
significantly modulate these inherited traits, influencing airway patency and
craniofacial development.

A strong association was observed between kyphotic posture, reduced
SNB angles, and nasopharyngeal obstruction. Patients with kyphotic
alignment exhibited mandibular retrusion and increased vertical facial
dimensions, indicating a compensatory mechanism in response to airway
obstruction. These findings align with the functional matrix theory, which
posits that craniofacial structures adapt to surrounding functional and

72



postural influences. This study’s integration of postural assessments with
cephalometric and otorhinolaryngological evaluations underscores the need
for a multidisciplinary approach to managing malocclusions and airway
disorders.

Heritability analysis confirmed that upper airway dimensions are
predominantly under genetic control. However, the interplay between genetic
predisposition and environmental influences remains crucial. Our findings
demonstrated significant correlations between palatal dimensions and upper
airway morphology, emphasizing the impact of maxillary constriction on
respiratory function. Specifically, interdental and palatal height measurements
were significantly associated with the PCV-AH distance, suggesting that
narrow palates may contribute to reduced airway dimensions. This underscores
the importance of orthodontic interventions such as rapid maxillary expansion
(RME) in managing airway-related concerns.
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CLINICAL IMPLICATIONS AND FUTURE
DIRECTIONS

Future studies should focus on longitudinal investigations that
integrate genetic analysis, advanced imaging techniques, like CBTC, and
multidisciplinary treatment strategies to enhance treatment protocols and
further validate these findings. For example, they should evaluate long-term
occlusal changes in twins to determine the stability of orthodontic treatment
over time.

The findings of this study are clinically relevant to orthodontic treatment
planning and early intervention strategies for patients with airway dysfunction
and postural imbalances. The strong genetic component of upper airway
morphology suggests that certain specific facial structures may exhibit limited
adaptability to mechanical correction. In contrast, more significant traits
under environmental influence may respond more favorably to intervention.
Additionally, identifying significant associations between airway morphology,
posture, and malocclusion highlights the importance of early screening and
multidisciplinary management to optimize treatment outcomes.

Despite these insights, limitations such as the cross-sectional study design
and population homogeneity necessitate further research. Future studies
should employ longitudinal designs, incorporate three-dimensional imaging
modalities such as CBCT, and investigate the role of soft tissue adaptations
in craniofacial growth and airway function. Additionally, expanding the study
population to include diverse ethnic groups would enhance the generalizability
of these findings. The major limitation of twin studies is that they do not
represent the whole society as a general unit.

In conclusion, this study underscores the complex interplay between genetic
and environmental determinants in craniofacial and airway morphology. The
findings support the integration of orthodontic, otolaryngologic, and postural
assessments in clinical practice to improve diagnostic precision and treatment
efficacy in managing airway-related disorders.
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CONCLUSIONS

1. Nasopharyngeal obstruction is associated with kyphotic posture and
craniofacial alterations — a statistically significantly reduced anteropos-
terior position of the mandible relative to the cranial base, indicating
mandibular retrusion. The presence of kyphotic posture was twice as
common in patients with nasopharyngeal obstruction than in those with
normal airway morphology (p < 0.05).

2. a. The upper airway dimensions are strongly controlled by additive ge-
netics (AE model, with a? ranging from 0.5 to 0.64) and dominant de-
termination (DE model, d° at the level of 0.5). Airway dimensions in the
hypopharyngeal region were predominantly influenced by shared and
specific environmental influences.

b. The cephalometric parameters of the facial bony structures have
a high heritability coefficient (h?). There is a strong additive genetic
influence on cephalometric variables defining the form and sagittal po-
sition of the mandible (a?> = 74-79 %). The environment significantly
contributes to the variance of facial height and mandibular skeletal li-
near cephalometric variables (c? = 45-68 %).

3. The palate and maxillary dental arch morphology were under strong ge-
netic control. High additive genetic impact was found for palate height
(a>=0.86), palate surface area (a> =0.61), and palate volume (a? =0.69).
Moderate genetic dominance was recorded for dental arch width in the
canine and premolar regions (d*> =0.5 and d=0.78 — 0.81, respective-
ly). The reduced genetic influence on the dental arch width and palatal
variables in the canine region (e.g., a> = 0.59 for arch width; d*> = 0.59
for ICW, d* = 0.50 for ICWG, d? = 0.48 for ICH) suggests that environ-
mental impact plays a more prominent role in shaping these transverse
dimensions.

4. This study revealed significant correlations between palatal dimensi-
ons and upper airway parameters. Specifically, intercanine distance was
associated with the distance between the anterior nasal spine and the
hyoid bone, and the distance between the anterior nasal spine and the
vallecula, while intercanine height showed stronger associations with
these same distances. Palate area and volume demonstrated significant
correlations with the distance between the posterior pharyngeal wall
and the hyoid bone, and with the width of the soft palate. These results
emphasize the functional interdependence between transverse and ver-
tical palatal development and the upper airway morphology.
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PRACTICAL RECOMMENDATIONS

Based on the findings of this study, the following clinical recommendations
are proposed:

1.

Orthodontists should collaborate with otolaryngologists and physiothe-
rapists to address underlying functional issues contributing to airway
obstruction.

Orthodontic treatment plans should account for both genetic predispo-
sition and environmental influences, as twin studies reveal variations in
occlusal traits due to external influences.

. Palatal expansion techniques should be considered to enhance airway

volume in patients with constricted maxillary arches.

. Functional appliances, such as the Twin Block or Herbst, should im-

prove occlusion and respiratory function in growing patients with air-
way-related skeletal imbalances.

. Clinicians should evaluate and manage parafunctional habits (e.g., ton-

gue thrusting, mouth breathing, and atypical swallowing) as they can
impact craniofacial growth and orthodontic stability.

Orthodontic patients should have their head and cervical spine postu-
re assessed, as poor posture may contribute to airway constriction and
malocclusion.
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SANTRAUKA

PAGRINDINES SANTRUMPOS

C2 — antrasis kaklo slankstelis

C3 — treciasis kaklo slankstelis

C4 — ketvirtasis kaklo slankstelis

DNR - deoksiribonukleortigstis

DZ — dizigotinis

MZ  — monozigotinis

NS — nereikSmingas skirtumas

OMA - obstrukciné miego apnéja

SN — standartinis nuokrypis
IVADAS

Ortodontijoje idealus sgkandis apibréziamas kaip taisyklingas danty iSsi-
déstymas ir kontaktai, uztikrinantys efektyvig kramtymo funkcija, apatinio
zandikaulio sgnario sveikata, ilgalaikj stabilumag ir estetikg [1]. Sgkandis yra
glaudziai susijgs su svarbiausia Zzmogaus funkcija — kvépavimu. Kveépavi-
mo taky sgsaja su veido augimu ir vystymusi tampa vis aktualesne tema dél
didéjancio kvépavimo sutrikimy paplitimo [2—8]. Tyrimai rodo, kad 11-56
proc. vaiky vyraujantis kvépavimo budas yra per burng [6], o 21-27 proc.
vaiky reikalingas ortodontinis gydymas [8,9]. Malvinos Moss funkcinés uz-
pildo teorija — aplinkiniai minkstieji audiniai daro jtakg kauliniy struktiiry
formavimuisi [10,11]. Taciau veido ir zandikauliy sistemos vystymasis néra
izoliuotas procesas, nes jj veikia kauly ir raumeny sistema, jungianti galva su
kiinu [12]. Tyrimai rodo, kad kvépavimo biidas ir ktino laikysena turi didelg
jtaka sakandZio patologiju vystymuisi [12]. Sios sasajos dar labiau pabrézia
ortodontinio gydymo reikSme ne tik danty iSlyginimui, bet ir kvépavimo taky
funkcijai bei bendram organizmo sveikatos gerinimui. Sveikos populiacijos
virSutiniy kvépavimo taky morfologijos, paveldimumo jvertinimas ir augimo
modeliy nustatymas yra esminiai veiksniai nustatant asmenis, kuriems kyla
kvépavimo sutrikimy, jskaitant knarkima, obstrukcing miego apnéjag (OMA)
ir kvépavima per burna. Supratus, kaip genetiniai ir aplinkos veiksniai veikia
kvépavimo taky morfologija, gali pagerinti ankstyvaja diagnostika ir pasi-
rinkti teisingg gydymo strategija [27].

Dvyniy tyrimai yra svarbus metodas siekiant atskirti genetinius ir aplinkos
veiksnius. Monozigotiniai dvyniai (MZ) turi identiska geneting informaci-
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ja ir augimo aplinka, o dizigotiniai dvyniai (DZ) dalijasi 50 proc. vienody
geny ir jy fenotipiniai skirtumai nulemti tiek adityviojo genuy, tiek ir aplinkos
poveikio [26]. Tokie tyrimai leidZia tiksliau jvertinti genetikos ir aplinkos
jtaka sakandzio patologijoms. Genetiskai nulemtos sgkandZzio patologijos yra
maziau jautrios gydymui, o aplinkos veiksniy sukelti sgkandZzio pokyciai daz-
niau sékmingai koreguojami [29]. Tyrimai rodo, kad kietojo gomurio plotis ir
apatinio zandikaulio padétis labiausiai veikia kvépavimo takus [31,33]. Daug
démesio ortodontijoje skiriama gomurio plétimui, taciau ilgalaikiai tyrimai
rodo, kad $io metodo poveikis gali biti kintamas [38]. Be to, apatinio zandi-
kaulio padéties koregavimas gali pagerinti kvépavima, todél tai svarbu pla-
nuojant kompleksinj ortodontinj gydyma [94,95]. Aplinkos veiksniai, pvz.,
zalingi jprociai (infantilus rijimas, daikty kramtymas), taip pat prisideda prie
sakandzio patologijy vystymosi [24]. Taiau Siuo metu vis dar triikksta tyri-
my, kurie patvirtinty aiskia Siy jprociy sasaja su veido ir Zandikauliy sistema.
Pastebéta, kad vaikai, kvépuojantys per burng, dazniausiai turi siauresnj go-
mur}, didesnj veido kampg ir labiau susigridusius dantis, susiauré¢jusi burnos
ertmé dar labiau sunkina normaly kvépavima[33,37,43,69]. Svarbu nustaty-
ti, ar kvépavimas per burng tiesiogiai susij¢s su kvépavimo taky plociu, bei
identifikuoti §j ry§; lemiancius veiksnius. Dvyniy tyrimai suteikia unikalig
galimybe analizuoti $iy veiksniy jtakg. Nors didé¢ja mokslinis susidoméjimas
kvépavimo funkcija, veido ir zandikauliy vystymusi ir ortodontiniu gydymu,
taciau truksta i§samiy tyrimy, nagrinéjanciy genetiniy ir aplinkos veiksniy
bendra poveikj kvépavimo taky obstrukcijai ir sgkandZio patologijoms. Sis
tyrimas siekia atsakyti ] minétus klausimus analizuodamas $iy veiksniy sgvei-
ka ir jvertindamas ortodontinio gydymo svarbg gerinant kvépavima per nosij
ir vaiky kvépavimo taky vystymasi.

Tyrimo tikslas

Ivertinti genetiniy ir aplinkos veiksniy jtaka virSutiniy kvépavimo taky
morfologijai ir su ja susijusioms kaukolés struktiiroms, taip pat nustatyti Siy
struktliry tarpusavio sasajas.

Tyrimo uzdaviniai

1. Ivertinti tarpusavio ryS$ius tarp virSutiniy kvépavimo taky obstrukcijos,
sakandzio patologijos ir kiino laikysenos.

2. Isanalizuoti genetiniy ir aplinkos veiksniy jtakg kvépavimo taky ir su
jais susijusiy kaukolés struktiry cefalometriniams parametrams.

3. Nustatyti genetiniy ir aplinkos veiksniy jtakg gomurio morfologijai pa-
sibaigus virSutinio Zandikaulio augimui.
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. Ivertinti gomurio matmeny ir virSutiniy kvépavimo taky parametry tar-
pusavio sgsajas.

Mokslinio darbo naujumas ir praktiné reik§mé

. Pirma kartg tarpdalykiniu poZiiiriu analizuojami virSutiniy kvépavimo
taky obstrukcijos, sgkandzio patologijos ir kiino laikysenos rySiai.

. Tai yra pirmasis tyrimas, nagrin¢jantis genetinius ir aplinkos veiksnius,
lemiancius kvépavimo taky morfologija, naudojant DNR testa, pagrista
15 specifiniy geny Zymeny.

. Atliekama genetin¢ analiz¢ po aktyvaus augimo laikotarpio, tod¢l gau-
nami tikslesni genetiniai duomenys. Ankstesniuose tyrimuose buvo
sunku atskirti genetinius veiksnius nuo aktyviy augimo procesy. Todél
Siame tyrime pasirinkus jau nebeaugancius tiriamuosius, genetiniai Zan-
dikauliy morfologijos veiksniai vertinami be aktyvaus augimo jtakos.

. Pirma kartg dvyniy tyrimuose vertinami ne tik linijiniai gomurio ma-
tmenys, bet ir jo pavirSiaus plotas bei turis.

. Nagrinéjama virSutiniy kvépavimo taky ir gomurio parametry tarpusa-
vio sgsaja — iki Siol mazai tirta mokslo tema.
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MEDZIAGA IR METODAI

Tyrimo medZziaga

Sio tyrimo protokolus patvirtino Regioniné biomedicininiy tyrimy etikos
komisija (Nr. BE-2-41 ir BE-2-48). Gautas informuoto asmens sutikimas, o
jaunesniems nei 18 mety dalyviams — jy tévy sutikimas. Visi dalyviai dalyva-
vo klinikinése konsultacijose. Siame tyrime dalyvave dvyniai buvo atrinkti i§
Lietuvos sveikatos moksly universiteto Dvyniy centro.

Tyrimo metodai

Tiriamyjy jtraukimo ir atmetimo kriterijai yra 1 lenteléje. Tiriamyjy imtis

ir amzius — 2 lenteléje.

1 lentelé. Tiriamieji: jtraukimo ir atmetimo kriterijai

Tyrimo uZdaviniai

Itraukimo Kkriterijai

Atmetimo kriterijai

Nustatyti sgsajas tarp no-
siaryklés obstrukcijos,
sakandzio ypatumy ir kiino
laikysenos

7—-14 mety vaikai

Zandikauliy traumos ar
operacijos, sindromai, anks-
tesnis ortodontinis gydymas,
stuburo ar dubens traumos

Ivertinti genetiniy ir aplinkos
veiksniy jtaka kvépavimo
taky morfologijos ir su ja
susijusiy kaukolés strukttiry
cefalometriniams parame-
trams

Europidinés kilmés dvyniai,
CVM (kaklo slanksteliy
brendimo stadija) — 6, auks-
tos kokybés Soninés galvos
cefalogramos

Ankstesnis ortodontinis
gydymas, pastoviyjy danty
Salinimas, veido ar danty
traumos, sisteminés ligos

ISanalizuoti genetiniy ir
aplinkos veiksniy jtaka vir-
Sutinio Zandikaulio danty
lanko ir gomurio morfolo-
gijai, pasibaigus virSutinio
zandikaulio augimui

Europidinés kilmés dvyniai,
pasibaiges virSutinio Zandi-
kaulio augimas (amzius > 13
mety), visi pastovieji dantys
(i8skyrus treciuosius krimi-
nius dantis)

Ankstesnis ortodontinis gy-
dymas, pastoviyjy danty Sa-
linimas, restauracijos, truk-
dancios atlikti matavimus,
didelis danty nusidévéjimas,
nekokybiski danty lanky ir
gomurio modeliai, veido ar
danty traumos, sisteminés
ligos

[vertinti rySius tarp virSu-
tiniy danty lanky morfolo-
gijos, gomurio matmeny ir
virSutiniy kvépavimo taky
parametry

Europidinés kilmés dvyniai,
pacientams atlikta tiek Soni-
né galvos cefalograma, tiek
turimi danty modeliai

Ankstesnis ortodontinis
gydymas, pastoviyjy danty
Salinimas, veido ar danty
traumos, sisteminés ligos
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2 lentelé. Tiriamyjy imtis ir amzius

cy - Standartinis
. < . . R N Vidutinis amZius .
Tyrimo uzdavinys ir grupé (asmenuy) (metai) lll(lOklt‘y.[;lS
metai
Nustatyti sasajas tarp nosiaryklés obs-
trukcijos, sakandZio ypatumy ir kiino 94 11,90 2,10
laikysenos
Ivertinti genetiniy ir aplinkos veiksniy
itaka kvépavimo taky morfologijos ir
su ja susijusiy kaukolés struktiiry ce- 94 18,85 4,92
falometriniams parametrams (dvyniy
poros)

Monozigotiniai (MZ) dvyniai 50 - -
Dizigotiniai (DZ) dvyniai 44 - -
Susijusiy kaukolés struktiiry vertini- 141 21.73 5.24

mas (dvyniy poros) ’ ’
Monozigotiniai (MZ) dvyniai 90 - -
Dizigotiniai (DZ) dvyniai 51 - -
ISanalizuoti genetiniy ir aplinkos veiks-
niy jtaka virSutinio Zandikaulio danty
lanko ir gomurio morfologijai, pasi- 85 17,95 2,83
baigus virSutinio Zandikaulio augimui
(dvyniy poros )
Monozigotiniai (MZ) dvyniai 50 - -
Dizigotiniai (DZ) dvyniai 35 - -
Ivertinti rySius tarp virSutiniy danty
lankuy morfologijos, gomurio matmeny 53 17.82 3.05
ir vir§utiniy kvépavimo taky parametry ’ ’
(dvyniu poros)
Monozigotiniai (MZ) dvyniai 27 - -
Dizigotiniai (DZ) dvyniai 26 - -

Cefalometriné analizé

Cefalometriné analizé buvo naudojama vertinant kvépavimo takus, gal-
vos griauciy parametrus ir apatinio zandikaulio morfologija. Rentgenogra-
mos buvo atlickamos naudojant Kodak 8000C skaitmening¢ rentgeno jranga,
laikantis ALARA (As Low as Reasonably Achievable) principo, siekiant kuo
mazesnio radiacijos poveikio. Rentgenogramos buvo analizuojamos naudo-
jant Dolphin Imaging programing jranga (v.10.5 ir 11.7).
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1 pav. Cefalometriniai taskai ir linijiniai bei kampiniai parametrai,v
artoti tyrime

S — vidurio taskas turkiSkojo balno srityje. N — priekinis taskas frontonazalingje siiiléje.
A-— giliausias iSgaubtos kreivés taskas virSutinio Zandikaulio alveolinéje ataugoje. B — giliau-
sias iSgaubtos kreivés taskas apatinio Zandikaulio alveolinéje ataugoje. ANS — priekiniausias
priekinio nosies spyglio taSkas. PNS — uZzpakalinis taskas kietajame gomuryje. Ba — prieki-
nis-apatinis taSkas ant didziosios angos krasto. Co — uzpakalinis-virSutinis Zandikaulio sg-
narinés galvos taSkas. Ar — taskas ties uzpakalinio zandikaulio Sakos krasto ir uzpakalinés
kaukolés pamato apatinio krasto susikirtimu. Go — apatinio Zandikaulio kampo vidurio taSkas
tarp Sakos ir kino. Me — Zemiausias priekinis apatinio zandikaulio krasto taskas. Gn — vidu-
rio taskas tarp Pg ir Me. Pog — priekiniausias smakro taSkas. Xi — geometrinis zandikaulio
Sakos centras. Rp — i$sikiSes uzpakalinis-virSutinis taskas zandikaulio kampo uzpakalinéje
Sakoje. MB1 — iSgaubciausias taSkas palei zandikaulio Sakos apatinj krastg. MB2 — auks-
Ciausias jdubos taskas apatinio zandikaulio kiino apatiniame kraste. is — priekinio virSutinio
centrinio kandzio incizinis taskas. ii — priekinio apatinio centrinio kandzio incizinis taskas.
ms — apatinio pirmojo kriiminio mezialinio bukalinio gumburo vir§iné. Po — vidurio taSkas
iSoriniame klausos kanalo virSutiniame konttire. Or — giliausias taskas infraorbitaliniame
kraste. Ad1 — uzpakalinés ryklés sienelés ir linijos PNS-Ba susikirtimo taskas. SPPW —uz-
pakalinés ryklés sienelés ir linijos, kuri eina statmenai uzpakalinés ryklés sienelés—minkstojo
gomurio centro susikirtimo taskui. SPP — uzpakalinés ryklés sienelés ir linijos, kuri eina sta-
tmenai uzpakalinés ryklés sienelés—minkstojo gomurio centro susikirtimo taskui. TPPW —
uzpakalinés ryklés sienelés ir linijjos B-Go susikirtimo taskas. LPW — uzpakalinés ryklés
sienelés taskas, nuo kurio statmena linija kerta taska V.PCV — uzpakalinés ryklés sienelés ir
antrojo kaklo slankstelio apatinio krasto susikirtimo taskas. U — liezuvélio (uvulos) vir§tiné.
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V — taskas, kuriame entgerklis susijungia su liezuvio pagrindu. AH — priekinis ir virSutinis
poliezuvinio kaulo taskas. ai —apatinio centrinio kandzio Saknies vir§tné. Pm — taskas, ku-
riame pasikeicia simfizés metu forma i§ i§gaubtos j jgaubtg. .1 — apatinio centrinio kandzZio
kryptis. U1 — virSutinio centrinio kandzio kryptis.

Veido ir Zandikauliy augimo brandos vertinimas

Griauciy brandai vertinti buvo taikomas kaklelio slanksteliy brandos stadi-
jos (CVM) metodas — pagal Baccetti modifikacija [105]. Sis metodas leidZia
nustatyti tiriamojo griac¢iy brandos amziy Sonin¢je galvos rentgenogramoje.
Vertinimas buvo atliekamas pagal antrojo (C2), tre¢iojo (C3) ir ketvirtojo C4
slanksteliy formos jvertinimg ir dydj. Dvyniai, pasieke CVM 6 stadijg, buvo
itraukti j tyrimg. Kaklo slanksteliy brandos stadijos parodytos 2 paveiksle.

Q&&&&[&

wa S 1 (R B

b r:s a = 0 ]
CS1 Lo CS3 CS4 CS5 CSe

2 pav. Kaklo slanksteliy brandos stadijos

VirSutinio Zandikaulio ir gomurio matmenys

Tyrimo dalyviy gipsiniai danty modeliai buvo skaitmeninami naudojant
3Shape e3 skenerj (Kopenhaga, Danija) (3 pav.). Matavimai atlikti trimatéje
(3D) aplinkoje, naudojant Blender programing jrangg. Buvo apskaiciuoti Sie
gomurio parametrai: gomurio plotis (tarp iltiniy danty, pirmyjy ir antryjy ka-
pliy bei pirmyjy kriiminiy danty), gomurio aukstis, gomurio pavirSiaus plotas
ir taris.
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Volume

3 pav. Gomurio parametry matavimas

3 lentelé. Gomurio parametry apibiidinimas

Matavimas |

ApibréZtis

Danty lanky plotis okliuzingje linijoje

ICW — tarpiltiniy danty plotis

Nuotolis tarp iltiniy danty vir$oiniy virSutinio zandi-
kaulio okliuzinéje plokstumoje

1IPW — danty plotis tarp pirmyjy
kapliy

Nuotolis tarp pirmyjy kapliy skruostiniy virsiiniy
virSutinio Zandikaulio okliuzinéje plokStumoje

2IPW — danty plotis tarp antryjy
kapliy

Nuotolis tarp antryjy kapliy skruostiniy virstiniy
virSutinio Zandikaulio okliuzinéje plokStumoje

IMW — kriiminiy danty plotis tarp
pirmyjy kriiminiy danty

Nuotolis tarp pirmyjy kriiminiy danty artimesniy
vidurio linijai skruostiniy vir§tiniy virSutinio zandi-
kaulio okliuzinéje plok§tumoje
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3 lentelés tesinys

Matavimas

ApibreéZtis

Danty lanky plotis danteny linijoje

ICWG - tarpiltiniy danty plotis dan-
teny linijoje

Nuotolis tarp iltiniy danty danteny linijos centry
gomurinéje puséje

1IPWG — danty plotis tarp pirmyjy
kaply danteny linijoje

Nuotolis tarp pirmyjy kapliy danteny linijos centry
gomurinéje puséje

2IPWG — danty plotis tarp antryjy
kapliy danteny linijoje

Nuotolis tarp antryjy kapliy danteny linijos centry
gomurinéje puséje

IMWG — danty plotis tarp pirmyjy
kriiminiy danteny linijoje

Nuotolis tarp pirmyjy kriiminiy danty danteny lini-
jos centry gomuringje puséje

Gomurio aukstis

ICH — tarpiltinis gomurio aukstis

Nuotolis tarp iltiniy danty danteny linijos centry
gomurinéje puséje ir auksciausio tasko gomurio
skliaute

1IPH — gomurio aukstis tarp pirmy-
Ju kapliy

Nuotolis tarp pirmyjy kapliy danteny linijos centry
gomuringje puséje ir auksciausio tasko gomurio
skliaute

21PH — gomurio aukstis tarp antryjy
kapliy

Nuotolis tarp antryjy kapliy danteny linijos cen-
try gomuriné puséje ir auksciausio tasko gomurio
skliaute

IMH — gomurio aukstis tarp pirmyjy
kriiminiy danty

Nuotolis tarp pirmyjy kriiminiy danty danteny lini-
jos centry gomurinéje puséje ir auksciausio tasko
gomurio skliaute

Virsutinio zandikaulio lankas, gomurio pavirSiaus plotas ir tiiris

MD - virSutinio zandikaulio gylis

Nuotolis tarp susijungiancios linijos nuo centriniy
kandziy kandamyjy krasty ir linijos, jungiancios
pirmyjy kriminiy danty artimesniy vidurio linijai
skruostiniy virStniy kontaktinio tasko

PSA — gomurio pavirSiaus plotas

Gomurio pavirSiaus plotas Zemiau danteny plokstu-
mos, ribotas galine plokS§tuma

PV — gomurio tris

Tiris po danteny plokStuma, ribojamas gomurio
pavirSiaus ir galinés plokStumos

Dvyniy zigotiSkumo nustatymas

Dvyniy zigotiSkumas buvo nustatytas DNR tyrimu, naudojant AmpFIS-
TR® Identifiler® polimerazinés grandininés reakcijos rinkinj (Applied Bio-
systems, JAV). Trumpy tandemiskai pasikartojan¢iy (TTP) polimorfiniy DNR
nukleotidy sekos padauginimas, naudojant polimerazinés grandininés reakci-
jos reagenty rinkinj AmpFISTR® Identifiler® (Applied bio-systems, JAV).
Rinkinys AmpFISTR® Identifiler® — amplifikuoja 15 TTP lokusy (D8S1179,
D21S11,D7S820, CSF1PO, D3S1358, THO1,D13S317,D16S539, D2S1338,
D19S433, vWA, TROX, D18S51, D5S818, FGA). Papildomai buvo naudo-
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jamas amelogenino geno fragmentas genetiniams profiliams palyginti, pasie-
kiant 99,9 proc. tikslumo.
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4 pav. DNR sritys, naudotos dvyniy zigotiSkumui nustatyti

Otorinolaringologinis vertinimas

Buvo atlikta priekine ir uZpakaliné rinoskopija bei faringoskopija. Diagno-
z¢s vertinti buvo naudojami Sie kriterijai: adenoidy hipertrofija (2—3 laipsniy:
jei uzdengta > % uZpakaliné nosies etrmes erdveés); gomurinés migdoly hiper-
trofija (2—4 laipsniy: jei uzdengta > 50proc. tarp migdoly arky; nosies pertva-
ros kreivumas; alerginis rinitas (diagnozuotas pagal klinikinius pozymius ir
odos diirio testus).
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Ortopedinis vertinimas

Sakandzio patologija suskirstyta pagal sgkandzio tipus esant vertikaliai,
horizontaliai ir strélinei padétims. Ortopedinis vertinimas atliktas pacientui
ramiai stovint (kifozes, lordozés, skoliozés diagnostika) — i§ priekio, Sono ir
nugaros. Rezultatai buvo vertinami kaip atitinkantys norma arba ne. Atliktas
kifozinés laikysenos, peciy linijos, menciy, kluby asimetrijos vertinimas (5
pav.).

T —— T TR

5 pav. Ortopedinis tyrimas

A) vertinimas i$ priekio: a) peciy simetrija; b) juosmens simetrija; ¢) virSutiniy klubakauliy
ketery horizontalus i$sidéstymas. B) kriitinés kifozés vertinimas: kriitinés kifozés vertinimas
atlieckamas stebint pacienta i$ Sonino. C) vertinimas i$ nugaros: a) peciy simetrija; b) menciy
aukstis; c) juosmens simetrija. D) skoliozés vertinimas: norint patvirtinti arba paneigti sko-
liozg, atliekamas testas, kurio metu stebimas paravertebralinio raumens volelio atsiradimas
juosmens srityje ir Sonkaulinés kupros susiformavimas kriitinés 1astos srityje.
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Statistiné analizé

Tyrimo metu buvo taikomos $ios statistinés analizés: dviejy nepriklauso-
my grupiy kiekybiniams dydziams palyginti taikytas Stjudento ¢ kriterijus,
jei kintamojo skirstinys atitiko skirstinio normalumo salyga. Jei kintamieji
netitiko skirstinio normalumo salygy, reik§Smingumo lygmuo buvo tikrina-
mas neparametriniu Mann-Whitney metodu. Cefalometriniy matavimy pa-
klaida nustatyta Bland ir Altman metodu. Pearsono koreliacijos koeficientas
(r) (vertinant rySius tarp matmeny); tiesine kintamyjy priklausomybé vertinta
apskai¢iuojant monozigotiniy (rMZ) ir dizigotiniy (rDZ) dvyniy Pearsono
koreliacijos koeficientg (r). Genetinés struktiirinés lygtys (GSEM) — geneti-
nés ir aplinkos jtakos kvépavimo taky morfologijai modeliavimui (naudojant
paketa ,,OpenMx*). Kintamumo Saltiniai buvo priskirti prie adityviy gene-
tiniy veiksniy (A), dominantiniy genetiniy veiksniy (D), bendryjy aplinkos
veiksniy (C) ir specifiniy (unikaliy) aplinkos veiksniy (E). Tyrime dalyvavo
kartu auge dvyniai, todél buvo taikomi tik ACE arba ADE modeliai. Modeliy
tinkamumas buvo vertinamas lyginant Akaike informacijos kriterijy (AIC) ir
chi kvadrato (y?) reikSmes. Pasirinktas maziausig AIC reik§mg turintis mo-
delis. Lyties jtaka cefalometriniy parametry koreliacijai buvo jvertinta pries
apskaiciuojant adityviosios geny ir modelis jtakos koeficientus. Rezultatai
vertinti kaip statistiSkai reikSmingi, reikSmingumo lygmuo p < 0,05. Pagrin-
diniy komponenty analizé (PCA): sumazinti duomeny dimensijg ir nustatyti
rySius tarp cefalometriniy ir gomurio parametry. Statistiné analiz¢ atlikta nau-
dojant R statistikos aplinkg (versija 3.3.0) ir SPSS 20.0 (IBM Corp., Armonk,
NY, JAV).

4 lentelé. Genetiniy struktiriniy lygciy modeliai

Modelio Modelis Paaiskinimas
santrumpa
E Specifiniai aplinkos Modelis, kurio skirtumus lemia tik saviti aplinkos
veiksniai veiksniai — néra atsizvelgiama j genetinius ar ben-
druosius aplinkos poveikius.

CE Bendriieji ir specifiniai | Modelis, kurio skirtumus lemia bendrieji aplinkos
aplinkos veiksniai veiksniali ir individualiis aplinkos veiksniai — gene-

tiné jtaka nejtraukiama.

AE Adityvieji genetiniai | Modelis, kurio skirtumus lemia adityvieji (sumi-
veiksniai ir specifiniai |niai) genetiniai veiksniai ir individualts aplinkos
aplinkos veiksniai veiksniai — bendros aplinkos poveikio nenumatyta.

ACE Adityvieji genetiniai, | Modelis, kurio skirtumus lemia trys komponentai:
bendrieji aplinkos ir adityvieji genetiniai veiksniai, bendrieji aplinkos
specifiniai aplinkos veiksniai ir individualiis aplinkos veiksniai.
veiksniai
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4 lentelés tesinys
Modelio
santrumpa

ADE Adityvieji genetiniai, | Modelis, kurio skirtumus lemia adityvieji geneti-
dominantiniai geneti- |niai veiksniai, dominantiniai (neadityvis) geneti-
niai ir specifiniai aplin- | niai veiksniai ir individualtis aplinkos veiksniai —

Modelis PaaiSkinimas

kos veiksniai bendros aplinkos jtaka nejtraukiama.

DE Dominantiniai geneti- | Modelis, kurio skirtumus lemia tik dominantiniai
niai ir specifiniai aplin- | genetiniai veiksniai ir individualiis aplinkos veiks-
kos veiksniai niai — adityviosios genetinés ir bendros aplinkos

jtakos nenumatyta.

REZULTATAI IR JU APZVALGA

Sasajos tarp nosiaryklés obstrukcijos, sakandZio ypatumuy ir kiino
laikysenos

Tyrimu nustatyta, kad kifoziné laikysena buvo statistiSkai reikSmingai su-
sijusi su sumazéjusiu berniuky SNB kampu. Nebuvo nustatyta reikSmingy
sasajy tarp skersiniy ortopediniy patologijy ir sgkandzio ar otorinolaringo-
loginiy sutrikimy. Kifoziné laikysena buvo daznesné tarp pacienty, turin-
¢iy nosiaryklés obstrukcija (54,1 proc.), palyginti su tais, kurie jos neturéjo
(25 proc.). Pacientams, turintiems nosiaryklés obstrukcijg ir kifozing laiky-
seng, nustatytas reikSmingai sumaz¢jgs SNB kampas (apatinio Zandikaulio
padéties kampas kaukolés pagrindo atzvilgiu) (< 77°).

Genetiniy ir aplinkos veiksniy jtaka kvépavimo taky morfologijos ir su
ja susijusiy kaukolés struktiiry cefalometriniams parametrams

Modeliy pritaikymo analizé atskleidé skirtingus genetinius ir aplinkos
veiksnius, lemiancius kraniofacialinius ir kvépavimo taky kintamuosius: vir-
Sutiniy kvépavimo taky matmenys — linijiniams parametrams, pvz., SPPW-
SPP ir U-MPW, nustatyta vidutiné ar didelé jtaka paveldimumui, AE modelis
buvo tinkamiausias. PNS-Ad1 nustatyta stipri vyraujanti genetiné determi-
nacija (DE modelis, d*> = 0,51). Nosiaryklés kvépavimo taky matmuo (PNS-
Adl) pasizyméjo reikSminga genetine jtaka (a> = 0,51). Tai gali buti susi-
j€ su anatominémis Sio atstumo ypatybémis, kuris jungia struktiiras, tokias
kaip pleiStakaulis, pakausio kaulas ir atlaso slankstelis. PNS-AD1 funkciskai
sgveikauja su burnine ryklés dalimi ir minkStuoju gomuriu, todél aplinkos
veiksniai taip pat turi jtakos Sio atstumo variacijoms. Nutukimas gali buti sie-
jamas su sumazg¢jusiais virsutiniy kvépavimo taky matmenimis [44]. Aplin-
kos veiksniai prisideda prie nutukimo, taciau paveldimieji KMI koreliacijos
tyrimai ir dvyniy tyrimai rodo stipry genetinj komponenta. Misy tyrime bur-
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ninei ryklés daliai (U-MPW) nustatyta didelé genetiné jtaka. Miisy tyrime
burniné ryklés dalis (U-MPW) turéjo didelg jtakg paveldimumui (a*> = 0,5), tai
rodo genetine jtaka. Miisy iSvados taip pat atskleidé aplinkos jtakga U-MPW
(e*=0,22).

Minkstojo gomurio ilgis (SPL) buvo labiausiai veikiamas vyraujanciy ge-
netiniy veiksniy, o minkstojo gomurio plotis (SPW) turéjo vidutinj adityvyji
genetin] poveikj. Apatiniy kvépavimo taky matmenys: parametrai, jskaitant
PPW-TPP, LPW-V ir PCV-AH, daugiausia buvo nulemti aplinkos veiksniy
(bendry ir specifiniy). Dauguma griau¢iy kintamyjy turéjo genetine determi-
nacijg: santykiai tarp virSutinio zandikaulio ir polieZzuvinio kaulo rodé¢ stipry
adityvyji genetinj poveikj. Stréliné apatinio zandikaulio padétis (SNA, SNB)
buvo daugiausia veikiama adityviyjy genetiniy ir specifiniy aplinkos veiks-
niy. SN-MP kampa léme specifiniai ir bendri aplinkos veiksniai.

Siame tyrime nustatyta, kad 19 i§ 23 cefalometriniy parametry bidinga di-
delé genetine determinacija, o kiti parametrai priklauso nuo aplinkos veiksniy
arba jy derinio.

Strélinis apatinio Zandikaulio santykis su kaukolés pamatu ir virSutiniu
Zandikauliu

Linijiniams kintamiesiems (NMe, ANSMe, CoA, ArA ir SGo) buvo svar-
biis genetiniai (a? = 2443 proc.), bendri aplinkos (c? = 45-68 proc.) ir unika-
1Gs aplinkos (e* = 9—17proc.) veiksniai ir jy jtaka. Vienas linijinis kintamasis,
N-ANS, buvo veikiamas tik aplinkos veiksniy (¢*> = 77 proc., €* = 23 proc.).
Kampiniams kintamiesiams (SNA, SNB, NSBa, NSAr, NAPog, SN-ArRp ir
NGnGo) budingas stiprus genetinis paveldimumas (a? = 74—79 proc.). Keturi
kampiniai kintamieji (SNPog, SN-GoMe, ANSPNS—-GoMe ir PoOr—GoMe)
buvo paveikti tiek genetiniy, tiek aplinkos veiksniy (ACE modelis).

Linijiniai kintamieji geriausiai atitiko ACE modelj, iSskyrus MB2 L
MB1Me, kuris buvo paaiskinamas AE modeliu. Kampiniams kintamiesiems
(DcXiPm, CoGoMe, ArGoMe) budingas didelis genetinis paveldimumas
(a>=73-77 proc.). ArRp—MB1Me geriausiai atitiko DE model;j (d> = 81proc.).
Apatinio zandikaulio danty ir atraminiy jy struktiry (dantoalveoliniy) kinta-
mieji: kampiniai kintamieji (ai.ii—-NB, ai.ii-GoMe) buvo veikiami AE mo-
delio (a? = 69-71 proc.). Linijiniai kintamieji turéjo tam tikras jtakas: AE
modelis — Pog | NB, ii 1. NB (a?> = 83-84 proc.). DE modelis: ii 1. APog, OB
(d?> =85-74 proc.). CE modelis: ms 1. GoMe, OJ. ACE modelis: ii 1 GoMe.

Sesi pagrindiniai komponentai paaiskino 83 proc. bendros variacijos: PC1
(linijiniai kintamieji, iSskyrus Pog 1 NB, ii L NB, ii L. APog, OB, OJ, MB2 L
MB1Me) atitiko ACE modelj. PC2—PC5: apémé kampinius ir tam tikrus lini-
jinius kintamuosius, turéjo didelj genetinj paveldimuma (a> = 76-79 proc.) ir
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geriausiai atitiko AE modelj. PC6: Sudaré NAPog, OB ir OJ, kurie geriausiai
buvo paaiSkinami DE modeliu.

Genetiniai ir aplinkos veiksniai, lemiantys gomurio morfologija

ApraSomoji statistika: vyry danty lanky plotis buvo Siek tiek didesnis nei
motery. RySkiausias skirtumas nustatytas ties pirmaisiais kapliais (p < 0,01).
Skirtumai ties iltimi ir kriiminiais dantimis buvo statistiskai reikSmingi, ta-
¢iau maziau ryskas (p < 0,05). Vyry danty lanky plotis danteny linijoje buvo
didesnis, taciau statistiSkai nereikSmingas. Vyry gomurio aukstis, pavirSiaus
plotas ir tiiris buvo daug didesni nei motery (p < 0,01). Matavimo patiki-
mumo analize nustatytas didelis pakartotiniy matavimy patikimuma (ICC =
0,90-0,96, p <0,01). Dahlbergo formul¢ patvirtino, kad atsitiktinés paklaidos
buvo mazesnés nei 1,0 mm linijiniy matavimy, 15 mm? pavirSiaus ploto ir 40
mm? tiirio.

Genetin¢ analizé: AE ir DE modeliai geriausiai atitiko dauguma kintamy-
jy. Danty nuotoliai tarp kapliy (1IPW, 2IPW, IMW) rodé¢ didele geneting de-
terminacijg (AE modelis, a’> = 0,76, 0,72 ir 0,86, atitinkamai). [CW nustatyta
stipri vyraujanti genetiné determinacija (DE modelis, d* = 0,59). Gomurio
danteny linijy nuotoliai ICWG, 1IPWG, 2IPWG) buvo daugiausia veikiami
vyraujanéiy genetiniy veiksniy (d* = 0,50, 0,78 ir 0,81, atitinkamai). Adity-
vieji genetiniai veiksniai turéjo jtakos tokiems kintamiesiems kaip gomurio
tris ir pavirSiaus plotas (a? = 0,62).

Santykis tarp virSutinio danty lanko morfologijos ir virSutiniy
kvépavimo taky

Siame tyrime dalyvavo 53 dvyniy poros (27 monozigotinés ir 26 di-
zigotinés), kuriy vidutinis amzius buvo 17,82 mety. Nustatyti reikSmin-
gi rySiai tarp gomurio parametry ir virSutiniy kvépavimo taky matmeny:
tarpiltinis nuotolis (ICD) (GL) koreliavo su ANS-AH nuololiu (r = 0,19,
p = 0,046) ir ANS-V atstumu (r = 0,21, p = 0,029), nurodydamas rysj tarp
lanko plocio ir kvépavimo taky erdvés. Tarpiltinis aukStis (ICH) parodé
koreliacijg su ANS-AH nuotoliu (r = 0,26, p = 0,007) ir ANS-V nuotoliu
(r=0,27, p = 0,005). Gomurio pavirSiaus plotas ir tiiris koreliavo su PCV-
AH (p = 0,002, p = 0,003) ir minkstojo gomurio ploc¢iu (SPW) (p = 0,047,
p =0,035).
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ISVADOS

Si disertacija nagrinéjo sudétinga virSutiniy kvépavimo taky morfologijos
ir kaukolés ir Zandikaulio vystymosi ry§j, pabréZiant genetinius ir aplinkos
veiksnius, darancius jtakg Sioms struktiiroms. Analizuojant dvyniy tyrimus,
cefalometrinius parametrus ir tarpdisciplininius vertinimus, pateiktos naujos
1zvalgos apie kvépavimo taky matmeny paveldimumg ir ortodontinio gydy-
mo poveikj kvépavimo taky funkcijai.

1. Kifoziné laikysena buvo du kartus daZznesné turintiems nosiaryklés
obstrukcija pacientams, palyginti obstrukcijos neturinciais pacientais
(54,1 proc. ir 25 proc., atitinkamai, p = 0,02). Pacientams, turintiems
kifozine laikysena, buvo statistiskai reik§mingai sumazéjes kampas ap-
atinio zandikaulio padéties ir kaukolés pagrindo.

2. Genetiniai veiksniai daro lemiama jtaka kvépavimo taky ir veido kauli-
niy struktiiry formavimuisi.

a)VirSutiniy kvépavimo taky matmenis labai lemia adityvioji genetika

(AE modelis, a? 0,5-0,64) ir vyraujantis paveldimumas (DE modelis,
d* - 0,5). Aplinkos veiksniai turi jtakos kvépavimo taky apatinés ryklés
dalies parametrams;

b) veido kauliniy strukttry cefalometriniai parametrai turi didelj pavel-
dimumo koeficientg (h?). Stebima stipri adityvioji genetiné jtaka cefa-
lometriniams rodikliams, apibiidinantiems apatinio zandikaulio forma
ir sagitaling padétj (a*> = 0,74—79). Aplinkos veiksniai reikSmingai pri-
sideda prie veido auksc¢io ir apatinio Zandikaulio kauliniy linijiniy cefa-
lometriniy parametry variacijos (c? = 0,45-0,68).

3. Gomurio ir virSutinio zandikaulio danty lanko morfologija labai lemia
genetika. Didziausias genetinis poveikis nustatytas gomurio auks$ciui
(a> = 0,86), gomurio pavirsiaus plotui (a> = 0,61) ir thriui (a> = 0,69).
Mazesnis genetinis poveikis — danty lanko plo¢iui ir gomurio kintamie-
siems iltiniy danty srityje (d* = 0,48-0,59) — rodo, kad aplinkos veiks-
niai ¢ia daro stipresn¢ jtakg formuojantis Siai gomurio zonai.

4. Nustatyta reikSmingy koreliacijy tarp gomurio matmeny ir virSutiniy
kvépavimo taky parametry. Tarpiltinis nuotolis ir aukstis koreliavo su
nuotoliu tarp priekinio nosies keteros tasko ir poliezuvinio kaulo ir nuo-
toliu tarp priekinio nosies keteros taSko ir antgerklio. Gomurio plotas ir
tiris reikSmingai koreliavo su nuotoliu tarp uzpakalinés ryklés sienelés
ir poliezuvinio kaulo ir minkstojo gomurio ploc¢io. Tai rodo tarpusavio
priklausomybe tarp gomurio skersinio ir vertikalaus vystymosi bei vir-
Sutiniy kvépavimo taky morfologijos.
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DARBO TESTINUMAS IR KLINIKINE REIKSME

Ilgalaikiai tyrimai: bisimi tyrimai turéty biiti orientuoti j ilgalaikius stebe-
jimus, apimancius: geneting analiz¢, CBCT ir kitus pazangius metodus,

Klinikiné reik§me: aplinkos veiksniams jautresnés struktiiros gali geriau
reaguoti j ortodoninj gydyma. Ankstyva patikra ir tarpdisciplininis pozitiris
didina ortodontinio gydymo veiksmingumag ir stabiluma.
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Malocclusion, body posture, and breathing pattern may be correlated, but this issue is still controversial. The
aim of the study was to examine the relationship between the type of malocclusion, body posture, and naso-
pharyngeal obstruction in children aged 7-14 years.

The study group comprised 94 patients aged 7-14 years (mean+SD: 11.9+2.1 years); 44 (46.8%) males and 50
(53.2%) females. All patients passed an examination performed by the same orthodontist (study model and
cephalometric radiograph analysis), orthopedic surgeon (body posture examined from the front, side, and back),
and otorhinolaryngologist (anterior and posterior rhinoscopy and pharyngoscopy) in a blind manner.

Postural disorders were observed in 72 (76.6%) patients. Hypertrophy of the adenoids was diagnosed in 54
(57.4%) patients, hypertrophy of the tonsils in 85 (90.3%), nasal septum deviation in 51 (54.3%), and allergic
rhinitis in 19 (20.2%) patients. There was a statistically significant correlation between presence of kyphotic
posture and a reduction in the SNB angle, representing sagittal position of the mandible. Also, there was a sta-
tistically significant association between kyphotic posture and nasopharyngeal obstruction (54.1% of patients
with nasopharyngeal obstruction were kyphotic, compared with 25% of patients with no nasopharyngeal ob-
struction; p=0.02). Kyphotic posture and reduced SNB angle were more common among males.

We concluded that: 1) there was a significant association between the sagittal position of the mandible (SNB
angle) and a kyphotic posture; 2) kyphotic posture was significantly more common among patients with na-
sopharyngeal obstruction.
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Background

The stomatognathic system, an integral component of the
upper body, may play an important role in postural control.
Thus, changes in body posture may affect craniofacial devel-
opment. Several studies suggest that spatial relationships be-
tween the jaws may influence the distal musculature and in-
duce body postural adaptations [1,2]. However, Perinetti et al.
concluded that mandibular position, asymmetric occlusion,
and temporomandibular disorders do not appear to correlate
with body sway or muscle activity in other parts of the body,
including those responsible for maintaining posture, at a clin-
ically relevant level [3,4].

Several studies have examined the relationship between mal-
occlusion and parameters of body posture in the sagittal and
frontal planes; the results identified a correlation between
structural orthopaedic diseases and occlusal morphology [6,5].
Segatto et al. found that children with various spinal deformi-
ties have a high number of malocclusions [7], and Ben-Bassat
et al. found that patients with idiopathic scoliosis showed more
asymmetric features characteristic of malocclusion than a ran-
dom control group [8]. Also, children with congenital hip dis-
location are more predisposed to the development of a later-
al cross-bite [9]. However, the results from studies looking at
the correlation between poor body posture and dental occlu-
sion are conflicting. For example, Lippold et al. examined 59
pre-school children and found statistically significant correla-
tions between weak body posture and Class Il malocclusion
[6]. Also, Lippold et al. used rasterstereography to examine the
sagittal profile of the spine in 53 adults with skeletal Class II
and Class Il malocclusions, and found a correlation between
the vertical and sagittal position of the lower jaw and thoracic,
lordotic, and pelvic inclination [10], and between the vertical
and sagittal position of the lower jaw and pelvic rotation [11].
Thus, 2 different models of back shape were devised based on
of the results on these studies: 1) a more distal and vertical
craniofacial pattern is associated with an increase in the up-
per thoracic, lumbar-lordotic, and pelvic angles; and 2) a more
mesial and horizontal craniofacial pattern is associated with
smaller upper thoracic, lumbar-lordotic, and pelvic angles.
Sinko et al. compared body posture in 29 Class Il and Class
Il patients, and found that the apex of the thoracic kyphosis
was more cranial in Class Il patients than in Class Il patients
or healthy controls [12]. However, these studies are based on
small samples. When Perillo et al. examined 703 children, they
found no association between body posture and clinically as-
sessed dental occlusion [13]. Silvestrini-Biavati et al. investi-
gated association between malocclusion, poor posture, and
ocular convergence disorders. They observed that about 14%
of all patients had a pathological gait; among them, children
demonstrated a higher prevalence of vertical occlusion anom-
alies [14]. Contradictory results of studies can arise because
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there was a large diversity among the studies with regard to
the protocols used; some studies assessed body posture by
physical examination while other studies used body photo-
graphs and rasterstereography.

There is also a correlation between body posture and breath-
ing pattern. Enlarged tonsils and adenoids, allergic rhinitis,
and chronic respiratory problems cause a mouth breathing
syndrome, resulting in adaptive head and body postures [15],
which also affects the development of the facial skeleton. It
is generally accepted that anterior tilting of the head is the
main postural change in such subjects, who push their heads
forward and extend their neck to facilitate air flow through
the mouth. An altered neck posture was observed in 80.0%
of mouth-breathing children [15]. The forward position of the
head causes protraction and rotation of the shoulders, eleva-
tion and abduction of the scapulae, depression of the thoracic
anterior region, and forward displacement of the whole body.
Unlike in nasal-breathing children, these postural changes in
mouth-breathing children do not improve spontaneously once
they are older (8 years-of-age) [16]. Milanesi et al. demon-
strated that adults who were mouth-breathers during child-
hood had a more anterior head posture and a larger lumbar
lordosis angle than individuals in a control group [17].

To date, no study has examined the association between mal-
occlusion, body posture, and breathing pattern. The assessment
of correlations between orthopedic, otorhinolaryngologic, and
orthodontic findings derived from interdisciplinary studies ap-
pears to be of practical importance in diagnosis and preven-
tion. Therefore, the aim of the present study was to examine
the relationship between the type of malocclusion, body pos-
ture, and nasopharyngeal obstruction in children aged 7-14
years. The tested null hypotheses were that: 1) sagittal cra-
niofacial skeletal morphology depends on the nasopharyngeal
obstruction and body posture, and 2) vertical craniofacial skel-
etal morphology depends on the nasopharyngeal obstruction
and body posture.

Material and Methods

The study sample was obtained from consecutive patients
attending for orthodontic treatment at the Department of
Orthodontics who agreed to participate in the study from
September 2013 through May 2014. A full explanation of the
study aims and procedures was provided to the parents of
each patient and signed consent forms were obtained. The
study was approved by the Regional Biomedical Research
Ethics Committee (no. BE-2-48).

The study group comprised 94 patients aged 7-14 years (mean
+SD: 11.942.1 years). Forty-four were male (46.8%) and 50 were
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female (53.2%). All patients passed an examination performed
by the same clinical team in a blinded manner. Power analysis
was used to determine the sample size. Performing a power
calculation, we anticipated changes in SNB angle by 2° (SD=2),
=0.05. In such circumstances, this study aimed to investi-
gate 90 patients (n1=45, n2=45) to achieve 0.99 power. After
investigation we concluded the study needed a power 0.802
(n1=49, n2=45; :=0.05; change in SNB angle 2.21) (SD=3.77).

The inclusion criteria into the study were as follows: age 7-14
years; no history of maxillofacial trauma or surgery, syndromes,
clefts, or orthodontic treatment; no previous treatment for or-
thopedic disorders; and no previous injury to the pelvis, spine,
or long bones.

Orthodontic examination

The orthodontic examination consisted of the study model
and cephalometric radiograph analysis. The study model ex-
amination consisted of a transverse examination in which a
posterior cross-bite was confirmed (at least 2 teeth showed
a cross-relationship with the opposite teeth in the posterior
segments of the dental arches. The cross-bite was categorized
as unilateral or bilateral, and we performed a space lysi

CLINICAL RESEARCH

in which the difference between the available space and the
necessary space in the dental arch was calculated. Crowding
was categorized as mild (lack of space: 2-4 mm), moderate
(5-9 mm), or severe (>9 mm). A standardized lateral cephalo-
metric radiograph was taken for each patient (Kodak 8000C;
enlargement factor 1.15; exposure: 12 mAs, 76-80 kV) and an-
alyzed using Dolphin software (version 10.5). The sagittal posi-
tion of the maxilla (SNA) and the mandible (SNB), the sagittal
jaw relationship (ANB), the mandibular plane angle (MP-SN),
and the inclination of the maxillary incisors and mandibu-
lar incisors (U1-ANS/PNS and L1-MP, respectively) were used
to analyze the facial skull parameters. All measurements are
shown in Figure 1.

The error margins for the study models and lateral cephalo-
metric analysis were determined by repeatedly measuring the
6 variables on 10 randomly selected models and radiographs
at 2-week intervals. Measurements were made by the same
operator (MS). Parametric data were subjected to a paired-
samples t-test and non-parametric Wilcoxon signed ranks
test, which showed that there was no significant difference
between the data sets.

Orthopedic examination

The examination was performed in a quiet classroom without
external interference. The patient was examined in a relaxed
standing posture: subjects were asked to stand in an upright
position, barefoot, without moving, looking straight ahead,

This work is licensed under a Creative Commons
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Figure 1. References and points used for this study. The sagittal
position of the maxilla (SNA) and the mandible (SNB),
the sagittal jaw relationship (ANB), the mandibular
plane angle (MP-SN), the inclination of the maxillary
incisors and mandibular incisors (U1-ANS/PNS and
L1-MP).

with relaxed shoulders and arms resting at their sides for a
natural head and body position. A standard routine examina-
tion from the front, side, and back was performed for each pa-
tient. Degrees of severity cannot be differentiated with ade-
quate precision by manual orthopedic diagnostics; therefore,
the findings were graded either as normal or abnormal. Patients
were first examined from the side and the thoracic kyphosis
was evaluated. If an increased, but adjustable, asymptomat-
ic curvature of the thoracic spine was observed, the posture
was classed as kyphotic. All patients underwent tests to rule
out Scheuermann’s disease and ankylosing spondylitis; brief-
ly, each patient was asked to stand upright and pull back the
shoulders to induce thoracic extension. In cases of postural
kyphosis, an increased curvature, which is regular and mobile,
was found. Next, patients were examined from the front, and
the position of shoulders, the symmetry of the waist triangles,
and the horizontal alignment of the upper iliac crests were not-
ed. Finally, patients were examined from the back, and the po-
sition of the shoulders, the scapular height, and the symme-
try of the waist triangles, iliac crests, and thoracic rib hump
were noted. Differences between the left and right sides were
interpreted as asymmetry. All the patients underwent testing
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to rule out scoliosis. Briefly, patients were asked to bring their
chin to their chest, relax the hands, and flex the hips with the
knees extended. The examiner then looked for the emergence
of a paravertebral muscle roller in the lumbar region or a rib
hump in the thoracic region. If a rib prominence hump was
present (>1 cm), then full-length frontal and lateral spinal ra-
diographs were obtained to evaluate the degree of spinal de-
formation (by measuring the Cobb’s angle) (Figure 2).

Otorhinolaryngological examination

Anterior and posterior rhinoscopy and pharyngoscopy were
performed to assess nasal and pharyngeal status. The follow-
ing diagnoses were made based on the findings: hypertrophy
of the adenoids (Grade 2-3) was diagnosed when up to 2/3
of the choana was compromised; hypertrophy of the pala-
tal tonsils (Grade 2-4) was diagnosed when there was <50%
of normal space between tonsillar pillars; nasal septum de-
viation was diagnosed when the nasal septum was severely
shifted away from the midline; and allergic rhinitis was diag-
nosed when the patient showed typical allergy symptoms (na-
sal congestion, runny nose, sneezing, and watery eyes) and

This work is licensed under a Creative Commons
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Figure 2. Orthopedic examination: (A)
Evaluation from the front: a) symmetry
of the shoulders; b) symmetry of the
waist triangles; c) horizontality of
frontal upper iliac crests. (B) Thoracic
kyphosis has to be evaluated from
the side. (C) Evaluation from the back:
a) symmetry of the shoulders; b) the
scapular height; ) symmetry of the
waist triangles. (D) Test to confirm or
rule out scoliosis. It has to be observed
if the paravertebral muscle roller
emerges in the lumbar region and the
rib hump in the thoracic region.

skin-prick test results were positive. Nasopharyngeal obstruc-
tion was determined when hypertrophy of the adenoids (2"
degree or higher) and/or hypertrophy of the tonsils (2" de-
gree or higher), and/or nasal septum deviation and/or aller-
gic rhinitis was diagnosed for the patient.

The orthopedic and otorhinolaryngological examination was per-
formed by expert investigators (EC and RP). To assess the meth-
od error of clinical investigation, prior to the survey, the investi-
gators calibrated and standardized their procedures by repeating
examinations of 10 patients at 2 different times (measuring
agreement was calculated by kappa; kappa values were >0.8).

Statistical analysis

All statistical analyses were performed using the statistical soft-
ware package SPSS 20.0 for Windows. To compare the mean
values, the Student’s t test was used if the distribution of data
was normal. In case of non-normal data, the Mann-Whitney U
test was used. Hypotheses of interrelations between character-
istics were verified using the x2 criterion method and Spearman
correlation coefficients (r). The most specific predictors of the
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Table 1. The orthodontic, orthopedic, and otorhinolaryngological characteristics of the study group.

Characteristic

Orthodontic characteristics:

Patients n (%)

Class | (ANB angle 1-3°)

26 (27.7%)

Skeletal sagittal relationship Class Il (ANB angle >4°)

60  (63.8%)

Class Il (ANB angle <0°)

8 (8.5%)

Postural characteristics

Kyphotic posture

45 (47.9%)

Asymmetry of shoulder line

23 (24.5%)

Asymmetry of position of scapulae

23 (24.5%)

Asymmetry of waist triangles

5 (5.3%)

Rib hump

48 (51.1%)

Otorhinolaryngological
characteristics

Grade 1 24 (25.5%)
Hypertrophy of adenoids

Grade 2 30 (31.9%)

Grade 1 46 (48.9%)
Hypertrophy of tonsils Grade 2 32 (34%)

Grade 3 7 (7.4%)

Nasal septum deviation

51 (54.3%)

Allergic rhinitis

19 (20.2%)

decrease in the SNB angle were assessed using logistic regression
analysis and receiver operating characteristic (ROC) curve anal-
ysis. A p-value of <0.05 was considered statistically significant.

Results

The orthodontic, orthopedic, and otorhinolaryngological char-
acteristics of the patients are described in Table 1.

Postural disorders were observed in 72 (76.6%) patients.
Structural orthopedic anomaly (scoliosis) was observed in 1
patient. Kyphotic posture was more common among males
(26; 59.1%) than females (19; 38%) (p=0.01). There was no
statistically significant association between sex and the oc-
currence of transverse orthopedic pathology. The relationships
between malocclusion, sex, and sagittal orthopaedic patholo-
gy are presented in Table 2.

There was a statistically significant correlation between pres-
ence of kyphotic posture and a reduction in the SNB angle (sta-
tistically significant in males but not significant in females).

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License

Table 3 shows the relationship between orthodontic anoma-
lies, sex, and nasopharyngeal obstruction.

There was no significant association between the presence of
transverse orthopedic pathology and orthodontic or otorhi-
nolaryngologic pathology. Also, there was no relationship be-
tween crowding, posterior cross-bite, and orthopedic or oto-
rhinolaryngologic parameters.

The findings evaluating the relationship between nasopha-
ryngeal obstruction and sagittal orthopedic pathology indi-
cated that kyphotic posture was significantly more common
among patients with nasopharyngeal obstruction — 54.1% pa-
tients with nasopharyngeal obstruction were kyphotic, com-
pared with 25% patients with no nasopharyngeal obstruction
(Spearman’s correlation coefficient=0.24; p=0.02).

Because we identified a significant decrease in the SNB angle
in patients with kyphotic posture and nasopharyngeal obstruc-
tion, we performed logistic regression analysis to evaluate the
risk of a decrease in the SNB angle. The critical value of the
SNB angle was determined using ROC curve analysis (Figure 3).

Indexed in: ~[Current Contents/Clinical Medicine]
[1S1 Journals Master List] [Index Medicus/MEDLINE]
[Chemical Abstracts/CAS] ~[Index Copernicus]

[EMBASE/Excerpta Medica]

112

[SCI Expanded]  [IS! Alerting System]



CLINICAL RESEARCH

Sidlauskiené M. et al.
Relationships between malocclusion, body posture.
© Med Sci Monit, 2015; 21: 1765-1773

Table 2. The relationship between orthodontic variables, sex, and sagittal orthopaedic parameters (thoracic kyphosis).

Female

Orthodontic
variables Kyphotic

Normal
posture

Normal

Mean, SD

[ CEL )

Sagittal
position of
the maxilla
(SNA®)

82.03+3.61 81.28+3.08 0.46

Mean, SD

82.50+3.47

Kyphotic

Normal
posture

Mean, SD Mean, SD Mean, SD

80.88+2.9 0.1 82.243.53 81.05+2.95

Sagittal
position of
the mandible
(SNB°)

78.58+3.78 77.21£2.76 0.17

79.00+3.99

76.02+3.74 0.02* 78.73+3.08 76.52+3.38

Sagittal jaw
relationship
(ANB®)

3.35+2.8 3.97+1.58 0.39

3.60+2.78

4.7543.35 0.24 3.4442.76 4.42+2.75

Mandibular
plane angle
(MP-SN°)

32.59+5.02 35.00+4.47 0.92

31.90+6.60

33.12+6.27 0.54  32.34+5.59 33.91+5.60

Inclination
of maxillary
incisors (U1-
ANS/PNS)

107.7448.41 106.89+7.62 0.

~

2 107.33+10.8

106.94+9.44 0.9 107.5949.29 106.92+8.62

Inclination of
mandibular
incisors
(L1-MP°)

91.7149.22 93.63+6.79 0.44  92.36+8.2

93.40+£6.44 0.64 91.95+8.78 93.5046.51

Overjet (mm)  3.37+2.64 3.86+1.2 0.42

3.3943.27

5.15+3.34 0.09 3.38+2.85 4.62+2.71

Overbite

3.78+2.39
(mm)

4.05+2.04 0.67

3.50+2.35

5.19+2.15 0.02*  3.68+2.36 4.71+2.16

The threshold of 77° was crucial for the SNB angle (sensitivity
71.1%; specificity, 69.8%; p=0,002). We found that among pa-
tients with SNB angle <77°, kyphotic posture was found in 71.1%
of patients and normal thoracic kyphosis was found in 38.8%.

Therefore, we performed binary logistic regression analysis,
which revealed that kyphotic posture increases odds ratio of
the SNB<77° angle by 3.887 (95% Cl; 1.639-9.218). This cal-
culation adjusted with nasopharyngeal obstruction indicated
odds ratio of the SNB<77° angle by 4.037 (95% Cl; 1.652-9.861).

Disc

Malocclusion has a multifactorial etiology; several of these
factors, including oral habits and breathing mode, play an
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important role in pathogenesis. Changes in body posture may
also influence craniofacial development. An improved under-
standing of the mechanism underlying normal craniofacial de-
velopment is needed for the accurate diagnosis and appropri-
ate treatment of malocclusion. The present study was based
on the hypothesis that body posture, breathing pattern, and
the type of malocclusion are inter-dependent.

The study group comprised consecutive orthodontic patients
aged 7-14 years (the age during which transition from prima-
ry to permanent dentition occurs). This age range of patients
was also selected on the basis of growth peculiarities. A healthy
child assumes a normal spinal curvature at around 7 years of
age. The rate of spinal growth is not constant — there is a peri-
od of accelerated growth between 10.5 and 15.5 years of age,
and peak height velocity occurs at an average of 12.2 years in
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Table 3. The relationship between orthodontic variables, sex, and nasopharyngeal obstruction.

Female
4
Nasopharyngeal obstruction Nasopharyngeal obstruc Nasopharyngeal obstru
Orthodontic -
variables Absent Present Absent Present Absent Present
n=8 n=20
Mean, SD Mean, SD Mean, SD ' CEL)) Mean, SD Mean, SD
Sagittal
position of g1 5)1355  Bl69:340 085 82254501 81391274 05 8205407 BL55:308 056
the maxilla
(SNA%)
Sagittal
position of g 0 380 77745334 025 78.13:426  77.04407 05 7870391 77404371 017
the mandible
(SNB°)
Sagittal jaw
relationship 2.74+3.30 3.85+2.04 0.17 4.13+1.64 4.32+3.41 0.88 3.30+2.79 4.08+2.78 0.48
(ANB®)
Mandibular
plane angle 32.17+3.33 33.93+5.27 0.28  30.85+6.65 33.01+6.32 0.39 31.64+4.81 33.48+5.79 0.2
(MP-SN°)
Inclination
of maxillary
incisors (U1 107.83+9.07 107.29+7.83 0.84 103.38+12.55 107.93+9.26 0.25 106.05+10.52 107.60+8.50 0.49
ANS/PNS)
Inclination of
imn;:‘;'rl:“lar 926741054 92374771 092 93884567  92.78:7.48 07  93.154875  925747.55 077
(L1-MP?)
Overjet (mm) 3.08+2.58 3.72+2.09 0.39 4.31+2.75 4.46+3.55 0.91 3.58+2.65 4.08+2.90 0.48
S_:]I:)blte 3.21+1.83 4.10+£2.35 0.24 4.19+2.20 4.57+2.42 0.68 3.60+1.99 4.33+2.38 0.21

girls and 13.9 years in boys [18]. During this period, any pos-
tural defects may be either spontaneously corrected or become
worse [19]. We detected a high prevalence of orthopedic anom-
alies in the study group, the most common being kyphotic pos-
ture (47.9%) and a thoracic rib hump (51.1%). This is in agree-
ment with the findings of other studies. For example, Lippold
et al. reported orthopedic pathological findings in 52% of pre-
school children [6], and Hagner et al. identified poor body pos-
ture in 65.71% of 10-year-old and 54.29% of 13-year-old non-
orthodontic children [19]. Nasopharyngeal pathology also was a
common finding in the present study. According to the literature,
hypertrophy of the adenoids and tonsils, which causes mouth
breathing, is common in children (varying from 40% to 60%)
[20]. The present study identified hypertrophy of the adenoids
in 57.4% and of the tonsils in 90.3% of subjects; these high lev-
els may be due to the selection of the specific group of patients.

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License

Overall, the results showed that sagittal body posture was re-
lated to sagittal craniofacial parameters. Patients with a ky-
photic posture had an increased overjet and lower SNB angle.
This was significant in males, but was only a tendency in fe-
males. Such a difference could occur because kyphotic posture
was more common among males (59.1%) than females (38%)
(p=0.01). This is in agreement with the results of Lippold et
al,, who identified correlations between the sagittal position
of the lower jaw and thoracic inclination [10]. Lippold et al.
also reported that the position of the maxilla does not cor-
relate with spinal curvature [10,11], which also agrees with
our results. However, we found no relationship of the verti-
cal position of the lower jaw and thoracic inclination, which
is in contrast to the results of Lippold et al. [10]. The results
of our study show that the facial angle (MP-SN) tended to be
increased in patients with a kyphotic posture; however, this
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Figure 3. Receiver operating characteristic (ROC) curve analysis
for prediction of the critical values of the SNB angle.
Area under the receiver operating characteristic
curve=65.2%.

difference was not significant. Silvestrini-Biavati et al. reported
that about 13% of children 8.5+2.3 years old showed a path-
ological gait, and among them there was a higher prevalence
of patients with a deep bite and open bite. The authors also
suggested that vertical malocclusions are correlated to the
dominant eye [14]. In our study we found that dental over-
jet and overbite were statistically significantly greater in pa-
tients with a kyphotic posture; however, skeletal vertical pa-
rameters (angle MP-SN) did not differ in groups with normal
or kyphotic posture.

According to our results, craniofacial parameters were not
associated with nasopharyngeal pathology. Previous studies
showed that nasopharyngeal pathology causes changes in the
growth of the mandible (which rotates downward and back-
ward), and an increase in the height of the lower face [21,22].
We also found that a kyphotic posture was statistically signifi-
cantly more common among patients with nasopharyngeal pa-
thology; however, Neiva et al. did not find an increase in tho-
racic kyphosis in mouth-breathing subjects [23].

When we evaluated body posture in the transverse plane, we
identified any association between asymmetric posture and
orthodontic parameters. The malocclusion most likely to be re-
lated to asymmetric orthopaedic anomalies should be a poste-
rior cross-bite. Korbmacher et al. examined 55 children referred
to an orthopedic center and found that those with a unilat-
eral cross-bite were more likely to have an oblique shoulder,
oblique pelvis, functional leg length differences, and scoliosis
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than children with dental symmetry [24]. Mouth breathing is
also associated with narrowing of the upper dental arch and
a posterior cross-bite. However, we did not find any relation-
ship between body posture, nasopharyngeal pathology, and
a posterior cross-bite. Michelotti et al. also failed to demon-
strate a significant association between a posterior cross-
bite and postural stability or transverse orthopedic pathology
[25]. Here, we found no relationship between crowding of the
dental arches and body posture or nasopharyngeal pathology.
This is in contrast to the findings of Pachi et al. and Solow and
Sonnesen, who reported that crowding was associated with
craniocervical posture [26,27]. The discrepancy between the
results reported herein and those of others can be explained,
at least in part, by differences in study design (e.g., type of or-
thopedic evaluation), specific patient groups (e.g., orthodon-
tic/non-orthodontic patients), different age groups, and dif-
ferent sample sizes.

In summary, the results of the present study suggest that there
is a significant association between a decrease in the SNB an-
gle, kyphotic posture, and nasopharyngeal pathology. The pres-
ence of kyphotic posture, especially together with a nasopha-
ryngeal obstruction, increases the possibility of the mandibular
retrusion. The null hypotheses were tested: 1) sagittal craniofa-
cial skeletal morphology depended on the nasopharyngeal ob-
struction and body posture; and 2) vertical craniofacial skeletal
morphology did not depend on the nasopharyngeal obstruc-
tion and body posture. However, the question of causality re-
mains. Which of these morphologic changes are primary and
which are consequential? To answer this question, we looked
at a few studies that evaluated changes in body posture af-
ter the correction of malocclusion. Lippold et al. conducted a
randomized clinical trial in a juvenile population with a uni-
lateral posterior cross-bite and found that early orthodontic
treatment had no effect on postural parameters [28]. Sinko
et al. found that there was no significant difference between
body posture before orthognathic surgery and at 1 year after
surgery [12]. Tecco et al. suggest that improvements in naso-
pharyngeal airway adequacy after rapid maxillary expansion
were only mildly associated with changes in the craniocervical
angle and tipping of the head [29], and a review by Michelotti
et al. concluded that even if there is an association between
occlusal factors and postural alterations, there is not enough
scientific evidence to support a cause-effect relationship [30].
Therefore, although it is reasonable to suppose that the sto-
matognathic system can affect cervical region function, its
overall relevance to body posture is still unclear. This lack of
scientific evidence in the literature of a cause-effect relation-
ship between occlusion, nasopharyngeal pathology, and pos-
tural disorders makes this question difficult to answer. Further
studies with correct methods are needed to clarify these cause-
effect relationships.
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Conclusions

The present study has 2 main findings: 1) there was a signifi-
cant association between the sagittal position of the mandible
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Heritability of cephalometric variables 2
of airway morphology in twins
with completed active growth

Monika Sidlauskiene'*", Mantas Sidlauskas', Antanas Sidlauskas', Simonas Juzénas” and Kristina Lopatiené'

Abstract

Background The interplay between genetic and environmental impacts on dental and facial morphology has been
widely analyzed, but little is known about their relative contributions to airway morphology. The aim of this study
was to evaluate the genetic and environmental influences on the cephalometric variables of airway morphology in a
group of postpubertal twins with completed craniofacial growth.

Materials and methods The materials comprised lateral head cephalograms of 94 pairs of twins (50 monozygotic,
44 dizygotic) with completed craniofacial growth. Zygosity was determined using 15 specific DNA markers. The
computerized cephalometric analysis included 22 craniofacial, hyoideal, pharyngeal structural linear and angular
variables. Genetic analysis and heritability estimation were performed using maximum likelihood genetic structural
equation modeling (GSEM). Principal component analysis (PCA) was used to assess the correlations between
cephalometric measurement variables.

Results Upper airway dimensions showed moderate to high genetic determination (SPPW-SPP and U-MPW: a?=0.64
and 0.5, respectively). Lower airway parameters showed only common and specific environmental determination
(PPW-TPP a%=0.24, e’ =0.38; LPW-V c?=0.2, e’ =0.63; PCV-AH c?=0.47, e’ = 0.28). The relationship between the maxilla
and the hyoid bone (for variables PNS-AH, ANS-AH d?=0.9, 0.92, respectively) showed very strong additive genetic
determination. The size of the soft palate was affected by additive and dominant genes. Its length (SPL) was strongly
influenced by dominant genes, while its width (SPW) showed a moderate additive genetic influence. Owing to
correlations in the behavior of variables, the data could be expressed in 5 principal components that jointly explained
36.8% of the total variance.

Conclusions The dimensions of the upper airway are strongly determined by genes, while the parameters of the
lower airway depend mainly on environmental factors.

Trial registration The protocol has been approved by the Kaunas Regional Ethical Committee (No. BE - 2-41., May
13,2020).
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Introduction

The airway, mode of breathing, and craniofacial forma-
tion are very closely interrelated during growth and
development [1]. It is known that dysfunction of the
human airway and breathing can cause malocclusion and
skeletal deformation. [2]. An open bite, a hyperdivergent
growth pattern, proclined upper incisors, increased lower
facial height, steepening of the mandibular plane angle,
lowering of the chin and increase in the gonial angle are
among these features [3, 4].

Nasal breathing abnormalities may develop due to a
variety of conditions, such as adenoid and tonsil hyper-
trophy, mandibular or maxillary retrognathism, a short
mandibular body, and backward and downward rota-
tion of the mandible, which may lead to upper airway
stenosis, reduction of the pharyngeal airway space and
even the development of obstructive sleep apnea (OSA)
[5, 6]. Obesity increases any present airway obstruction
by enlarging the tongue, uvula and throat tissues [7, 8].
All of these conditions, as well as facial phenotype and
dental and skeletal morphology, are influenced by genes
and the environment. The interplay between genetic and
environmental impacts on dental and facial morphology
has been widely analyzed, but little is known about their
relative contributions to airway morphology [9-11].

The prognosis of the success for orthodontic and den-
tofacial orthopaedic correction of malocclusion is deter-
mined by the extent to which a particular malocclusion
can be influenced by therapeutic environmental inter-
vention. Generally, malocclusions with a genetic cause
are thought to be less amenable to treatment than those
with an environmental cause. The same is truth for the
success of airway morphology improvement by means
of corrective orthodontics and orthopaedics [12]. There-
fore, knowledge of genetic and environmental impact on
airway structures, is of primary interest for orthodontic
research and clinical practice [13].

Although the use of comprehensive phenotype analysis
in combination with large-scale genome-wide association
studies maximizes the efficiency with which clinically rel-
evant phenotype—genotype correlations can be detected,
only a few correlations of this type have been discovered.
Significant genetic contributions to variables such as the
timing of dental maturation, incisor and canine crown
diameters, missing or supernumerary teeth, arch dimen-
sions and Class III malocclusion development have been
established [14]. However, data concerning genetic and
environmental influences on airway morphology are
scarce and mainly related to sleep apnea cases [15, 16].
Determining the degree of influence exerted by genetics
and by environmental factors, such as orthodontic treat-
ment, in the development of airway obstruction can help
shed light on the role of orthodontists in addressing this
health issue.
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Twin studies combined with advanced statistical meth-
ods provide an opportunity to determine the relative
contributions of genetics and environment to dentofacial
development [10, 11, 14].

The aim of this study was to evaluate the genetic and
environmental influences on the cephalometric variables
of airway morphology in a group of postpubertal twins
with completed craniofacial growth.

Materials and methods

The study was undertaken in the Department of Ortho-
dontics, Lithuanian University of Health Sciences
(LSMU). The sample consisted of 94 pairs of same-gender
twins (50 monozygotic, 44 dizygotic) selected from the
register of the Twin Centre at LSMU. The protocol was
approved by Kaunas Regional Ethical Committee (No. BE
— 2-41). All twins had clinical consultations, and lateral
cephalograms necessary for this study were performed.
The CVM method was used to assess the completion of
skeletal maturation [17].

Inclusion criteria: twins of European origin, cervical
vertebral maturation (CVM) stage 6 (active growth com-
pleted), high-quality cephalometric data available from
both twins in the database.

Exclusion criteria: previous orthodontic treatment,
permanent tooth extractions, dental or facial trauma,
systemic diseases or syndroms.

Zygosity determination
All participating twins underwent DNA tests to deter-
mine their zygosity [18].

Zygosity determination was carried out using a DNA
test. The polymerase chain reaction set AmpFLSTR Iden-
tifiler (Applied Biosystems, USA) was used to amplify
short tandem repeats, and 15 specific DNA markers
(D8S1179, D21S11, D7S820, CSF1PO, D3S1358, THO1,
D13S317, D16S539, D2S1338, D19S433, vWA, TROX,
D18S51, D5S818, FGA) and the Amel fragment of the
amelogenin gene were used for comparison of genetic
profiles. Zygosity determination using this molecular
genetic technique has 99.9% accuracy [18, 19].

Cephalometric analysis

The cephalometric analysis was used to measure airway
and skeletal dimensions. The cephalograms were taken
in centric occlusion under standard conditions using
digital X-ray equipment. For standardized positioning,
a cephalostat was used to stabilize the subject’s head in
a constant position relative to the sensor. Lateral cepha-
lometric (LC) radiographs were taken after swallowing.
All lateral cephalograms had the same magnification. The
radiographs were analyzed by using Dolphin Imaging
v.11.7.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Definitions of cephalometric landmarks, reference
lines, and cephalometric measurements are presented in
Fig. 1.

Cephalometric points: S, sella — the midpoint of the
hypophyseal fossa; N, nasion — the anterior point at the
frontonasal suture; A, point A — the deepest point in
the curvature of the maxillary alveolar process; B, point
B - the deepest point in the curvature of the mandibu-
lar alveolar process; ANS, point ANS — the anteriormost
point of the anterior nasal spine; PNS, point PNS — the
posteriormost point of the hard palate; AdI, point Adl —
the point of intersection of the posterior pharyngeal wall
and line PNS-Ba; SPPW, point SPPW — the point of inter-
section of the posterior pharyngeal wall and the line that
extends perpendicularly from the posterior pharyngeal
wall to the center of the soft palate; SPB point SPP — the

Fig. 1 Definitions of cephalometric landmarks used in the study
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point of intersection of the posterior margin of the soft
palate and the line that extends perpendicularly from the
posterior pharyngeal wall to the center of the soft palate;
MPW;, point MPW — the middle pharyngeal wall, located
at the intersection of the posterior pharyngeal wall and
the line extending perpendicularly from that surface to
U; TPPW, point TPPW — the point of intersection of the
posterior pharyngeal wall and the extension of line B-Go;
LPW; point LPW — the point on the posterior pharyngeal
wall from which a perpendicular line will pass through
point V; PCV, point PCV — the point of intersection of
the posterior pharyngeal wall and an extension of the
lower edge of the second cervical vertebra; U — uvula,
tip of the uvula; V, vallecula — the point where the epi-
glottis meets the base of the tongue; AH, anterior hyoid
— the most anterior and superior point on the body of the
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hyoid bone, representing the inferior part of tongue; Gn,
gnathion — the midpoint between Pogonion and Menton;
Go, gonion — the mid-plane point at the gonial located by
bisecting the posterior border lines of the mandible; Me,
menton — the lowest mandible anterior point.

Cephalometric variables: PNS-Ad1 — distance between
PNS and Ad1; SPPW-SPP — distance between SPPW and
SPP; U-MPW — distance between U and MPW; PPW-
TPP - distance between PPW and TPP; LPW-V — dis-
tance between LPW and V; PCV-AH — distance between
PCV and AH; S-N — distance between S and N; N-Me
— distance between N and Me; S-Go — distance between
S and Go; PNS-ANS - distance between PNS and ANS;
SPL — soft palate length; SPW — soft palate width; PNS-
AH - distance between PNS and AH; ANS-AH — distance
between ANS and AH; ANS-V — distance between ANS
and V; Go-Gn - distance between Go and Gn; Ulip-E —
distance between upper lip anterior border and E line;
Llip-E — distance between lower lip anterior border and
E line; Wits — distance perpendicular to points A and B
onto the occlusal plane in mm; SNA — angle determined
by points S, N and A; SNB — angle determined by points
S, N, B; SN-MP — angle formed by Go-Me.

Table 1 Method error determined by a Bland-Altman plot for
repeatability of the cephalometric measurements, with statistical
significance calculations

Variable SE p

PNS-Ad1 0.24 N.S.
SPPW-SPP 043 N.S.
U-MPW 0.30 N.S.
PPW-TPP 0.23 N.S.
LPW-V 048 N.S.
PCV-AH 041 N.S.
SN 0.50 N.S.
N-Me 0.81 N.S.
S-Go 0.65 N.S.
PNS-ANS 047 N.S.
SPW 0.60 N.S.
SPL 0.21 N.S.
PNS-AH 0.22 N.S.
ANS-AH 1.15 N.S.
ANS-V 1.16 N.S.
Go-Gn 0.28 N.S.
SNA 041 N.S.
SNB 0.26 N.S.
ANB 045 N.S.
SN-MP 0.65 N.S.
Ulip-E 035 NS.
Llip-E 0.16 NS.
WITs 0.09 N.S.

SE - error of method, expressed as standard error; p - probability that the
means of the first and second measurements differed as assessed by the
Wilcoxon signed-rank test; NS — not significant
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Method error

Intraobserver method error was checked on 20 randomly
selected patients’ cephalograms with the method offered
by Bland and Altman [20]. Cephalograms were traced
twice after a one-month interval.

Estimation of heritability

Genetic structural equation modeling (GSEM) was per-
formed using the “OpenX” package [21]. Classical uni-
variate ACE and ADE twin models were fitted to the
gender-adjusted cephalometric measurement data.
The models were used to estimate the significance of
the different components of total phenotypic variance
(P), which is equal to the sum of the following variance
components: the additive genetic factor (A), the shared
environment (C), the nonadditive genetic factor (D),
and the unique environment (E). The goodness of fit of
the complete and reduced ACE and ADE models relative
to a perfectly fitted (saturated) model was measured by
the Akaike information criterion (AIC) [22]. The model
of each cephalometric variable with the lowest AIC value
was selected as the best fitting model.

Principal component analysis

Principal component analysis (PCA) was used to reduce
the dimensionality of cephalometric measurement data
and to check the correlations between variables. PCA
was performed using the “principal” function from the
“psych” package (Procedures for Psychological, Psycho-
metric and Personality Research: https://cran.r-project.
org/web/packages/nFactors/index.html). ~The princi-
pal components were rotated using varimax rotation.
The number of components was determined using the
“nScree()” function from the “nFactors” package accord-
ing to the optimal coordinates index. A variable belonged
to a component if the absolute value of the component
loading was larger than 0.5.

Statistical analysis

Statistical analyses were performed in the statistical com-
puting environment R (version 3.3.0). P values below 0.05
were considered statistically significant.

Results

Method error

The results of error analysis found no significant differ-
ences between the initial and repeated measurements
(Table 1).

Estimation of heritability

The AIC was calculated for each parameter, and the AIC
values of each model were analyzed. Only the lowest val-
ues were chosen and considered to be the most suitable
model for further analysis. The contribution of factors
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(az, 43 e2) of the best-fitting model for each parameter
was counted. The results of the model-fitting analysis are
presented in Tables 2 and 3.

Variables representing upper airway dimensions
(SPPW-SPP, U-MPW) showed moderate to high genetic
determination (AE model), with a?=0.64 and 0.5, respec-
tively; PNS-Ad1l had strong dominant determination
(DE), with d?=0.51. Lower airway parameters were
mostly determined by environmental factors. PPW-TPP,
LPW-V, and PCV-AH showed only common and specific
environmental dependency.

Skeletal variables were all dependent on genetics to
some extent. Maxilla length and had high dominant
genetic determination, and Go-Gn and S-Go showed
additive genetic, common environmental, and specific
environmental influences. N-Me length was affected
by additive genetic factors and by common and specific
environmental influences.

The size of the soft palate was determined by addi-
tive and dominant genetic factors. Its length (SPL) was
strongly influenced by dominant genetic factors, while
its width (SPW) showed a moderate additive genetic
influence.

Variables reflecting the relationship between the max-
illa and the hyoid bone (PNS-AH, ANS-AH) showed very

Table 2 AIC values of all the models
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strong additive genetic determination, with d*=0.9 and
0.92, respectively.

The parameters representing the sagittal position of
the mandible and its relationship with the cranial base
and lip position were all strongly influenced by genetics.
Angles SNA and SNB fit best to the model determined by
additive genes and specific environment. Angle SN-MP
was determined by specific and common environmen-
tal factors, angle Ulip-E was determined by dominant
genetic factors, and Llip-E was determined by additive
genetic factors.

Principal components

According to the correlations in the behavior of the
variables, the data were reduced to 5 principal compo-
nents, which jointly explained 36.8% of the total variance
(Table 4). The first component (PC1) showed correla-
tions with the Go-Gn, LPW-V, N-Me, PCV-AH, PNS-
ANS, S-Go, S-N, and SPW and explained 23.5% of the
total variance. This component represented linear vari-
ables describing dimensions of the face and was highly
influenced by genetics. The second principal component
(PC2) showed strong correlations with angles PNS-Ad1,
PPW-TPP, SPPW-SPP, and U-MPW, which explained
13.2% % of total variance and showed high genetic
determination. The third component (PC3) showed

ACE ADE DE AE CE E
PNS-Ad1 248 -1.02 -3.02 048 1093 18.99
SPPW-SPP 340 372 4.74 171 469 2932
U-MpW -5.66 -5.65 -5.83 -7.64 -1.88 2446
PPW-TPP 4.09 4.29 330 2.29 281 1577
LPW-V 1457 16.02 15.03 14.02 12.56 14.07
PCV-AH 371 8.60 1173 6.60 1.82 44.24
SN -0.36 -2.16 -3.90 -2.36 2566 54.44
N-Me -7.86 -145 641 -345 948 11447
S-Go 2.04 1245 2117 1049 841 11543
PNS-ANS -7.19 -7.76 -9.71 -9.19 -4.96 355
SPW -1047 -10.21 -10.65 -12.21 -11.55 082
SPL 6.84 193 -0.07 4.84 40.90 64.09
PNS-AH -852 -850 -641 -10.5 33.87 95.01
ANS-AH -7.51 -7.52 -63 -9.51 47.11 113.63
ANS-V -3.02 -2.94 02 -4.94 288 81.16
Go-Gn -4.29 -0.68 326 -2.68 -1.08 7022
SNA -2.89 -2.89 -32 -4.78 2849 94.44
SNB -2.77 -2.87 -3.66 -4.77 2849 94.44
ANB 336 244 144 135 322 64.97
SN-MP -0.49 4.54 6.86 254 -2.5 33.25
Ulip-E -9.25 9.72 -1093 -11.25 12.09 5327
Llip-E -3.00 -4.28 -6.19 -5.00 2144 65.40
WITs 252 -1.25 -3.25 052 2221 39.98

E - specific environmental factors; CE - common and specific environmental factors; AE - additive genetic factors and specific environmental factors; ACE —
additive genetic factors, common environmental factors, and specific environmental factors; ADE - additive genetic factors, dominant genetic factors, and specific
environment; DE - dominant genetic factors and specific environmental factors; values in bold - best-fitting models (lowest AIC values)
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Table 3 Best-fitting models for each variable

(2023) 23:244
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a? SE (a?) d? SE (d?) ? SE () e? SE (e?)
PNS-Ad1 (DE) 051 0.08 0.19 0.08
SPPW-SPP (AE) 0.64 0.08 024 0.08
U-MPW (AE) 0.50 0.08 022 0.07
PPW-TPP (AE) 0.24 0.09 038 0.09
LPW-V (CE) 0.20 0.10 063 0.10
PCV-AH (CE) 047 0.06 0.28 0.06
S-N (DE) 077 0.04 0.09 0.04
N-Me (ACE) 021 0.02 0.14 0.14 0.05 0.02
S-Go (ACE) 0.89 0.13 03 0.12 0.07 0.02
PNS-ANS (DE) 048 0.08 0.21 0.08
SPW (AE) 046 0.08 0.24 0.08
SPL (DE) 081 0.03 0.08 0.03
PNS-AH (AE) 09 0.02 04 0.02
ANS-AH (AE) 092 001 0.03 001
ANS-V (AE) 0.86 0.02 0.06 0.02
Go-Gn (ACE) 0.05 0.2 023 0.04
SNA (AE) 078 0.03 0.09 0.03
SNB (AE) 084 0.02 0.07 0.02
ANB (AE) 08 003 0.08 003
SN-MP (CE) 042 0.69 03 007
Ulip-E (AE) 075 0.04 0.1 0.04
Llip-E (DE) 0.76 0.04 0.1 0.04
WITs (DE) 07 0.05 0.12 0.05

a* - additive genetic factors; d - dominant genetic factors; c2 - common environmental factors; e? - specific environmental factors; SE - standard error.

Table 4 Factor loadings after varimax rotation

PC1 PC2 PC3 PC4 PC5
ANB -0.13 0.19 0.71 001 0.12
ANS_AH 025 0.11 0.13 -0.12 0.85
ANS_V 034 0.08 0.14 -0.11 0.76
Go_Gn 0.72 0.13 -0.24 0.14 0.14
Llip_E 0.03 001 0.77 -0.15 -0.10
LPW_V 0.51 0.24 001 0.14 003
N_Me 0.67 -0.06 -0.01 -0.46 032
PCV_AH 0.71 0.12 -0.09 0.10 0.11
PNS_Ad1 0.01 0.62 -0.10 030 0.19
PNS_AH 037 -0.08 0.05 -0.01 0.76
PNS_ANS 0.61 -0.04 0.10 0.03 0.18
PPW_TPP 0.29 0.61 0.09 -0.01 -035
S_Go 0.58 -0.05 -0.19 035 041
S_N 0.53 0.14 -0.15 0.01 0.28
SN_MP 0.03 -023 0.17 -0.78 -0.09
SNA 0.26 0.08 033 0.80 -0.06
SNB 035 -0.06 -0.07 0.83 -0.10
SPL 0.17 -0.18 -0.09 013 0.6
SPPW_SPP -0.11 0.85 -0.01 0.07 0.05
SPW 0.65 -0.13 -0.01 0.11 022
U_MPW 0.22 0.83 0.08 -0.05 -0.15
Ulip_E -0.10 -0.06 0.88 -0.05 -0.04
WITs -0.04 -0.06 039 0.13 0.12

Values in bold: factor loadings that are significant at p>0.05

correlation of 3 variables ANB, Ulip-E, Llip-E that rep-
resent lips position and sagittal jaw position relationship.
PC4 showed correlation with SN-MP, SNA, SNB and this
component describes jaws relationship with cranial base.
PC5 showed correlation ANS-AH, ANS-V, PNS-AH,
SPL.

Discussion

Understand upper airway morphology, assessing its heri-
tability and knowing characteristics of its growth in a
healthy population could help doctors identify persons
at risk of breathing problems, such as snoring, OSA or
mouth breathing, and even improve the treatments avail-
able to patients [23-25].

Heritability was analyzed to understand how upper air-
way morphology was influenced by genetic factors. The
results of our study showed that 19 of 23 cephalometric
parameters were strongly determined by genetics, while
the remaining parameters were strongly influenced by
environmental factors or both genetic and environmental
factors. The considerable influence of genetic factors on
pharyngeal space variations has been studied by Billing et
al. [26]. The study participants were 19 monozygotic and
23 dizygotic twin pairs. The results of that study showed
that the size of the pharyngeal space, the thickness of the
posterior nasopharyngeal wall and the nasopharyngeal
airway are strongly influenced by genetic factors. J. H.
Kang et al. measured pharyngeal parameters using lateral
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cephalograms of adult monozygotic and dizygotic twins.
They also found that airway structures were under strong
genetic control [27].

These findings are in agreement with the results of our
study: the nasopharyngeal airway measurement (PNS-
Ad1) was influenced by genetic factors (a>=0.51). This
might be explained by the fact that the nasopharyngeal
area is surrounded by the body of the sphenoid bone, the
basilar part of the occipital bone and the arch of the atlas
on the posterior and superior sides; the morphology of
these bony structures are strongly determined by genetic
predisposition. On the other hand, the nasopharynx
communicates with the oropharynx on the inferior side
and the soft palate on the superior side, and these airways
are necessary for speech, breathing and swallowing [28].
This could explain the weak environmental determina-
tion of the linear parameter PNS-Ad1 (e?=0.19).

There is research showing that obesity is also related to
reduced upper airway dimensions [9]. Although the envi-
ronment plays a role in the development of obesity, body
mass index (BMI) is correlated within families, but never
the less, twin studies demonstrate an important role of
genetics in the development of obesity [29].

The oropharyngeal airway space (U-MPW) was deter-
mined by additive genetic factors (a>=0.5). The high heri-
tability of this trait means that the oropharyngeal airway
space is strongly influenced by genetic factors. This is in
contrast to the results of previous studies, which have
suggested that the oropharynx is more likely to be related
to environmental factors, such as posture, than to genetic
factors and that surrounding soft tissues are more influ-
enced by environmental factors [30].

The oropharynx has an important role in orthodon-
tic treatment planning. It has been reported that rapid
maxillary expansion (RME) causes not only an increase
in dental width but also changes in the oropharyngeal
airway space [31]. After orthodontic treatment with the
RME/Hyrax appliance, the volume of the oropharyngeal
airway increased, and the results persisted in the long
term after controlling for growth. Other investigations
showed that the oropharyngeal airway volume did not
change after orthodontic treatment with RME compared
to that of the control group [32]. These contradictory
results may be due to the use of different methods, an
insufficient sample size or inaccuracies in measurement.
Orthodontic treatment with fixed orthodontic appliances
and the use of functional appliances such as the Herbst
appliance increase airway volume and reduce resistance
to airflow [33-36]. However, the oropharyngeal airway
space (U-MPW) was also affected by environmental
influences (e?=0.22), which, although statistically non-
significant in the overall sample, can also be crucial for
some individuals. This might be because the oropharynx
is surrounded by the tongue and the hyoid bone on the
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anterior side and the cervical vertebrae on the posterior
side; these structures can change their positions [37].

The upper airway space has been studied by orthodon-
tists for its close relation to the jaws and the craniofacial
morphology. Some studies have revealed that the respira-
tory system is related not only to upper airway size but
also to malocclusion type or craniofacial structures [38].
In the present study, we did not find any significant corre-
lation between the sagittal spatial relationships of skeletal
structures and the upper airway dimensions. This corre-
lation is still controversial among researchers. Di Carlo G
et al. reported that there are no significant relationships
between the sagittal jaw structure and the upper airway
volume [39].

Our results showed that hypopharyngeal structures are
under environmental influence. It is known that there is a
direct correlation between pharyngeal space and obesity
[40]. According to Andrew M. Kim et al., tongue volume
and tongue fat are increased in patients with OSA. These
researchers claim that fat deposition not only influences
tongue size but may also decrease tongue force and hin-
der the tongue from properly functioning as an upper
airway dilator muscle. These findings coincide with those
of our study, which showed that hypopharynx dimen-
sions are affected by environmental factors [41].

Contrary to the environmental influence hypothesis, J.
H. Kang showed that the structure of the hypopharynx
has high heritability. This contradiction of our findings
and the findings of J. H. Kang et al. could be due to inac-
curacy of measurement because the vallecula can col-
lect saliva, preventing initiation of the swallowing reflex.
These measurements can also be influenced by head pos-
ture, cervical spine position and craniofacial angulation.
Da Costa et al. stated that exact measurements of hyoid
bone position through cephalometric analysis are diffi-
cult because even small deviations may generate appar-
ent variation in the location of the hyoid [42].

Some of the limitations that we encountered in this
study are common for research of this nature. The most
common limitation in twin studies is sample size [43]. It
is well known that twin births account for only a small
proportion of births; for example, the twin birth rate
in Lithuania was 11.7 per 1,000 births (Medical Data
of Births 2014). In the present study, participants were
required to meet certain conditions. Additionally, partici-
pation in this research was voluntary, which also reduced
the sample size of twins.

Since most studies use two-dimensional cephalom-
etry for orthodontic diagnosis and treatment planning, it
is not surprising that some difficulties are encountered.
The main problems that orthodontists face are difficul-
ties in evaluating three-dimensional structures of the
upper respiratory tract with two-dimensional cephalo-
metric analysis, difficulties in identifying the landmarks,

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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and overprojection [18, 44]. The hyoid triangle method,
despite being used as a standard method for assessing
hyoid bone position in lateral cephalometric images, is
not applicable to 3D image analysis [45]. In comparison
with cone-beam computed tomography (CBCT), lat-
eral cephalometric (LC) imaging is a preferable tool to
measure linear and angular parameters and is a valuable
instrument in the screening process [46]. Despite cer-
tain limitations, studies with twins are informative and
a useful method to evaluate genetic and environmental
influences on phenotype [47]. The findings from the pres-
ent study could help orthodontists, otolaryngologists,
speech-language pathologists and pediatricians better
understand what role heredity and environment plays
in airway width. These findings might also be useful for
diagnosing and planning treatment. Further research
using CBCT or MRI and investigating larger sample sizes
would be relevant and helpful.

Conclusions

The dimensions of the upper airway are strongly deter-
mined by genes, while the parameters of the lower airway
are mainly affected by environmental factors.
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Summary

Obijectives: To determine genetic and environmental impact on mandibular morphology using
lateral cephalometric analysis of twins with completed mandibular growth and deoxyribonucleic
acid (DNA) based zygosity determination.

Materials and methods: The 39 cephalometric variables of 141 same gender adult pair of twins
were analysed. Zygosity was determined using 15 specific DNA markers and cervical vertebral
maturation method was used to assess completion of the mandibular growth. A genetic analysis
was performed using maximum likelihood genetic structural equation modelling (GSEM).
Results: The genetic heritability estimates of angular variables describing horizontal mandibular
position in relationship to cranial base and maxilla were considerably higher than in those
describing vertical position. The mandibular skeletal cephalometric variables also showed high
heritability estimates with angular measurements being considerably higher than linear ones.
Results of this study indicate that the angular measurements representing mandibular skeletal
morphology (mandibular form) have greater genetic determination than the linear measurements
(mandibular size).

Conclusions: The shape and sagittal position of the mandible is under stronger genetic control,
than is its size and vertical relationship to cranial base.

Introduction there is a significant component of genetic variation present (3). The
classical twin study model provides a powerful tool to confirm the

Th dibul, h modification is based he knowled,
¢ mandibular growth modification s based on the knowledge presence of this genetic effect (4). Therefore, twin studies can shed

that genetic and environmental factors are both responsible for its
size and form (1). Nevertheless, the data concerning genetic determi-
nation of malocclusion and mandibular morphology are inconsist-

some light on the role of genes and environment on mandibular phe-
notypic variation (5).

A basic problem with previous twin studies is the reliability of
the twin zygosity diagnostics. For many years, zygosity determina-
tion was based on assessment of anthropological similarity includ-
ing tooth anatomy (5). Although comparison of physical appearance
can provide a reasonably reliable means of determining zygosity,
errors can occur up to 15-20% with this methodology (6). The use

ent. The genetic mechanisms, specific genes leading to a particular
skeletal variability are not completely understood and clear (2).
Technological advances have now made association analysis possi-
ble on a genome-wide level, but usually before starting to look for
a quantitative trait loci for complex traits, it is critical to know that

© The Author 2015. Published by Oxford University Press on behalf of the European Orthodontic Society. All rights reserved.
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of blood group determination, as well as serum and enzyme poly-
morphism analysis, improved the ability to assign zygosities to twins
(4). More recently, the use of highly polymorphic regions of deoxyri-
bonucleic acid (DNA) derived from blood or buccal cells has proved
to accurately measure zygosity in up to 90-95% of cases (7). The
more precise determination requires an increased number of highly
polymorphic regions of DNA.

The second problem with twin studies relevant to mandibular
morphology is maturity of the study sample. The vast majority of
studies analyse data from growing subjects (1, 8-11), twins who
have just passed their peak of pubertal growth spurts (12) or use age-
adjusted measurements to simulate completed growth of the man-
dible (13). The results of such studies on mandibular morphology
heritability estimates should be interpreted with caution, because
complete genetic predisposition of mandibular morphology can be
detected only if mandible growth is completely finished.

The third problem lies within the statistical methods used to ana-
lyse the twin data. The path analysis and Dahlberg quotient used in
the 1980s are not appropriate for today’s studies and model fitting
methods should be used to get more accurate data.

The purpose of this study was to determine genetic and envi-
ronmental impact on mandibular morphology using model fitting
statistical analysis of lateral cephalometric variables of twins with
completed mandibular growth and zygosity determination based on
15 highly polymorphic DNA regions and Amel fragment of amelo-
genin gene.

Materials and methods

Study sample

The twins participated in this study were from the Twin centre
of Lithuanian university of health sciences. This ongoing regis-
ter already covers more than 600 twin pairs voluntary registered
and willing participate in different medical and genetic studies. All
twins of this register were offered free of charge medical consul-
tations including dental and orthodontic consultations. As part of
dental and orthodontic examination lateral head cephalograms were
taken. The study sample consisted of lateral cephalograms of 141
same gender pair of twins. All twins were Europeans, had no previ-
ous orthodontic treatment or permanent dental extractions and had
not suffered any facial trauma. The protocol of the studies has been
approved by the Regional Ethical Committee and informed consent
was given by the twins and their parents.

The cervical vertebral maturation (CVM) method was used to
assess the completion of the mandibular growth (14). Only twins
which had attained the CVM stage 6 (active growth completed) were
included in the study sample.

Zygosity determination was carried out using DNA test. The
polymerase chain reaction set AmpFISTR® Identifiler® (Applied
Biosystems) was used to amplify short tandem repeats and 15
specific DNA markers (D8S1179, D21S11, D7S820, CSF1PO,
D351358, THO1, D135317, D165539, D251338, D195433, vWA,
TROX, D18S51, D55S818, and FGA) and Amel fragment of amelo-
genin gene were used for comparison of genetic profiles. The sam-
ple’s age, gender, and zygosity characteristics are shown in Table 1.

Cephalometric measurements

The cephalograms were taken in centric occlusion and cephalostat
was used to maintain the subject’s head in constant relationship to
the sensor. To minimize radiation doze digital panoramic systems
were used and ALARA radiation safety principle was followed. All

Table 1. Study sample: age (years), zygosity, and gender of twin
pairs.

Age
Twins n Mean SD Min Max
MZ 90 22.45 5.81 15.3 39.6
Male 29 221 4.82 15.8 36.4
Female 61 22.62 6.25 15.3 39.6
DZ 51 20.47 3.78 15.4 37.8
Male 20 212 3.36 15.4 29.3
Female 31 20.0 4.01 15.5 37.8
Total 141 21.73 5.24 15.3 39.6

radiographs were analysed by the same investigator (MS) using
commercially available software (Dolphin Imaging 11.7 Premium).
Cephalometric landmarks presented in the Figure 1 and cephalomet-
ric variables in the Table 2.

Statistical analysis

Statistical analyses were performed with the R.v.3.1.2 software envi-
ronment (http:/www.r-project.org). Probabilities below 0.05 were
considered statistically significant. All the analyses were calculated
on gender adjusted cephalometric measurements (15).

Method error

Intra-observer method error was assessed using coefficient of reliabil-
ity and a method suggested by Bland and Altman (16). The reliabil-
ity of the method was tested by tracing and measuring 20 randomly
selected lateral cephalograms twice with a 1-month time interval.

Estimation of heritability

Heritability is usually defined as the proportion of phenotypic vari-
ation that is due to genetic differences. Two types of heritability can
be distinguished: ‘narrow-sense heritability’ refers to the contribution
of additive genetic variance to observed phenotypic variance, whereas
‘broad-sense’ heritability refers to total contribution of genetic factors
(additive and non-additive) to observed variation (4). The genetic anal-
ysis by model fitting was done with OpenMx package (http:/openmx.
psyc.virginia.edu) and performed using maximum likelihood genetic
structural equation modelling (GSEM) (17). This analysis allows esti-
mation of the significance of the different components of variance: the
additive genetic factor (A), the shared environment (C), or the non-
additive genetic factor (D), and the unique environment (E). Univariate
ACE/ADE models were executed with standardized path coefficients
and expected variance and covariance matrices. The goodness of fit of
the full and reduced ACE/ADE models was compared with a univariate
saturated twin model imposing equal means and variance restriction
across twins and zygosity to maximize information. It should be noted
that the power of the sample was sufficient to detect additive genetic
influence (narrow-sense heritability), but might to low to detect domi-
nance or shared environment, unless the effect was large.

The Akaike information criterion (AIC) statistics (18) and the
difference in the chi-square (x*) value relative to the change in
degrees of freedom provided an indication of the models’ goodness
of fit. The most parsimonious model (lowest AIC value) to explain
the observed variance was selected.

Principal component analysis
Principal components analysis (PCA) was performed using
‘Psych package’ (Procedures for Psychological, Psychometric and

127

102 '9Z 1990100 U0 159n6 Aq Woy papeojumoq



M. Sidlauskas et al.

Figure 1. Cephalometric landmarks used in the study. S, Sella - the midpoint
of sella turcica; N, Nasion - the extreme anterior point of the frontonasal
suture; Ba, Basion - the most anterior-inferior point on the margin of the
foramen magnum; A, point A - the deepest point in the curvature of the
maxillary alveolar process; B, point B - the deepest point in the curvature
of the mandibular alveolar process; ANS, point ANS - the tip of the anterior
nasal spine; PNS, point PNS - the tip of the posterior nasal spine; Co,
Condylion - the most posterior superior point of the condyle; Ar, Articulare
- the point at the junction of the posterior border of the ramus and the
inferior border of the posterior cranial base; Rp, ramus posterior point - the
most prominent postero-superior point at the angle of the mandible on the
posterior ramus; R1, ramus point 1 - the most concave point on the interior
of the ramus; R2, ramus point 2 - the most convex point on the exterior
border of the ramus along the vertical; Pog, Pogonion - the most anterior
point of the chin; Me, Menton - the most inferior point of the chin; Go,
Gonion - the midpoint of the mandibular angle between ramus and the
mandibular corpus; MB1, inferior border point - the most convex point along
the inferior border of the ramus; MB2, antegonial notch: the highest point
of the notch of the lower border of the body of the mandible; Gn, Gnathion
- the midpoint between Pog and Me on the bony chin; Xi, Xi point - the
point located at the geometrical center of the ramus; Dc; Dc point - the point
representing the center of the neck of the condyle on the Ba-N line; Pm,
protuberance menti - the point at which the shape of symphysis mentalis
changes from convex to concave; ai, apex inferior - the root apex of the most
anterior mandibular central incisor; is, incision superior - the incisal tip of
the most anterior maxillary central incisor; ii, incision inferior - the incisal tip
of the most anterior mandibular central incisor; ms, molar superior - tip of
the mesial buccal cusp of the mandibular first molar; Po, Porion - midpoint
on upper contour of external auditory canal; Or, Orbitale - deepest point on
infraorbital margin.

Personality research: http://cran.r-project.org/web/packages/psych/
index.html) on 39 cephalometric measurements in order to establish
whether they could be reduced to a smaller number of components.
The number of components was determined by selecting all com-
ponents with an eigenvalue larger than 2. A variable belonged to
a component if the absolute value of the component loading was
larger than 0.5. Principal components were rotated using varimax
rotation.

Table 2. Cepahlometric variables and definitions used in the study.

Variables Definitions

Angular
SNA Angle determined by points S, N, and A.
SNB Angle determined by points S, N, and B.
SNPog Angle determined by points S, N, and Pog.
NSBa Angle determined by points N, S, and Ba.
NSAr Angle determined by points N, S, and Ar.
NAPog Angle determined by points N, A, and Pog.
SN-GoMe Angle formed by S-N and Go-Me lines.

ANSPNS-GoMe  Angle formed by ANS-PNS and Go-Me lines.

SN-ArRp Angle formed by S-N and Ar-Rp lines.

PoOr-GoMe Angle formed by Po-Or and Go-Me lines.

NGnGo Angle determined by points N, Gn, and Go.

DeXiPm Angle formed by De, Xi, and Pm points.

ArRp-MB1Me  Angle formed by Ar-Rp and MB1-Me lines.

CoGoMe Angle determined by points Co, Go, and Me.

ArGoMe Angle determined by points Ar, Go, and Me.

ai.ii-NB Angle formed by line ai-ii and N-B lines.

ai.ii-GoMe Angle formed by line ai-ii and Go-Me lines.

Linear

CoA Distance between points Co and A in mm.

CoGo Distance between points Co and Go in mm.

CoPog Distance between points Co and Pog in mm.

CoB Distance between points Co and B in mm.

ArB Distance between points Ar and B in mm.

ArA Distance between points Ar and A in mm.

Pog L NB Perpendicular distance from the point Pog to N-B
line in mm.

GoGn Distance between points Go and Gn in mm.

GoPog Distance between points Go and Pog in mm.

XiPm Distance between points Xi and Pm in mm.

R1R2 Ramal width at Xi, distance between points R1
and R2 in mm.

NMe TAFH, total anterior face height, distance between
points N and Me in mm.

NANS UAFH, upper anterior face height, distance be-
tween points N and ANS in mm.

ANSMe LAFH, lower anterior face height, distance between
points ANS and Me in mm.

SGo TPFH, total posterior face height, distance between
points $ and Go in mm.

ii L NB Perpendicular distance from point ii to N-B line
in mm.

ii L APog Perpendicular distance from point ii to A-Pog line
in mm.

ii L GoMe Perpendicular distance from point ii to Go-Me line
in mm.

ms L GoMe Perpendicular distance from point ms to Go-Me

line in mm.

OB Overbite: distance of vertical overlap of the lower
incisors (point ii) by the upper central incisors
(point is) in mm

QoJ Overjet: distance from the tip of the upper central
incisor (point is) to the lower incisor (point ii) in
mm.

MB2 L MB1Me Depth of antegonial notch, perpendicular distance
from the line between points MB1 and Me to the
point MB2 in mm.

Results

Method error

There were no significant differences between the first and the sec-
ond measurements of cephalometric variables, except for Xi-Pm and
OB (Table 3).
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Table 3. Method error by Bland-Altman for repeatability of the
cephalometric measurements and its statistical significance.

Cephalometric variables SE P

Mandibular relationship to cranial base and maxillary structures

SNA () 0.60 NS
SNB (°) 0.40 NS
SNPog (°) 0.40 NS
NSBa (°) 1.14 NS
NSAr (°) 1.14 NS
NAPog (°) 0.89 NS
SN-GoMe (°) 0.88 NS
ANSPNS-GoMe (°) 0.91 NS
NMe (mm), TAFH 0.76 NS
NANS (mm), UAFH 0.68 NS
ANSMe (mm), LAFH 0.78 NS
CoA (mm) 124 NS
ArA (mm) 0.56 NS
SNArRp (°) 0.93 NS
PoOrGoMe (°) 1.20 NS
NGnGo (°) 0.54 NS
SGo (mm), TPFH 0.83 NS

Mandibular skeletal variables
DcXiPm (°) 1.93 NS
CoGoMe (°) 1.49 NS
CoB (mm) 1.73 NS
ArB (mm) 0.99 NS
GoGn (mm) 0.84 NS
XiPm (mm) 0.59 0.01
R1R2 (mm) 0.68 NS
MB2 L MB1Me (mm) 0.32 NS
CoPog (mm) 1.41 NS
ArRp-MB1Me (°) 0.71 NS
ArGoMe (°) 1.30 NS
CoGo (mm) 1.55 NS
GoPog (mm) 0.78 NS

Dento-alveolar variables
Pog L NB (mm) 0.38 NS
ai.i-NB (%) 1.64 NS
ii L NB (mm) 0.38 NS
ii L APog (mm) 0.31 NS
ii L GoMe (mm) 0.38 NS
ms L GoMe (mm) 0.69 NS
OB (mm) 0.32 0.01
OJ (mm) 0.27 NS
ai.ii-GoMe (°) 1.71 NS

SE, error of method; P, probability of means of first and second measurement
to be different assessed by Exact Wilcoxon signed rank test; NS, not significant.

Estimation of heritability

The AIC values for each model were calculated and the most parsi-
monious models with the lowest values were chosen. Only the results
of the best-fitting model have been taken into account. Variables
with best fitting-model and contribution of factors (a?, ¢, &% ¢?)
were counted. The results of model-fitting analyses are summarized
in Tables 4 and $.

Sagittal mandibular relationship to cranial base and maxilla

This group of variables were divided into linear and angular subgroups.
Linear variables (NMe, ANSMe, CoA, ArA, and SGo) showed depend-
ence of additive genetic factors a* (24-43%), shared environment ¢
(45-68%) and unique environment e* (9-17%). One linear variable
(NANS) showed dependency only of environment effects ¢* = 77% and

e = 23%. Angular variables (SNA, SNB, NSBa, NSAr, NAPog, SN-
ArRp, and NGnGo) showed highly additive genetic determination a*
(74-79%), except four variables (SNPog, SN-GoMe, ANSPNS-GoMe,
and PoOr-GoMe) which showed dependency of additive genetic and
common/unique environment factors (ACE model).

Mandibular skeletal variables

The best fitting model for all linear variables was ACE, except one
variable (MB2 1 MB1Me) which was best explained by an AE
model. Angular variables showed high genetic determination: AE
model for DcXiPm, CoGoMe, ArGoMe a? (73-77%) and DE model
for ArRp-MB1Me (d* = 81%).

Mandibular dento-alveolar variables

Both angular variables (ai.ii-NB, ai.i-GoMe) were determined by
AE model (a> = 69% and a* = 71%, respectively). Linear variables
belonged to variety of models: AE was the best-fitting model for Pog
L NB, ii L NB variables and showed high additive genetic determina-
tion a* (83% and 84%), DE model for ii L APog and OB d* (85%
and 74%), CE for ms L GoMe and O] variables and ACE was the
best-fitting model for ii L GoMe.

Principal components

Six principal components were determined by principal components
analysis explaining 83% of total variance (Table 6). First component
PC1 consisted of all linear variables except Pog L NB, ii L NB, ii L
APog, OB, O], MB2 1 MB1Me and the best-fitting model was ACE.
All angular and three linear variables (Pog L NB, ii L NB, and ii 1
APog) were determined to PC2, PC3, PC4, and PC5 groups. These
components show high additive genetic determination a* (76-79%)
with best-fitting model AE. NaPog, OB, and O] formed PC6 with
best fitting model DE. Three variables (NAPog, SN-GoMe, and ai.ii—
GoMe) were included in two different components.

Discussion

The reproducibility of the measurements was good except for the
Xi-Pm and OB measurements. These 2 of 39 variables showed small,
but significant differences between the first and second measurement.
The inaccuracy of determining the anatomical landmarks for some
variables is a well-known problem in the clinical cephalometrics. It is
difficult and often nearly impossible to distinguish between left-right
sides and it complicates landmark definitions due to over-projecting
structures in lateral head radiograms. This problem is especially true
for the deepest point of the mandible and maxilla concavity (19).
Heritability assessment is usually a first step in genetic studies,
because it provides an estimate of how much phenotypic variation is
attributable to genetic influence (12). Model-fitting is a method used
to calculate the proportion of the total variance explained by addi-
tive/dominant genes and common/specific environment (4, 13, 20).
The studies of craniofacial growth from 4 to 20 years demonstrated
increasing heritability estimates of cephalometric variables with the
age (21). Therefore, comparison of hereditary characteristics is more
valid in the post-adolescent period when the growth is completed,
as it is the case in our study. It is well known that skeletal facial
maturity develops in females between 12 and 14 years and 2 years
of age later for males. Nevertheless, the chronological age is not a
reliable and accurate maturity indicator. Therefore, in this study, cer-
vical maturation method was used to select a sample with completed
facial skeletal growth. Although there is study reporting lifelong
mandibular size/shape changes, but the remaining skeletal growth of
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Table 4. AIC values of all the models.

Variable ACE ADE AE CE DE E

SNA () -0.10 =010 =210 1034 -1.04 87.24
SNE %) -6.78 =517 =717 0.81 =136 9861
SNPog {*) —-6.27 =3.72 =572 -0.82 -0.03 97.5%
N5Ba "} =3.96 =3.96 -5.96 12.94 =3.97 9148
MEAF () =172 =208 -A72 1326 -3.64 80.94
NAPog (%} -4.37 413 -6.13 1038 =173 87.50
SN-GoMe {7) -10.91 =751 =9.51 -7.35 -283 8345
ANSPNS-GoMe %) —-6.14 =323 =523 -1.75 0.73 94.60
SN-ArRp °) =6.60 -6.70 =8.60 945 =760 79.26
PoDe—GoMe () -9.16 =519 =7.1% -6.05 -0.16 89.22
NGaGo (*) -3.38 -8.81 -10.81 283 -6.32 B7.04
DeXiPm (7) -8.87 -B.45 -10.45 -1.08 -6.59 65.4%
ArRp-MB1Me (%) -9.68 -10.38 -11.68 16.13 -11.89 B8.65
CoGoMe (°) -10.08 -9.5% 1155 -3.66 -7.95 G625
ArGoMe (7) -10.73 -10.83 -120.73 £.86 -11.53 77.10
alii-NB (°) =340 =341 -5.40 319 -4.04 5848
aiii-GoMe () -4.11 =337 -5.37 130 -0.97 63.32
CoA [mm) -8.0% =224 -4.24 505 578 157.25
CoGo (mm) -8.56 -1.21 -in -6.91 7.1 95.97
CoPog {mm} -7.06 11.59 9.59 -1.80 2423 185.25
CoB (mem) -2.40 11.18 9.18 =379 2392 18522
ArB (mm) -11.16 7.07 507 -0.57 15.94 20111
ArA (mm) —6.15 116 -0.84 1271 1028 17245
Pog 1 NEB [mm) 297 369 169 15.03 538 126.10
GoGn {mm] 9249 0.74 -126 4.07 10.57 174.38
GoPog (mm) 475 3.50 1.50 1.82 14.30 17361
XiPm (mm) -10.28 4.79 2.79 598 16.93 204.94
RIRZ (mm] -1.15% 292 0.52 249 839 5849
INMe |mm) -9.74 747 547 112 19.74 200.72
INANS {mm) -825 4.89 239 -9.43 1328 11568
ANSMe (mm] -10.13 =015 =215 492 594 17485
5Go (mm) -10.18 136 -0.64 -7.30 11.92 127.21
il L NB {mm} -0.17 0.02 -1.58 21.84 144 12420
ii L APog {mm) -4.75 -5.89 -6.75 EER =760 17.77
il L GoMe (mm) —9.45 =158 —4.58 19.1% 744 184,65
ms 1 GoMe {mm} -7.84 =0.02 =2.02 -822 7.82 80.30
OB (mm] -1.24 -3.39 -324 18.4¢ —5.36 56.78
0 (mm) -6.33 -3.94 =554 -7.88 =153 31.03
ME2 1+ MB1Me [mm) -3.53 -31é 516 182 -1.63 5571
PC1 -10.30 2529 2329 -4.03 41.76 257.01
PC2 ~10.71 -2.99 -11.99 -0.62 =7.61 8368
PC3 =7.3% =7.28 -9.28 350 =6.08 88.07
PC4 -4.54 -4.48 —6.48 11.26 -3.54 91.98
PCS -1.65 -1.55 -3.55 10.78 0.03 7423
PCe =7.73 -B.48 -9.73 11.18 -10.12 69.11

E, specific environment; CE, common and specific enviranment; AE, additive genes and specific environment; ACE, additive genes, comman and specific environ-

ment; ADE, additive genes, deminant genetic factor, specific environment; DE, dominant genetsc facter and specific

n bold—best ftting model {lowest AIC valse).

the mandible 2 years after the pre-adoslescent growth spurt comple-
tion is neghgible from the clinical and theoretical stand-point and
therefore, individuals with cervical maturation stage & were consid-
ered as adults (22).

Owur attempt to summarize and compare own results with the
previous twin studies of genetic influence on mandible morphal-
ogy and its position in the craniofacial skeleton is presented in the
Table 7.

Sagirtal position of the mandible in the craniofacial complex
depends on many determinants, the most important being;: position
«of mandibular fossa, cranial base length and growth patrern. Sagictal
localization of mandibular fossa is derermined by morphology of

PC, principal Values

cranial base and can be described by saddle angle (NSBa). We found
its high genetic determination (a® = 79%) but results of the previous
reports are contradictory. Studies with the twin age over 16 years
found high genetic influence, whereas younger twins demonstrated
low or no heritability esamare for the saddle angle (9, 12, 13, 25).
As demonstrated in the study of heritability between parents and
their offspring, heritability of saddle angle increases with age: our
data support this statement (26). Other angular measurements rep-
resenting sagittal position of the mandible to cranial base (SN-ArRp,
SNB) also were found to be under strong genetic influence a* = 76%
and 79%, respectively. Considering genetic control of SNB angle our
results are consistent with the results of the latest studies (12).
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Table 5. Path coefficients of the most parsimonious model for each variable.

Genetic Environment
Variable Model a* SE d* SE & SE e SE
Mandibular relationship to cranial base and maxillary structures
SNA (°) AE 0.74 0.04 0.26 0.04
SNB (°) AE 0.79 0.04 0.21 0.04
SNPog (°) ACE 0.42 0.18 0.36 0.17 0.22 0.04
NSBa (°) AE 0.79 0.04 0.21 0.04
NSAr (°) AE 0.75 0.04 0.25 0.04
NAPog (°) AE 0.78 0.04 0.22 0.04
SN-GoMe (°) ACE 0.36 0.19 0.39 0.17 0.24 0.04
ANSPNS-GoMe (°) ACE 0.39 0.18 0.38 0.17 0.23 0.04
NMe (mm) ACE 0.24 0.09 0.68 0.09 0.09 0.02
NANS (mm) CE 0.77 0.03 0.23 0.03
ANSMe (mm) ACE 0.34 0.12 0.56 0.12 0.10 0.02
CoA (mm) ACE 0.43 0.14 0.45 0.14 0.12 0.02
ArA (mm) ACE 0.41 0.13 0.49 0.13 0.10 0.02
SN-ArRp (°) AE 0.76 0.04 0.24 0.04
PoOr-GoMe (°) ACE 0.34 0.18 0.42 0.17 0.24 0.04
NGnGo (°) AE 0.79 0.04 0.21 0.04
SGo (mm) ACE 0.24 0.13 0.60 0.12 0.17 0.03
Mandibular skeletal variables
DcXiPm (°) AE 0.74 0.04 0.26 0.04
CoGoMe (°) AE 0.73 0.04 0.27 0.04
CoB (mm) ACE 0.18 0.09 0.71 0.09 0.11 0.02
ArB (mm) ACE 0.23 0.09 0.68 0.09 0.08 0.02
GoGn (mm) ACE 0.33 0.12 0.57 0.12 0.10 0.02
XiPm (mm) ACE 0.28 0.10 0.64 0.10 0.08 0.01
RI1R2 (mm) ACE 0.35 0.18 0.42 0.17 0.23 0.04
MB2 1L MB1Me (mm) AE 0.68 0.05 0.32 0.05
CoPog (mm) ACE 0.20 0.09 0.70 0.09 0.11 0.02
ArRp-MB1Me (°) DE 0.81 0.03 0.19 0.03
ArGoMe (°) AE 0.77 0.04 0.23 0.04
CoGo (mm) ACE 0.27 0.16 0.50 0.14 0.22 0.04
GoPog (mm) ACE 0.29 0.11 0.60 0.11 0.11 0.02
Dento-alveolar variables
Pog L NB (mm) AE 0.83 0.03 0.17 0.03
ai.ii-NB (°) AE 0.69 0.05 0.31 0.05
i L NB (mm) AE 0.84 0.03 0.16 0.03
i L APog (mm) DE 0.85 0.03 0.15 0.03
ii L GoMe (mm) ACE 0.46 0.13 0.46 0.13 0.08 0.02
ms 1 GoMe (mm) CE 0.69 0.04 0.31 0.04
OB (mm) DE 0.74 0.05 0.26 0.05
OJ (mm) CE 0.50 0.06 0.50 0.06
ai.ii-GoMe (°) AE 0.71 0.05 0.29 0.05
Principal components
PC1 ACE 0.12 0.06 0.82 0.05 0.06 0.01
PC2 AE 0.78 0.04 0.22 0.04
PC3 AE 0.77 0.04 0.23 0.04
PC4 AE 0.79 0.04 0.21 0.04
PCS AE 0.76 0.04 0.24 0.04
PC6 DE 0.76 0.04 0.25 0.04

a, additive genetic factors; d”, dominant genetic factors; ¢%, common environment factors; e, specific environment factors; SE, standard error.

Linear variables representing vertical and horizontal mandibular
position to cranial base and maxilla (ANSMe, NMe, SGo, CoA, and
ArA), and angles describing vertical relationship of mandible (SN-
GoMe, PoOr-GoMe, and ANSPNS-GoMe) to upwards-located
skeletal structures demonstrated low to moderate genetic influence
and were determined by the ACE model, except NANS, which shows
strong environment determination (CE model). We also noticed some
differences for heritability estimates between horizontal and vertical

linear measurements describing positions of the mandible in relation
to the cranial base. We found that horizontal linear variables are
more determined by genetic factors, than vertical variables. This is in
contrast to the results of some previous studies reporting higher her-
itability estimates for many vertical linear measurements compared
with horizontal ones (5, 13, 20, 27). This may be due to methodo-
logical differences (we used actual lengths, while many other stud-
ies used projected lengths) and different study sample maturation
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Table 6. Factor loadings after varimax rotation.

Variables PC1 PC2 PC3 PC4 PCs PCé6
SNA (°) 0.16 -0.06 -0.76 0.20 0.36 0.29
SNB (°) 0.21 -0.13 -0.88 -0.15 0.27 -0.10
SNPog (°) 0.20 -0.21 -0.84 -0.26 0.27 -0.11
NSBa (°) -0.09 0.07 0.28 0.12 -0.86 -0.03
NSAr (°) 0.00 -0.06 0.31 0.07 -0.86 -0.07
NAPog (°) -0.07 0.23 0.17 0.66 0.10 0.57
SN-GoMe (°) -0.05 0.82 0.51 0.16 -0.07 -0.03
ANSPNS-GoMe (°) 0.02 0.82 0.35 0.14 0.12 -0.09
SN-ArRp (°) 0.03 -0.19 0.84 0.03 0.04 0.12
PoOr-GoMe (°) 0.06 0.87 0.33 0.15 0.14 -0.03
NGnGo (°) -0.11 -0.88 0.02 0.03 -0.14 0.15
DcXiPm (°) -0.02 -0.83 -0.02 -0.21 0.01 -0.08
ArRp-MB1Me (°) -0.07 0.91 -0.19 0.13 -0.09 -0.12
CoGoMe (°) -0.04 0.92 -0.10 0.07 -0.10 -0.10
ArGoMe (°) -0.08 0.91 -0.17 0.08 -0.11 -0.14
alii-NB (°) -0.05 0.05 0.07 0.91 -0.05 -0.08
ai.ii-GoMe (°) -0.11 -0.60 0.08 0.70 -0.12 0.01
CoA (mm) 0.89 -0.04 -0.23 0.09 -0.09 0.25
CoGo (mm) 0.73 -0.38 -0.12 -0.04 0.18 -0.27
CoPog (mm) 0.94 0.10 -0.18 -0.11 0.07 -0.16
CoB (mm) 0.94 0.13 -0.22 -0.06 0.04 -0.11
ArB (mm) 0.92 0.07 -0.29 -0.04 -0.06 -0.14
ArA (mm) 0.88 -0.12 -0.23 0.12 -0.16 0.22
Pog L NB (mm) 0.12 -0.39 0.09 -0.57 0.12 -0.10
GoGn (mm) 0.87 -0.04 -0.06 -0.25 0.00 0.02
GoPog (mm) 0.88 -0.07 -0.09 -0.23 -0.04 0.03
XiPm (mm) 0.90 0.06 -0.24 -0.20 0.04 -0.11
R1R2 (mm) 0.66 -0.27 0.02 0.03 -0.25 0.23
NMe (mm) 0.84 0.27 0.36 0.05 0.19 -0.16
NANS (mm) 0.72 0.04 0.31 -0.07 0.06 0.09
ANSMe (mm) 0.73 0.36 0.32 0.17 0.23 -0.21
SGo (mm) 0.77 -0.39 -0.07 -0.04 0.31 -0.21
ii L NB (mm) 0.06 0.31 0.14 0.88 0.04 -0.09
i L APog (mm) 0.05 0.35 -0.01 0.71 -0.07 -0.46
ii L GoMe (mm) 0.81 0.23 0.19 0.31 0.22 -0.08
ms L GoMe (mm) 0.76 -0.20 0.23 0.31 0.21 -0.18
OB (mm) -0.01 -0.31 -0.06 -0.17 -0.02 0.74
O] (mm) -0.13 -0.10 0.10 -0.01 0.08 0.72
MB2 1 MB1Me (mm) 0.34 0.06 0.18 0.13 0.30 0.07

Values in bold: factor loadings greater than 0.50 are significant.

(S, 13, 20). The projected lengths may not reflect the actual ratio
between horizontal and vertical measurements. The results of our
study indicate that genetic control is more attributable to mandi-
ble sagittal than vertical position. The anterior face height (TAFH,
LAFH) demonstrated higher genetic determination compared with
posterior face height (TPFH).

The most important characteristics of mandible skeletal mor-
phology are gonial angle, mandibular body length, and ramus width.
The present study showed high heritability values for the gonial
angle (ArGoMe, a* = 77%) and mandibular arc angle (DcXiPm,
a* = 74%). For the linear measurements such as mandibular body
length (GoPog, GoGn), ramus width (R1R2), and ramus height
(CoGo) the best-fitting model was ACE, indicating low genetic
determination. The gonial angle and mandibular arc angle are under
stronger genetic control compare to the mandibular length or ramus
height at the time close to pubertal growth spurt, while strong genetic
determination of mandibular body length was more dominant in the
younger study sample (12, 13, 23). As demonstrated by Dudas and
Sassouni (24), there is increasing influence of the environment on
linear distances during facial growth with age.

The results of our study showed that alveolar height depends more
on the environmental, than on genetic influence. This is in agreement
with previous studies demonstrating that heritability estimates for den-
toalveolar traits were considerably lower than skeletal variables (28—
30). It is known from clinical research, that environmental factors like
lips, tongue and cheeks, oral muscles, and certain functions (breathing
and mastication) or even body posture play an important part in the
development of occlusion (31-34). Our results support these clini-
cal observations related to dentoalveolar height. However, variables
describing sagittal position of lower incisors and chin protrusion (ai-
ii~NB, ii L NB, ii L APog, and Pog 1 NB) showed very high heritability.
This indicates an existence of an integrated balance between morpho-
logic units in the dentofacial complex which are under strong genetic
control, and units that may accommodate more to environmental fac-
tors for final establishment of the variety of occlusion (12).

It is worth to notice, that results of twin studies are difficult to
compare and inconsistence or similarity should be interpreted with
caution, because of the differences in zygosity determination, sam-
ple size, maturity stage, and statistical methods used. The modern
model-fitting methods that allow the goodness-of-fit of various
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Figure 2. ‘Polygon of the facial pi ity'—th iofacial area
by angles with high heritability estimates: 1, SNB; 2, NSAr; 3, ArGoMe.

genetic and environmental models to be tested statistically are not
comparable with path analysis and Dahlberg quotient used in the
1980s. Only a few studies used model fitting analysis for cepha-
lometric twin studies (13, 20, 23). Principal components analysis
showed six components explaining 83% of variance in our study.
Whereas Carels et al. (13) found five independent factors explain-
ing 81% of variance in a similar study. However, Nakata et al. (23)
found at least nine independent significant components. All the dif-
ferences of results among the studies are potentialy driven by usage
of different criterion (i.e. eigenvalue) for determining the number of
factors. The detailed comparison of the results using model fitting
analysis presented in the Table 7.

Concerning the clinical relevance of our results it could be con-
cluded that form of the mandible determined by the gonial and
mandibular arc angles seems to be more under genetic control than
its length, therefore orthodontic and/or orthopedic treatment pro-
cedures are expected to act more on mandibular size then form
modification. However, it should be remembered that heritability is
a population concept and is irrelevant to the individual. It would
be misleading to suggest that structures with low heritability and
highly influenced by the environment are always more amenable to
prevention or treatment at the individual level. Therefore, using the
present findings it is difficult to predict success of orthodontic treat-
ment procedures with high degree of certainty for every clinical case.

A specific area on the lateral view of the face delimitated by
the angles with high heritability estimates (SNB, a* = 79%; NSAr,
a* = 75%; ArGoMe, a* = 77%) attracted our attention (Figure 2).
By analogy with ‘triangle of face-similarity’ formed by Na, Go,
and Gn points, we propose to name this strongly genetically deter-
mined area as ‘polygon of the facial profile similarity’ (9). This area

presumably could be responsible for inherited facial profile similar-
ity between twins.

Conclusions

The shape and sagittal position of the mandible is under stronger
genetic control than is its size and vertical relationship to the
cranial base.

Polygon of the ‘face-similarity’ is under strong genetic control
and may explain facial profile resemblance between twins.
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Genetic and environmental
impact on variation in the palatal
dimensions in permanent
dentition: a twin study

Monika Sidlauskiené*", Vytenis Papievis’, Antanas Sidlauskas?, Mantas Sidlauskas?,
Simonas Juzénas? & Kristina Lopatiené®

The objective of this study was to assess the relative contributions of genetic and environmental
factors to variation in palatal parameters in twins with completed maxillary growth. The subjects

of this study comprised digital dental casts of 50 monozygotic and 35 dizygotic twin pairs. The
subjects’ average age was 17.95 +2.83 years. Zygosity determination was carried out using 15
specific DNA markers and an amel fragment of the amelogenin gene. The interdental distances were
measured between selected dental landmarks at the occlusal and gingival planes. The palatal height,
surface area and volume were measured between the gingival plane and the midpalate suture.

High heritability estimates were observed for all transverse intra-arch measurements. The palate
height (a?=0.8), dental arch width in the molar area (a?=0.86), palatal surface area (a?=0.61) and
palate volume (a?=0.69) were under strong additive genetic control. Moderate genetic dominance
was observed for dental arch widths at the gingival line in the canine (d>=0.5) and premolar regions
(d?=0.78-0.81). Sexual dimorphism was shown, with males exhibiting a greater arch width, palate
surface area and volume than females (p <0.01). The majority of palate parameters variation in twins
was controlled by genetic effects, and most were highly heritable.

Keywords Twin study, Palatal parameters, Heritability, Orthodontics

The size, shape and transverse dimension of the upper jaw are among the most important factors determining
orthodontic treatment options for malocclusions, such as crossbite, dental crowding, lower anterior dentition
irregularities and distal lower jaw position'?. The palate form and volume are closely related to the width of the
maxillary dental arch and have an impact on the position of the tongue and breathing function. Understand-
ing facial skeletal and functional pattern changes throughout life and their control mechanisms is crucial for
orthodontic treatment planning and subsequent stability>*. There is ongoing discussion about the importance
of genetic and environmental factors on maxillary dental arch and palatal morphology®.

A recent systematic literature review and meta-analysis demonstrated that maxillary arch dimensions have
high heritability estimates °. For the maxillary arch length heritability estimates were above moderate ranging
from 0.42 to 0.92 7. Heritability for the palatal depth was estimated at 0.56 (95% CI range 0.22-0.90)°. The herit-
ability of maxillary transversal dimensions such as intercanine and intermolar widths also have high estimates.
Eugushi et al. 7 found these estimates equal 0.86 and 0.82 respectively. Similar estimates reported by Hughes
etal.” (0.84 and 0.87), Lapter et al.' (0.69 and 0.58).

In contrast, there are studies showing that environmental factors have a greater influence on the formation
of dental arches than previously thought!!"'2. Moreover, there is no doubt that soft tissue imbalance, including
mouth breathing, irregular tongue position, irregular posture and other parafunctions, has a major impact
on the upper dental arch and palatal formation. Studies have shown that mouth breathers have significantly
smaller intermolar widths and palatal volumes and greater palatal heights'*. A narrower and longer palate forms
because of the short lingual frenulum, and these individuals have narrower arches in transverse dimensions and
triangular arch shapes because of frontal tooth proclination '*. Tongue posture is also related to palatal width.

Department of Orthodontics, Faculty of Medicine, Lithuanian University of Health Sciences, Eiveniy 2,
50161 Kaunas, Lithuania. 2Institute of Biotechnology, Vilnius University, Sauletekio Al.7, 10257 Vilnius,
Lithuania. *Department of Orthodontics, Faculty of Medicine, Lithuanian University of Health Sciences,
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Fatima and Fida reported significant differences in maxillary intercanine and intermolar widths at the cusp and
gingival levels in patients with different resting tongue postures'®. The combination of direct pressure on the
teeth and an alteration in the pattern of resting cheek and lip pressures can change the tooth position and dental
arch shape'®. Mouth breathing allows the tongue to rest on the lower part of the oral cavity. This changes the
equilibrium of the forces between the cheeks and the tongue, leading to the development of a narrow maxilla
and increased palatal height'’.

The similarity of twins within pair sources from shared genes and shared family environment. MZ twins share
genetic effects and family environment to the full extent. DZ twins share 50% of additive genetic effects, 25% of
non-additive genetic effects and 100% of family environment. MZ twins differ because of person-specific environ-
ment, DZ twins—because of unique environment and genes. Due to the underlying genetic and environmental
similarities in related individuals, twin studies play a crucial role in understanding the aetiology of malocclusion
by enabling the separation of genetic and environmental influences on dental arches and occlusion'®.

Structural equation modelling (SEM) is a set of methods which allows checking the hypothesis about the
structure of relationship between observed and unobserved (latent variables). The model is usually represented
by path diagram which include variables and linear relationship between them (Fig. 1). The combination of twin
method and SEM allows precise estimation of the role of genes and environment on the phenotype trait. Even
in the postgenomic era, estimation of heritability from twin and sibling studies is foundational for investigating
the genes involved in complex traits'®.

However, the basic problems with the majority of previous twin studies are the reliability of the twin zygosity
determination, the statistical methods used to analyse the twin data and the growth stage of the study sample.
Regarding the first problem, for many years, zygosity determination was based on assessments of anthropological
similarity, including tooth anatomy?. Although a comparison of physical appearance can provide a reasonably
reliable means of determining zygosity, errors can occur in up to 15-20% of cases with this methodology?'. The
use of blood group determination, as well as serum and enzyme polymorphism analysis, improved the ability to
assign zygosities to twins?. More recently, the use of highly polymorphic regions of DNA derived from blood
or buccal cells has been shown to accurately measure zygosity in up to 90-95% of cases™. A more precise deter-
mination requires an increased number of highly polymorphic regions of DNA..

The second problem lies in the statistical methods used to analyse the twin data. In twin studies performed
20-30 years ago, the heritability coefficient was calculated using the classical correlation approach. The essential
limitation of the heritability coefficient is that it does not estimate the influence of the shared environment, and
consequently, the calculated heritability coefficient could be inflated”. The path analysis and Dahlberg quotient
used in the 1980s are also not appropriate for today’s studies, and model-fitting methods should be used to
obtain more accurate data®.

The third problem with twin studies relevant to maxillary dental arch and palate morphology is the matu-
rity of the study sample. Many studies have assessed the maxilla in the intensive growth process of growing
children'?*?’. The results of such studies on the heritability of maxillary dental arch and palate final parameters
should be interpreted with caution because complete genetic predisposition to maxillary morphology can be
detected only if growth is complete.

The aim of this study was to determine the genetic and environmental impacts on the maxillary arch and
palatal morphology of twins with completed maxillary growth using structural equation modelling (SEM) and
precise zygosity determination.

r=1(M2),r=05(D2)
o

Fig. 1. Path diagram for the univariate twin model. Squares are latent variables (A—additive genetic factors,
D—non-additive genetic factors, C—common environmental factors and E—unique environmental factors)
shown with their respective path coefficients (a, d, ¢, €) indicating the relative importance of each of the
contributing influences. Circles are observed variables, single-headed arrows are one-way (causal) relationships,
and double-headed arrows are two way relationships (covariance).
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Results

Descriptive statistics

The results of the descriptive statistics are shown in Table 1. Compared with females, males had slightly greater
increases in all parameters of dental arch width at the occlusal plane. The most notable difference at the occlusal
plane was registered for 1IPW (p <0.01), while at the canine and molar regions males had wider dental arches,
but with lower statistical significance (p <0.05). Dental arch widths of males at the gingival line also demonstrated
higher values, but the differences had no statistical significance. The palate height at the second premolar and
molar region, the palatal surface area and the palate volume in males were significantly greater than those in
females (p<0.01).

Measurement reliability analysis

The results of the measurement error analysis revealed no significant differences between the first and second
measurements on the models. The ICCs showed high intrarater reliability for all measurements (0.90-0.96,
p<0.01). Dahlberg’s formula showed a random error of less than 1.0 mm for all linear measurements, 15 mm?*
for the palate surface area and 40 mm? for the palate volume.

Genetic analysis

The AIC values for each model were calculated (Table 2). The most parsimonious model and the lowest values
were chosen. The AE and DE models were found to be the most parsimonious for variables. Variables with the
best-fitting model of the contribution of factors (a% ¢ d? e?) were counted. The results of the model-fitting
analysis are summarized in Table 3. Variables representing interdental distances between cusp tips of teeth 1IPW,
2IPW and IMW showed high genetic determination (AE model), with a*=0.76, 0.72 and 0.86, respectively, and
ICW had a strong dominant determination (DE), with d2=0.59.

The variables representing interdental distances at the palatal gum lines ICWG, 1IPWG, and 2IPWG had
strongly dominant values of d*=0.5, 0.78, and 0.81, respectively, while IMWGL had an additive genetic factor
of a>=0.78.

Variables showing interdental height 2IPH and IMH were affected by additive genetics (a=0.7 and 0.8,
respectively), while 1IPH and ICH were determined by dominant genetic factors.

The parameters representing the maxillary depth, palatal area and palatal volume were affected by additive
genetic factors.

A model with specific environmental factors (e?) and common environmental factors (c?) was rejected. The
AE and DE models were adequate for all variables. Heritability estimates were high for all widths, maxillary
depths, palatal surface areas and palatal volumes, ranging from 0.48 to 0.8.

Variables Males (n=38) Females (n=47) MZ (n=50) DZ (n=35) K{alzs vs. females ;{Z vs DZ
Dental arch widths at occlusal line (mm)

Icw 34.54£1.93 33.83+23 34.27+2.16 33.98+£2.17 0.034 0.399
11PW 41.40+2.47 40.40+2.25 40.98+2.58 40.66+2.15 0.006 0.391
2IPW 46.78 +2.81 45.85+2.37 46.3+2.74 46.22+2.43 0.02 0.851
MW 51.31+3.68 50.35+2.63 50.94+3.36 50.56+2.89 0.049 0.442
Dental arch widths at gingival line (mm)

ICWG 24.68+1.55 24.97+1.83 25.08+1.78 24.49+1.56 0.276 0.028
1IPWG 27.62%2.39 26.88+2.09 27.19+2. 27.24+1.79 0.032 0.869
2IPWG 32624275 32.08+2.7 32.19+2.79 32.51£2.66 0.201 0.454
IMWG 34751323 3416247 34491322 34331219 0.186 0.709
Palatal heights (mm)

ICH 5.01%1.39 521157 5224143 4.98+133 0343 0.269
1IPH 11.25+1.83 11.08+1.73 1122419 11.06+1.56 0529 0545
2IPH 15.83+£1.81 14.86+1.77 15.24+1..87 15.37£1.84 0.001 0.651
IMH 16.61+2.03 15.17+1.85 15.76+2.02 15.89+2.13 0.001 0.668
Maxillary arch depth (mm), MD | 28.12+1.7 27.58+2.22 28.25+1.61 27.2+2.36 0.078 0.124
Palate surface area (mm?), PSA | 1385.81+144.85 1304.72+123.04 1346.38+141.78 1333.24+135.17 0.001 0.545

Table 1. Descriptive statistics of the dental arch and palate variables. 1IPH interfirst premolar palate height;
IIPWG interfirst premolar width at the gum line, 2IPH intersecond premolar palate height, 2IPW intersecond
premolar width, 2IPWG intersecond premolar width at the gum line, DZ dizygotic twin, ICH intercanine
palate height, ICW intercanine width, ICWG intercanine width at the gum line, IPW interfirst premolar width,
IMH interfirst molar height, IMW interfirst molar width, IMWG interfirst molar distance at the gum line, MD
maxillary depth, MZ monozygotic twin, PSA palate surface area, PV palate volume. All values are provided in
mean + standard deviation.
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Variables [AcE ADE DE AE CE E
Dental arch widths at occlusal line

cw —312 ~7.54 9.34 30.13
1PW ~6.53 835 13.26 64.47
2PW —7.83 598 324 63.78
MW —641 ~6.47 2547 93.16
Dental arch widths at gingival line

ICWG 5.97 341 141 3.97 147 3232
1IPWG 235 0.48 “152 035 27.37 776
2IPWG 124 27 “472 ~076 36.8 71.27
IMWG 02 114 204 ~0.86 1065 86.54
Palatal heights

ICH 7.25 2.96 0.96 5.25 17.13 28.33
11PH -5.02 —543 -7.34 -7.02 2.01 333
2IPH -10.93 -9.42 -6.82 -11.42 -5.83 50.04
IMH 865 8.33 —6.45 ~1033 9.46 68.81
Maxillary arch depth

MD [832 [835 [588 [635 [1327 46
Palate surface area and volume

PSA [-a14 [-316 [4384 [-5.26 [-157 [4184
PV [-74 [-627 [s452 [-828 [-311 52.52
Principal component

PC1 —-3.42 —-4.01 -5.83 —5.42 2542 84.8
PC2 -9.77 -9.77 -10.52 -11.77 —2.44 35.34
PC3 1.67 -1.87 -3.88 -0.33 27.92 49.37

Table 2. AIC values of all the models. ACE additive genetic factors, common environmental factors,

and specific environmental factors; ADE additive genetic factors, dominant genetic factors, and specific
environment; AE additive genetic factors and specific environmental factors; CE common and specific
environmental factors; DE dominant genetic factors and specific environmental factors; E specific
environmental factors; ICH intercanine palate height; ICW intercanine width; ICWG interfirst premolar width;
ICWG intercanine width at the gum line; IMH interfirst molar height; IMW interfirst molar width; IMWG
interfirst molar distance at the gum line; 1IPH interfirst premolar palate height; 2IPH intersecond premolar
palate height; 2IPW intersecond premolar width; IIPWG interfirst premolar width at the gum line; 2IPWG
intersecond premolar width at the gum line; MD maxillary depth; PSA palate surface area; PV palate volume.
Best-fitting models (lowest AIC values) are indicated in bold.

Principal components

Principal component analysis revealed that three principal components explained 69.3% of the total variance. The
first component consisted of 1IPW, IIPWG, 2IPW, 2IPWG, ICWG, IMW, and IMWG and explained 46.2% of the
total variance, and the best-fitting model was DE. The palatal surface area and volume (IMW) were determined
for the PC2 group, which showed an additive genetic determination of a>=0.62 with the best-fitting model AE.
PC2 explained 23.2% of the total variance. The third component showed a correlation between two variables,
ICW and maxillary depth, and these components showed strong genetic dominance (Table 4, Figs. 2 and 3).

Discussion

There are many twin studies assessing genetic and environmental contributions to the upper arch form and palate
parameters. However, it is challenging to compare different twin studies due to differences in the sample size,
population, zygosity, and statistical methods used. The use of a model-fitting analysis allows the most accurate
differentiation of sources of variation affecting the dental arch and palate form and size. This statistical method
was used in our study.

Our results showed sexual dimorphism in palatal parameters. Compared with females, males exhibited
slightly greater dental arch widths, whereas the palatal surface area and palate volume in males were signifi-
cantly greater (p<0.01).

According to our findings, the AE and DE models best explained the variance in the palatal parameters. Inter-
dental distances at the gingival plane are mostly affected by the DE model, except for the IMWG. This means that
palatal variances for patients with complete maxillary growth were due to additive genetic factors and specific non
shared environmental factors. Distances at the gingival planes are mainly defined by dominant genetic factors.

The correlations for all parameters in the MZ twin analysis were greater than those in the DZ, which is likely
due to genetic influences. The variance in the dental arch width and palatal morphology (depth, height, and
volume area) had a high genetic contribution. Recent research in twin studies of palatal parameters confirms
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Variables |28 [SE@) [# [SE@) [¢ [SE(@) [@ [SE()
Dental arch widths at occlusal line

ICW (DE) 059 [0.06 0.17 [0.06
1IPW (AE) 0.76 | 0.04 0.1 0.04
20PW (AE) | 072 |0.04 0.1 [004
IMW (AE) | 0.86 |0.02 0,06 | 0.02
Dental arch widths at gingival line

ICWG (DE) 05 007 022 [0.07
1IPWG (DE) 078 [0.03 0.09 [ 0.03
2IPWG (DE) 081 |0.03 0.08 | 0.03
IMWG (AE) |08 | 0.03 0.09 | 0.03
Palatal heights

ICH (DE) 0.48 |0.08 022 0.8
11PH (DE) 0.56 | 0.06 0.19 | 0.06
2IPH (AE) 0.7 0.04 0.13 | 0.04
IMH (AE) 08 | 003 008 |0.03
Maxillary arch depth

MD (AE) Joss Joo7 ] I I I Joas Joo7
Palate surface arca and volume

PA (AE) ‘ 0.61 ‘ 0.05 ‘ ‘ ‘ ‘ ‘ 0.18 ‘ 0.05
PV (AE) ‘069 ‘0.04 ‘ ‘ ‘ ‘ ‘0.15 ‘0.04
Principal components

PC1 (DE) 0.82 |0.03 0.07 |0.03
PC2 (AE) 0.62 | 0.06 0.16 |0.06
PC3 (DE) 0.76 |0.04 0.09 |0.036

Table 3. Best-fitting models for each variable. 1IPH interfirst premolar palate height, IIPWG interfirst
premolar width at the gum line, 2IPH intersecond premolar palate height, 2IPW intersecond premolar width,
2IPWG intersecond premolar width at the gum line, a? additive genetic factors, d* dominant genetic factors,
¢? common environmental factors, e? specific environmental factors, ICH intercanine palate height, ICW
intercanine width, ICWG intercanine width at the gum line, ICWG interfirst premolar width, IMH interfirst
molar height, IMW interfirst molar width, IMWG interfirst molar distance at the gum line, MD maxillary
depth, PSA palate surface area, PV palate volume, SE standard error.

this finding'®?. In contrast, a longitudinal study with identical and fraternal twins performed by Chaaban et al."
showed that heritability had a weak influence on palatal transverse variables and was more strongly affected by
environmental factors. However, in the Chaaban et al."' study, heritability patterns were retrospectively obtained
from the Pearson correlation coefficient and Falconer’s heritability test.

Lione et al.”” reported that the maxillary arch form is determined by tongue pressure. The dental arch usually
has an impact on palate form, but we did not find a remarkable environmental influence on the palatal area or
volume variability. We did not examine whether the twins in our study were mouth breathers, so it was difficult
to evaluate the tongue position and possible impact on the dental arch palate. Our results showed that genetic
contributions have a remarkable impact on the variability of palatal parameters.

For patients with complete maxillary growth, the suture of the maxilla is ossified after approximately 13
years®, and treatment with conventional RME possibly causes only buccal inclination of the teeth, which can lead
to relapse. To expand the palate, surgery and miniscrew-assisted RME may be needed. Palatal suture ossification
may occur even at eleven years of age, and chronological age is not reliable for determining suture development?.
According to our findings, the palatal surface area (a?=0.61), palate volume (a>=0.69), and maxillary arch depth
(a?=0.56) are mostly affected by additive genetic factors. These findings suggest that miniscrew-assisted RME
should be considered a better choice than conventional RME for maxillary expansion in patients older than
11 years for expansion stability. Although it has been proven that even with MARPE treatment, long-term stabil-
ity is not reliable, dental and skeletal relapse are still observed over time*. The heritability estimates in the area
of the first molars (a?=0.86) were the highest of all the parameters. These are teeth where the RME appliance is
bonded, and due to the strong genetic influence on the width of the dental arch between the first molars, relapse
is more likely to occur. The high heritability estimates maxillary intermolar width was reported by Eguchi et al.”
(0.82) and Hughes et al.? (0.87).

The genetic influence on the dental arch width in the canine region is lower (a>=0.59), and possibly, environ-
mental factors are more responsible for this transverse dimension. The genetic influence on the dental arch and
palatal variables in the canine region showed reduced genetic dominance (ICW d?=0.59, ICWG d?=0.5, ICH
d?=0.48). This is in agreement with findings of King et al. * and Cassidy et al. ** reporting estimates of ICW at
0.53 and 0.56 respectively. This can be explained by the stronger environmental influence in this area, such as
the position of the tongue, swallowing parafunction and mouth breathing. These abnormal functions can lead
to a flatter and narrower palate and maxillary anterior tooth protrusion®.
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Variable [rct PC2 PC3
Dental arch widths at occlusal line

cw 05 ~0.01 0.66
1PW 0.83 0.13 0.36
2PW 091 0.15 0.13
MW 0.92 0.16 ~0.03
Dental arch widths at gingival linc

ICWG 0.65 0.01 047
1IPWG 091 0.13 0.04
2IPWG 091 0.05 “o11
IMWG 0.91 011 ~017
Palatal heights

ICH 0.08 0.52 -0.42
11IPH 0.01 0.92 -0.13
2IPH -0.01 0.93 0.16
IMH 0.01 08 0.28
Maxillary arch depth

MD [-013 Jo2s Jo72
Palate surface area and volume

PSA [036 Jos3 [029
PV Jo4s Jos2 Jo1

Table 4. Factor loadings after varimax rotation. 1IPH interfirst premolar palate height, IIPWG interfirst
premolar width at the gum line, 2IPH intersecond premolar palate height, 2IPW intersecond premolar width,
2IPWG intersecond premolar width at the gum line, ICH intercanine palate height, ICW intercanine width,
ICWG intercanine width at the gum line, ICWG interfirst premolar width, IMH interfirst molar height, IMW
interfirst molar width, IMWG interfirst molar distance at the gum line, MD maxillary depth, PSA palate
surface area, PV palate volume. Factor loadings greater than 0.50 are significant and indicated in bold.

The results of our study may have some clinical relevance and may be useful in predicting the response of
different parts of the dental arch to various orthodontic interventions, especially maxillary dental arch expansion.
The occlusal variables that are more influenced by genetic factors may be less receptive to corrective procedures;
in contrast, traits that are more influenced by environmental factors may be more prone to respond positively
and demonstrate a greater level of stability after orthodontic treatment. The most important finding from this
study regarding orthotreatment planning is that changes in the dimensions of the dental arch and palate should
not surpass the biological limits. The balance between bone, dental, and muscular structures should be main-
tained, as deviations from the original shape of the dental arch may increase the likelihood of treatment relapse
to a genetic norm.

The present study has several strengths, including DNA-based zygosity determination and the use of a model-
fitting analysis that allowed for a more accurate partitioning of different sources of variation affecting the palate
parameters. This study also has some limitations. The complete dental and medical records were not available
for all twins, and a questionnaire was used to determine whether previous orthodontic treatment was under-
taken, which may have led to bias. Additionally, this study involved a sample of Lithuanian twins, and thus the
generalizability of the findings to other populations may be limited.

Conclusion

Palatal dimensions have high heritability. The majority of dental arch widths at the occlusal line, palate height,
palatal surface area, palate volume and maxillary arch depth were found to be under strong-to-moderate addi-
tive genetic control. Maxillary dental arch inter-canine width and widths at gingival line in premolar regions
demonstrated dominant genetic determination. Sexual dimorphism was shown, with males exhibiting greater
arch width, palate surface area and volume than females.

Methods
Study sample
The present study sample consisted of dental casts of 50 monozygotic (19 males and 31 females) and 35 dizy-
gotic (19 males and 16 females) twin pairs of the same sex. Twins were selected from the Twin Centre of the
Lithuanian University of Health Sciences (LSMU). All twins were of European ancestry. Their mean age was
17.95+2.83 years. The protocol of the study was approved by the Regional Ethical Committee No. BE-2-41, and
informed consent was given by the twins and their parents of any participant younger than 18 years. The study
was conducted in accordance with relevant guidelines and regulations.

The following inclusion criteria were applied: (1) full adult dentition not including the third molars and (2)
maxillary growth largely completed (defined as age > 15). The twins were excluded on the basis of the following
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Standardised PC2
(explained var: 23.2%)

0
Standardised PC1
(explained var: 46.2%)

Total explained variance: 69.3%

Fig. 2. Principal component biplot.

criteria: (1) existing restorations involving landmarks on the cusps and incisal regions, (2) previous orthodontic
treatment, (3) poor quality or damaged models, (4) excessive wear of the teeth, or (5) dental anomalies such as
supernumerary or missing teeth.

Dental arch and palate measurements

Alginate dental impressions were obtained from the study participants. A three-dimensional 3Shape scanner
(3Shape e3, Copenhagen, Denmark) with a reported accuracy of 7/10 pm was used. (Scan time 18 s, Resolution
2 cameras 5.0 megapixels) was used to obtain 3D data from dental casts (format STL) of maxillary dentition
and palate.

The definitions of the measurements used in the study are presented in Table 5. Linear measurements were
calculated utilizing the selected dental landmarks as well as the maxillary occlusal plane as a plane of refer-
ence (Fig. 4). The maxillary occlusal plane was defined as the midpoint between a line connecting the central
point of the incisal edges of the two maxillary central incisors and the mesiobuccal cusp tips of the maxillary
first molars (Fig. 4a). The widths at the gingival level were measured connecting the appropriate points at the
dentogingival junctions of the teeth on the palatal side (Fig. 4a). The gingival plane and distal plane were used
as margins for the palate. The gingival plane was obtained by connecting the midpoints of the dentogingival
junction of all permanent teeth on the palatal side (Fig. 4a). The distal plane was created through two points at
the distal aspect of the first molars perpendicular to the gingival plane (Fig. 4b). Palate height was measured
as the distance between the line connecting the centres of the dentogingival junctions of the canines, first and
second premolars, and first molars on the palatal side and the highest point of the palatal vault on the midpalatal
rafe (Fig. 4c). The measurements of the palate surface area and palate volume are presented in Fig. 4d and were
performed according to the methods proposed by Kecik* and Primozi¢ et al.**.

All linear landmark-based dimensions were calculated using the open-source universal 3D processing and
animation software Blender 3.4.1 with the “3D Print Toolbox”. The digitization of the landmarks was conducted
by a single investigator (VP). Prior to data collection, the investigator (VP) was calibrated in the use of the
software.
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Fig. 3. Correlation coefficient densities of palatal variables. MZ monozygotic twins, DZ dizygotic twins, ICW
intercanine width, ICWG interfirst premolar width, 2IPW intersecond premolar width, IMW interfirst molar
width, ICWG intercanine width at the gum line, IIPWG interfirst premolar width at the gum line, 2IPWG
intersecond premolar width at the gum line, IMWG interfirst molar distance at the gum line, ICH intercanine
palate height, 1IPH interfirst premolar palate height, 2IPH intersecond premolar palate height, IMH interfirst
molar height, MD maxillary depth, PSA palate surface area, PV palate volume.

Measurement error

Measurements were performed twice on the digital models by the same investigator, with a 1-month time interval
on both members of 20 randomly selected twin pairs to determine measurement error. Intraobserver method
error was assessed using the intraclass correlation coefficient (ICC) of reliability and the method suggested by
Bland and Altman®. The estimated random error between the measurements was calculated using the Dahlberg
formula:

Zygosity determination

Zygosity determination was carried out using a DNA test. The polymerase chain reaction set AmpFISTR® Iden-
tifiler” (Applied Biosystems, USA) was used to amplify short tandem repeats, and 15 specific DNA markers
(D8S1179, D21811, D78820, CSF1PO, D3S1358, THO1, D13S317, D16S539, D251338, D19S433, vWA, TROX,
D18S51, D55818, FGA) and an amel fragment of the amelogenin gene were used for comparison of genetic
profiles. Zygosity determination using this molecular genetic technique reached 99.9% accuracy?'.

Heritability estimation

Heritability was estimated by structural equation modelling (SEM) with the OpenMx software package (http://
openmx.psyc.virginia.edu) and R code examples provided at https://github.com/OpenMx/OpenMx. The vari-
ance of a trait was estimated by evaluating the contributions of three factors: the additive genetic factor (A), the
shared environment (C), the nonadditive genetic factor (D), and the unique environment (E)¥’. As the C and D
components cannot be estimated simultaneously in twins reared together, only the ACE (or ADE) models with
two degrees of freedom were tested **. Univariate ACE/ADE models were constructed with standardized path
coefficients and expected variance and covariance matrices. The goodness of fit of the full and reduced ACE/ADE
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Measurements

Definition

Dental arch widths at occlusal line

ICW—intercanine width

Distance between cusp tips of the canines on the maxillary occlusal plane

1IPW—interfirst premolar width

Distance between buccal cusp tips of the first premolars on the maxillary ocelusal
plane

2IPW—intersecond premolar width

Distance between buccal cusps tips of the second premolars on the maxillary
occlusal plane

IMW—interfirst molar width

Distance between mesiobuccal cusps tips of the first molars on the maxillary
occlusal plane

Dental arch widths at gingival linc

ICWG—intercanine width at the gum line

Distance connecting the centres of the dentogingival junctions of canines on the
palatal side

1IPWG—interfirst premolar width at the gum line

Distance connecting the centres of the dentogingival junctions of the first premo-
lars on the palatal side

2IPWG—intersecond premolar width at the gum line

Distance connecting the centres of the dentogingival junctions of the second
premolars on the palatal side

IMWG—interfirst molar distance at the gum line

Distance connecting the centres of the dentogingival junction of the first molars
on the palatal side

Palatal heights

ICH—intercanine palate height

Distance between the line the centres of the i | junctions
of the canines on the palatal side and the highest point of the palatal At on the
‘midpalatal rafe

1IPH—interfirst premolar palate height

Distance between the line the centres of the junctions of
the first premolars on the palatal side and the highest point of the palatal vault on
the midpalatal rafe

2IPH—intersecond premolar palate height

Distance between the line c¢ the centres of the junctions of
the second premolars on the palatal side and the highest point of the palatal vault
on the midpalatal rafe

IMH—interfirst molar palate height

Distance between the line the centres of the d. i | junctions

of the first molars on the palatal side and the highest point of the palatal vault on
the midpalatal rafe

Maxillary arch depth, palate surface area and volume

MD—maxillary depth

Distance between a tangent from the incisal edge of the central incisors and a line
connecting the contact point between the first molar mesiobuccal cusps

PSA—palate surface area

Palate surface area below the gingival plane and limited by the distal plane. Gingi-
val plane constructed by connecting the line of the midpoints of the dentogingival
junction of all teeth (except second molars). The distal plane constructed perpen-
dicular to the occlusal plane passing from the two most distal points correspond-
ing to the distal surface of the first molars

PV—palate volume

Volume below the gingival plane and limited by the palate surface and distal
plane. Gingival plane constructed by connecting the line of the midpoints of

the dentogingival junction of all teeth (except second molars). The distal plane
constructed perpendicular to the occlusal plane passing from the two most distal

points corresponding to the distal surface of the first molars

Table 5. Definitions of the measurements.

models were compared with a univariate saturated twin model imposing equal means and variance restriction
across twins and zygosity to maximize information.
The Akaike information criterion (AIC) statistic and the difference in the chi-square () value relative to

the chance in degrees of freedom provided an indication of the models’ goodness of fit. The most parsimonious
model (lowest AIC value) to explain the observed variance was selected **

Principal component analysis

Principal component analysis (PCA) of the palatal measurements was performed using the “Psych package”
(Procedures of Psychological, Psychometric and Personality Research) to reduce dimensionality and to assess
correlations between variables. The principal components were rotated using varimax rotation. A variable was
considered a component if the absolute value of the component loading was greater than 0.5.

Statistical analysis

Descriptive statistics included the mean and standard deviation. The normality of the data distribution was tested
with the Shapiro-Wilk test. Parametric Student’s t tests were applied for comparisons of quantitative variables
between two independent groups. Pearson’s correlation coefficient was calculated, and the difference between
the two correlation coefficients was computed. Statistical analyses were performed in the statistical computing
environment R (version 4.3.3). P values less than 0.05 were considered to indicate statistical significance.
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Volume

Fig. 4. The upper dental arch parameters. (a) The upper dental arch widths were defined as the distances
between the two reference points at the occlusal and dento-gingival junctions. The interdental distances were
measured between the cusp tips of the canines, first premolars, second premolars, and first molars at the occlusal
plane and between the centers of the dento-gingival junction of the canines, first premolars, second premolars
and first molars at the palatal side. (b) The upper dental arch depth. Distance between a tangent from the incisal
edge of the central incisors and a line connecting the contact point between the first molar mesiobucal cusps.

(c) Palate height. Distance between the line connecting the centers of the dento-gingival junctions of second
premolars on the palatal side and the highest point of the palatal vault on the midpalatal rafe. (d) Palate surface
area—area below the gingival plane and limited by the distal plane; palate volume—volume below the gingival
plane and limited by the palate surface and distal plane.
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