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Abstract: Introduction: Obstructive sleep apnea (OSA) is a common disorder characterized by the
repetitive collapse of the upper airways during sleep, most likely in the oropharyngeal region.
Anatomical factors significantly contribute to the disease development; however, the heritability of
the upper airway dimensions, which lead to the collapsibility of the upper airways, is less known.
In the current study, we aimed to quantify the impact of heritable and environmental factors on
the upper airway dimensions in twins using magnetic resonance imaging (MRI). Methods: We
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and Q1-Q3: 53 (44-63.75) years) adult twins from the Hungarian Twin Registry. We completed
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sagittal, coronal and axial planes. For the analysis of the genetic and environmental, the determination
of the measured parameters was performed with an ACE twin statistical model. Results: We found a
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strong genetic determination in the anteroposterior diameter of the tongue and the thickness of the
submental fatty tissue of the neck. Other parameters of the tongue, soft palate and uvula have shown
moderate heritability, while we found strong environmental determination in the thickness of the
parapharyngeal fatty tissue, the thickness of the pharyngeal wall, and the smallest diameter of the
posterior upper airways. Conclusion: Our twin study can help better understand the genetic and
environmental background of anatomical structures involved in the development of sleep apnea.
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published maps and institutional affil- Obstructive sleep apnea (OSA) is a chronic disorder which is caused by the repetitive
collapse of the upper airways during sleep [1]. It is the most common sleep-related breath-
ing disorder affecting 36 million—1 billion people between the ages of 3069 globally [2,3].
Multiple factors may contribute to the development of OSA, most importantly male gender,
older age, obesity, and the upper airway anatomy [4,5]. Early diagnosis is important, as
the untreated disease is associated with daytime and nighttime symptoms, reduced work
performance and driving ability, as well as the development of cardiovascular, metabolic,
and mental health disease [6,7]. Polysomnography is the gold-standard test in diagnosis;
however, it is a complex procedure requiring highly trained experts; therefore, more simple
Attribution (CC BY) license (https:// diagnostic -tools have been developed. for t}}e screening of OSA.. Theise include the STQP—
creativecommons.org/licenses,/by / Bang questionnaire, the No-SAS questionnaire, the Berlin questionnaire, and the modified

10/). Mallampati Scores or pulse oximetry [8-10]. Imaging modalities, such as cone beam CT,
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ultrasound, and MRI scans can also help determine the cause of the disease and could
reveal treatable traits [9,11,12]. Radiological findings in OSA may include narrowed upper
airways, accumulation of soft tissue around the upper airways (fat, muscle, tonsils, lymph
nodes), pharyngeal tumor or cyst, anomalies of the tongue, soft palate, and mandible [13].

Studies have shown the important role of genetic factors in the pathogenesis of
OSA [2,14-16]. Several types of craniofacial abnormalities with genetic origin have been
associated with a higher prevalence of OSA, such as syndromic craniosynostosis (Apert,
Crouzon, and Pfeiffer syndrome), Treacher Collins syndrome, Pierre Robin syndrome,
Down’s syndrome, and achondroplasia [17-20]. Numerous studies have investigated the
familial aggregation of craniofacial morphology in patients with sleep apnea and in healthy
subjects, as well as using cephalometric measurements [11]. Recently, a genome-wide
association study (GWAS) has identified five loci affecting facial morphology in Euro-
peans [14,21]. Twin studies can help identify the genetic and environmental contributions
to different phenotypes and diseases. MZ twins share 100% of their genes, while DZ twin
pairs share 50% of their segregating genes [22,23]. Analyzing twins, we have recently
reported that OSA is 73% heritable [24].

We hypothesized that the anatomic structures of the upper airways, which are known
to contribute to the onset of OSA, may be heritable. In this case, a known family history of
OSA could lead to further studies on the development of an early screening protocol in the
possibly affected populations. This could also further prove the role of MRI imaging in the
diagnosis of OSA by the detection of possibly treatable anatomic structural abnormalities.
On the other hand, stronger environmental determination of the measured structures could
reveal additional possible options in the treatment of OSA, such as lifestyle changes, new
medications, or muscle training. The aim of our study was to investigate the contribution
of heritable and environmental factors of the anatomic features of the head and neck region
to the development of OSA in a twin study design.

2. Materials and Methods
2.1. Participants

In this study, we examined 110 healthy adult twins from the Hungarian Twin Reg-
istry [25,26], 33 MZ and 22 DZ twin pairs who underwent head and neck magnetic res-
onance imaging (MRI) scans. We collected the medical history of the subjects, and they
filled out questionnaires regarding their health and lifestyle information. Participation
was voluntary with the inclusion criteria of age above 18 years. We excluded patients
with any contraindications for MRI imaging, such as patients with heart pacemakers, a
metallic foreign body, especially around the head and neck region, severe claustrophobia,
or current pregnancy.

2.2. MR Imaging

MRI scans were obtained in the Medical Imaging Centre of Semmelweis University.
We measured the anatomic structures using MRI scans based on previously published study
methods [11,27-29]. All of the measurements were executed by a well-trained radiologist
blinded to the clinical data. The MRI scans were performed at the Medical Imaging
Center of Semmelweis University using a Philips Ingenia 1.5 T (Philips, Amsterdam, the
Netherlands) machine. The protocol included a 2D T1 weighted and T2 weighted axial,
a 3D FLAIR corona, an fMRI, and a diffusion tensor imaging sequence. The scans were
obtained from the posterior nasal spine to the level of the hyoid bone. We instructed
the patients to breathe calmly through their nose and to try to avoid swallowing or any
movement during the examination. We measured the parameters on T1 and T2 sagittal,
coronal, and axial planes using Philips IntelliSpace Portal (Philips Healthcare, Best, the
Netherlands) DICOM viewer.

The cephalometric parameters were measured in the mid-sagittal plane, such as the
sella-nasion-A point (subspinal) (SNA) and sella-nasion-B point (supramental) (SNB) angles
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and their differences. We also measured the mandibular and hyoid plane distance and the
hyoid and cervical tangent distance. (Figure 1) [27,30].

Figure 1. T1 weighted cephalometric measurements on midsagittal plane. (Green: SNA angle, orange:
SNB angle, purple: mandibular-hyoid distance, light green: hyoid—cervical tangent distance).

The soft tissue structures were also assessed on the midsagittal plane; we calculated the
nasal, occlusal, and mandibular width and the area of the posterior airway space (PAS) [30]
(Figure 2). On the same plane, we measured the anteroposterior diameter, thickness, and
area of the tongue; we also calculated the maximal axial width of the tongue and calculated
a rough approximate volume of the tongue [31] (Figure 3). The length, maximal width,
and the area of the soft palate were assessed on the mid-sagittal plane as well, such as the
thickness of the uvula (Figure 3). We also measured the width and area of the uvula on
the axial plane (Figure 4). After that, we measured the pharyngeal wall thickness from
the parapharyngeal fat tissue and from the internal carotid artery as well. We determined
the largest extent of the parapharyngeal fat tissue on both sides of their axial plane and
calculated their area [32] (Figure 5). We also measured the subcutaneous neck fat tissue
thickness as well [1,33].

Figure 2. T1 weighted measurements of the posterior airway space on midsagittal plane (a) nasal
(yellow), occlusal (orange) and mandibular (blue) thickness; (b) area (yellow curve).
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Figure 3. (a) Measurements of the tongue on T1 sagittal plane. Yellow: anteroposterior diameter,
orange: thickness, purple: area; (b) Measurements of the soft palate on T1 sagittal plane. Orange:
length, blue: thickness, purple: area.

Figure 4. (a) Measurements of the uvula on T1 axial plane. Yellow: anteroposterior thickness, green:
latero-lateral width, orange: area; (b) Measurements of the pharyngeal wall on T1 axial plane. Light
green arrow on the left: internal carotid artery, dark green arrow on the right: parapharyngeal
fat tissue, orange and blue: pharyngeal wall thickness from parapharyngeal fat, red and yellow:
pharyngeal wall thickness from the internal carotid arteries.

Figure 5. Area of the parapharyngeal fat tissue. Blue: right area, purple: left area.



Appl. Sci. 2022, 12, 7646

50f13

2.3. Statistical Analysis

We used the Mann-Whitney U test for the continuous parameters and Fisher’s exact
test for contingency parameters to determine any significant differences between the MZ
and DZ groups regarding the descriptive data. For the analysis of heritability, we used
a classical twin study design. For the estimation of variance, log-transformed values
were used for most variables such as mandibular-hyoid distance, hyoid—cervical tangent
distance, soft palate length, all measurements of the uvula, tongue volume and area,
cervical subcutaneous fat tissue, parapharyngeal adipose tissue areas and pharyngeal wall
thickness measured from the fat tissue. Intraclass correlations (within twin pair-correlation
coefficients) were calculated to test for the existence of a genetic variance component for
each trait; a higher MZ than DZ correlations indicates genetic effects [34]. Then we applied
the ACE model to each parameter. This statistical model is a common method used to
determine the genetic and environmental background of different phenotypic variations
in twin studies. It decomposes the factors into additive genetic variance (A), common or
shared environmental factors (C, such as age, socioeconomic status, etc.), and specific or
non-shared environmental factors and measurement error (E, factors only affecting one
twin, such as diseases or smoking habit) [23,35]. For better visualization, we demonstrate
the ACE model as a graphical model (Figure 6). Full ACE model and a series of sub-models
were tested regarding each parameter, and to determine the best fitting sub-model, we
used the Akaike information criteria (AIC) [36]. Statistical analysis was conducted using R
studio, version 1.1.463, and SPSS, version 24 (IBM Corp, Armonk, NY, USA) [37].
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Figure 6. Graphical explanation of the ACE statistical model.

3. Results
3.1. Study Population

The descriptive characteristics of the study population (110 twins, age median, and
Q1-Q3: 53 (44-63.75) years) are summarized in Table 1. DZ pairs were older (p = 0.002);
however, there were no other significant differences between the two groups.
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Table 1. Demographics and descriptive clinical characteristics of the study subjects. The continuous
variables are expressed as the median (Q1-Q3) deviation. p-values of the Fishers’ exact test and the
Mann-Whitney U tests for each parameter are shown.

Total Mz Dz p-Values
Number of participants, N 110 66 44
Age, (years) median (Q1-Q3) 53 (44-64) 50 (42-56) 59 (48-69) 0.002
Males: 34 Males: 24 Males: 10 0.146
Sex, N (%) (30.9) (36.4) (22.7) :
X ? Females: 76 Females: 42 Females: 34
(69.1) (63.6) (77.3)
. 24.8 24.3 25.2
BMI, median (Q1-Q3) (22.4-27.3) (22.2-27.2) (23.1-27.7) 0.803
Smoking, N (%) 16 (14.5) 13 (19.7) 3 (6.8) 0.096
Hypertension, N (%) 24 (21.8) 12 (18.2) 12 (27.3) 0.346
Diabetes Mellitus, N (%) 7 (6.4) 3(4.5) 4(9.1) 0.434
Dyslipidemia, N (%) 20 (18.2) 9 (13.6) 11 (25) 0.140
BMI, body mass index
3.2. ACE Model
The ACE statistical model of the measurements is summarized in Table 2, with the best
fitting sub-model for each parameter. We found a strong heritable component determining
subcutan fat-tissue thickness of the neck and tongue anteroposterior diameter. On the
other hand, we found a strong environmental contribution to the parapharyngeal adipose
tissue area and the pharyngeal wall thickness. The PAS diameter was determined mostly
by heritable factors in the nasal region; however, the occlusal thickness of the PAS, which
is the narrowest point of the upper airway, was mainly affected by environmental factors.
The PAS area had to be eliminated due to distributional problems. The SNA and SNB
angles showed both genetic and environmental contributions, with a slightly larger heritable
impact regarding the SNB angle. Most parameters of the uvula were also both affected by
hereditary and environmental factors except for the area that showed a higher environmental
determination. To better visualize the ACE differences between the traits, we demonstrate
the distribution of each model from the highest A values to the highest E values in Figure 7.
Table 2. ACE models of the measured anatomical markers with 95% confidence interval after defining
the best fitting sub-model. A: additive genetics, C: common environment, E: unique environment.
Measurements A C E
SNA angle A:0.485 (0.142, 0.713) C:0 E: 0.515 (0.287, 0.858)
SNB angle A:0.702 (0.422, 0.849) C:0 E: 0.298 (0.151, 0.578)
Mandibular-hyoid distance A:0 C:0.569 (0.312, 0.746) E: 0.431 (0.254, 0.688)
Hyoid-cervical tangent distance A:0 C: 0.685 (0.510, 0.805) E: 0.315 (0.195, 0.490)
Soft palate length A:0 C:0.629 (0.437, 0.765) E: 0.371 (0.235, 0.563)
Soft palate thickness A:0.666 (0.442, 0.804) C:0 E: 0.334 (0.196, 0.558)
Soft palate area A:0 C:0.633 (0.444, 0.768) E: 0.367 (0.232, 0.556)
Uvula sagittal thickness A:0.707 (0.507, 0.829) C:0 E: 0.293 (0.171, 0.493)
Uvula axial anteroposterior width A:0.651 (0.308, 0.827) C:0 E: 0.349 (0.173, 0.692)
Uvula axial width A:0.732 (0.469, 0.863) C:0 E: 0.268 (0.137, 0.531)
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Table 2. Cont.
Measurements A C E
Uvula area A:0 C: 0.575 (0.324, 0.750) E: 0.425 (0.250, 0.676)
PAS nasal A:0.452 (0.174, 0.657) C:0 E: 0.548 (0.343, 0.826)
PAS occlusal A: 0 C:0.567 (0.357, 0.723) E: 0.433 (0.277, 0.643)
Tongue anteroposterior diameter A:0.815 (0.633, 0.904) C:0 E: 0.185 (0.096, 0.367)
Tongue thickness A:0 C: 0.705 (0.490, 0.836) E: 0.295 (0.164, 0.510)
Tongue axial width A:0 C:0.591 (0.334, 0.763) E: 0.409 (0.237, 0.666)
Tongue volume A:0 C:0.625 (0.376, 0.786) E: 0.375 (0.214, 0.624)
Tongue area A:0 C:0.532(0.291, 0.698) E: 0.468 (0.302, 0.709)
Subcutaneous neck fat thickness A:0.841 (0.719, 0.908) C:0 E: 0.159 (0.092, 0.281)
Parapharyngeal fat area (right) A:0 C:0.582 (0.328, 0.756) E: 0.418 (0.244, 0.672)
Parapharyngeal fat area (left) A:0 C:0.631 (0.388, 0.789) E: 0.369 (0.211, 0.612)
Pharyngeal wall-parapharyngeal fat (right) A:0 C:0.549 (0.281, 0.735) E: 0.451 (0.265, 0.719)
Pharyngeal wall-parapharyngeal fat (left) A:0 C:0.52(0.247,0.714) E: 0.48 (0.286, 0.753)
Pharyngeal wall-internal carotid artery (right) A:0 C:0.511 (0.234, 0.709) E: 0.489 (0.291, 0.766)
Pharyngeal wall-internal carotid artery (left) A:0 C:0.484 (0.206, 0.689) E: 0.516 (0.311, 0.794)
ACE models
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Figure 7. A bar-chart demonstration of the ACE model distributions from the highest A values (blue)
to the highest E values (grey). Orange demonstrates C values in a decreasing order.

3.3. MZ-DZ Correlation

The MZ-DZ correlation results are also shown in Table 3. It showed higher rMZ values
of the SNA and SNB angles, soft palate length and area, all uvula-connected measurements,
nasal and occlusal PAS, and every tongue-related value, especially tongue anteroposterior
diameter, subcutaneous neck fat thickness, and the left parapharyngeal fat tissue area; this
suggests a higher possibility for heritability for these parameters.
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Table 3. Intraclass correlations of MZ and DZ groups RMZ: MZ correlation, RDZ: DZ correlation.

Measurements RMZ RDZ

SNA angle 0.511 (0.120, 0.764) 0.297 (—0.267, 0.710)

SNB angle 0.716 (0.445, 0.866) 0.129 (—0.433, 0.616)
Mandibular-hyoid distance 0.538 (0.156, 0.782) 0.623 (0.181, 0.856)
Hyoid—cervical tangent distance 0.550 (0.236, 0.760) 0.811 (0.595, 0.918)

Soft palate length 0.724 (0.504 0.854) 0.429 (0.017, 0.715)

Soft palate thickness 0.640 (0.376, 0.809) 0.465 (0.060, 0.740)

Soft palate area 0.673 (0.431, 0.825) 0.614 (0.271, 0.819)
Uvula sagittal thickness 0.707 (0.484, 0.843) 0.412 (0.01, 0.699)

Uvula axial anteroposterior width 0.568 (0.179, 0.799) 0.428 (—0.186, 0.781)
Uvula axial width 0.612 (0.270, 0.815) 0.521 (0.018, 0.811)

Uvula area 0.602 (0.263, 0.81) 0.577 (0.078, 0.843)

PAS nasal 0.489 (0.181, 0.709) 0.283 (—0.145, 0.620)

PAS occlusal 0.595 (0.313, 0.782) 0.569 (0.196, 0.8000)

Tongue anteroposterior diameter 0.856 (0.694, 0.934) 0.079 (—0.416, 0.536)

Tongue thickness 0.793 (0.563, 0.905) 0.446 (—0.120, 0.782)

Tongue axial width 0.639 (0.315, 0.825) 0.515 (—0.055, 0.818)

Tongue volume 0.666 (0.36 0.84) 0.525 (—0.008, 0.815)

Tongue area 0.588 (0.282, 0.761) 0.45 (—0.015, 0.721)

Subcutaneous neck fat thickness 0.834 (0.681, 0.917) 0.598 (0.238, 0.815)
Parapharyngeal fat area (right) 0.603 (0.269, 0.805) 0.624 (0.174, 0.853)
Parapharyngeal fat area (left) 0.656 (0.343, 0.836) 0.597 (0.101, 0.846)
Pharyngeal wall-parapharyngeal fat (right) 0.510 (0.128, 0.757) 0.616 (0.168, 0.85)
Pharyngeal wall-parapharyngeal fat (left) 0.510 (0.135, 0.756) 0.561 (0.099, 0.823)
Pharyngeal wall-internal carotid artery (right) 0.493 (0.115, 0.746) 0.568 (0.102, 0.827)
Pharyngeal wall-internal carotid artery (left) 0.493 (0.120, 0.744) 0.518 (0.036, 0.802)

SNA, sella-nasion-A point (subspinal), SNB, sella-nasion-B point (supramental), PAS, posterior airway space.

4. Discussion

The present study investigated the heritability of the anatomical markers of OSA on
MRI scans. Our main results showed that in our study population, the anteroposterior
diameter of the tongue and the neck subcutaneous fat tissue were strongly determined by
hereditary influences. The pharyngeal wall thickness and parapharyngeal fat tissue areas
were mainly determined by environmental factors.

The collapse of the upper airways during OSA can occur at numerous levels of the
nose, nasopharynx, oropharynx, epiglottis, or hypopharynx [38]. There have been several
studies investigating the relationship between anatomic features and OSA. Facial skeleton
abnormalities of the maxilla and mandibula have been associated with the development
of OSA. These bony structure malformations could lead to soft tissue redistribution and
pharyngeal airway space reduction [39-41]. An inferior and posterior replacement of the
hyoid bone has been detected in OSA patients, which could be explained by the mobility
of the bone and the caudal expansion of the soft tissue. This leads to instability and
the posterior replacement of the tongue, causing airway narrowing [41-43]. We found
a similar hereditary and environmental determination of the cephalometric parameters.
Anatomical abnormalities of the surrounding soft tissues such as lateral pharyngeal walls,
tonsils, and tongue are also associated with an increased risk for OSA [44]. Based on
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our results, the pharyngeal wall thickness was mainly affected by environmental factors.
Similarly to us, Reiner et al. found a strong genetic determination regarding tongue AP
diameter in mice; meanwhile, the other dimensions of the tongue were mainly affected by
environmental factors [45]. In OSA patients, the soft palate tends to appear thicker and has
an increased anteroposterior diameter [46,47]. In our study, the dimensions of the soft palate
and the uvula were similarly determined by heritable components and environmental
factors. Avcietal. considered the retropalatal airway as the most important structure
contributing to OSA. They examined 117 male subjects and found that the dimensions of
the nasopharynyx, the cross-sectional area at the hard palate level, and pharyngeal length
were associated with the RP patterns and OSA severity as well [48]. Our study correlates
with these findings as we found a strong environmental background behind the narrowest
point of the PAS, which is usually in the retropalatal region. The studies investigating
tongue anatomy in OSA patients mainly focused on tongue volume, fat distribution, and
muscle activity. They found that muscle activity and the muscle fiber distribution of the
genioglossus muscle and increased fat tissue in the tongue can affect OSA severity [29,49,50].
Our study indicates that the tongue dimensions may be primarily determined by genetic
factors and could be the reason for the high heritability of OSA [29,49,50].

Fat deposition around the tissues of the upper airway could also lead to space reduc-
tion [49]. Li et al. aimed to validate the hypothesis that fat tissue accumulation contributes
to OSA on 28 subjects and found significantly more fat tissue around the pharyngeal cavity
in OSA patients compared to healthy controls [1]. Schwab et al. studied the importance
of the lateral parapharyngeal wall in OSA. In their study, the airway narrowing in OSA
patients was predominant in the lateral dimension, which was explained by larger pharyn-
geal walls rather than the enlargement of the parapharyngeal fat tissue [51]. Soares et al.
found that the lateral pharyngeal wall and supraglottic airway collapse were associated
with OSA surgical failure [52]. In a study on 33 adults by Jang et al., the parapharyngeal fat
pad increased with the age and BMI of their study group; they also found that larger fat
tissue volume led to the narrowing of the retropalatinal space [53]. Other studies found that
the thickening of the soft tissue by fat deposition in the submandibular neck region could
also lead to narrowed airways [53,54]. These studies have already indicated the importance
of pharyngeal tissue thickness and fat area, and our results suggest that these traits are en-
vironmentally determined. This could mean that with appropriate interventions (i.e., diet,
pharyngeal muscle training, medications), these factors can be eliminated. On the other
hand, we found a strong heritable component regarding the thickness of the subcutaneous
neck fat tissue. This could be due to the different anatomical distribution between brown
adipose tissue and white adipose tissue. In adults, subcutaneous brown adipose tissue was
reported to be found in the anterior neck region but not the parapharyngeal region [55,56].
In addition, studies have reported different gene expressions in the regulation of fat dis-
tribution at different anatomical regions, particularly in subcutaneous vs visceral adipose
tissue [57,58]. It could suggest that brown adipose tissue and white adipose tissue have
different heritable backgrounds.

There are very few family and twin studies currently available regarding OSA markers.
Redline et al. examined 272 subjects from 29 families, and their data suggested a significant
familial aggregation of symptoms associated with sleep-disordered breathing [59]. Twin
and family studies suggest that obesity and craniomorphology are highly determined by
genetic contribution [15,60]. Wing et al. found a significant familial aggregation with a high
heritability of insomnia disorder in a study based on 75 adults and their 180 relatives [61].
In the Cleveland Family Study, 1802 individuals from 310 families underwent sleep studies
and BMI calculations. Based on their study, they found that OSA and obesity shared
a substantial genetic basis; however, they suggested the importance of considering both
obesity-related and obesity-independent genetic effects [62]. We investigated the heritability
of OSA on 71 twin pairs and found a significant genetic determination [24]. Desai et al.
found a genetic contribution to the symptomatology of OSA in 933 MZ and 1004 DZ twin
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pairs using questionnaires [63]. The current study could help us further understand the
heritable and environmental components in the development of OSA.

Our study had a few limitations. The accuracy of the measurement highly depends
on the radiologist; however, we studied several other publications and trained on several
MRI scan series to improve our measurement skills. The scans can be affected by patient
cooperation, such as breath-holding during the examination and muscle contraction. We
informed our subject before the scanning to limit any movement or posture-induced
artifacts. Our study included a relatively small number of patients and involved a 1:2 ratio
of male:female participants; meanwhile, OSA is more common in the male population.
Unfortunately, polysomnography has not been performed as part of the current study;
therefore, the actual contribution of anatomical dimension to OSA development was
not investigated.

5. Conclusions

In summary, in this study, we found strong heritability of the anteroposterior diameter
of the tongue and the thickness of the submental fatty tissue of the neck. The other
parameters of the tongue, soft palate, and uvula have proven to be similarly influenced by
genetic and environmental factors, contributing to their anatomical appearance. Meanwhile,
we found strong environmental determination in the thickness of the parapharyngeal
fatty tissue, the thickness of the pharyngeal wall, as well as the smallest diameter of the
posterior upper airways. Our study can help to understand the background of OSA and
the possible role of hereditary components in the development of the disease. Further
studies are recommended for this subject involving larger sample sizes and more diverse
subject groups.
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