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Purpose: Aimed to analyze the developmental characteristics of craniofacial structures and soft tissues in children with obstructive
sleep apnea (OSA) and to establish and evaluate prediction model.

Methods: It’s a retrospective study comprising 747 children aged 2-12 years (337 patients and 410 controls) visited the
Department of Otolaryngology-Head and Neck Surgery, the Second Affiliated Hospital of Xi’an Jiaotong University (July 2017
to March 2024). Lateral head radiographs were obtained to compare the cephalometric measurements. The clinical prediction
model was constructed using LASSO regression analysis. We analyzed 300 children from the Xi’an Children’s Hospital for external
validation.

Results: Children with OSA had a higher body mass, a higher tonsil grade, larger AN ratio (ratio of the adenoids to the skeletal upper
airway width), larger radius of the tonsils, a smaller angle between the skull base and maxilla (SNA) and smaller angle between the
skull base and mandible (SNB), a larger distance from the hyoid to the mandibular plane (H-MP) and smaller distance between the
third cervical vertebra and hyoid (H-C), a larger thickness of the soft palate (SPT) and smaller inclination angle of the soft palate than
those of the controls (all p < 0.05). A prediction model was constructed for 2—12 years group (AUC of 0.812 [95% CI: 0.781-0.842]).
Age-specific prediction models were developed for preschool children (AUC of 0.769 [95% CI: 0.725-0.814]), for school-aged
children (AUC of 0.854 [95% CI: 0.812—-0.895]).

Conclusion: Our study findings support the important role of craniofacial structures such as the hyoid, maxilla, mandible, and soft
palate in pediatric OSA. Age-stratified predictive models for pediatric OSA indicated varying parameters across different age groups
which underscore the necessity for stratifying by age in future research. The prediction model designed will greatly assist health care
practitioners with rapidly identifying.
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Background

Obstructive sleep apnea (OSA) is a key form of sleep-disordered breathing (SDB) in children."” OSA involves extended
periods of heightened upper airway resistance and respiratory effort, leading to partial or complete blockage of the upper
airway during sleep. Children with OSA is more commonly associated with daytime neurobehavioral issues, learning
difficulties and growth delays.’
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Snoring is observed in 3—15% of children, with a higher prevalence of 13-35% in those aged 3 to 6 years. OSA
affects 1-5% of children, peaking between ages 2 and 6 years, with the highest incidence at around 2.5 years for boys and
4 years for girls, showing no significant difference between sexes.”*°

The primary risk factor reported for pediatric OSA is adenotonsillar hypertrophy.” Research shows a significant
correlation between tonsillar volume and the severity of pediatric OSA.%’ While isolated adenoid hypertrophy alone is
not enough to diagnose OSA, it can exacerbate the condition in children who are already at risk. Studies suggest that the
role of adenotonsillar hypertrophy can be evaluated by examining the success rate of adenotonsillectomy as a treatment
for OSA.*?

Obesity is another significant risk factor for pediatric OSA.'® A prospective study found that 4% of adolescents aged
16 to 19 years have OSA, many of whom did not exhibit signs of sleep-disordered breathing or snoring in childhood.>"!
Among adolescents, obesity and male sex are considered the most critical risk factors for developing OSA.’

Different from adults, the growth and development of children are dynamic. Thus, craniofacial anomalies represent
another important risk for pediatric OSA, such as dentofacial anomalies and major craniofacial malformations. Abnormal
dentofacial lesions are frequently seen in 15-47% of children with OSA, and there have been reports of improved sleep
disorders following orthodontic treatment.'®'? Nonetheless, some studies suggest that dental issues resulting from mouth
breathing may be more a consequence of OSA rather than a cause. Craniofacial defects (mandibular deficiency,
enlargement of the tongue and soft palate and Improper position of the hyoid bone) associated with OSA may occur
together and can influence the severity and characteristics of OSA.'*'* However, there are currently no large-scale
research data on pediatric OSA based on craniofacial lateral development.

The diagnosis of pediatric OSA is based on an overnight polysomnography (PSG) test.* However, the long testing
time and expensive equipment prevent children from receiving timely diagnosis and treatment. Therefore, developing
a simple and accurate new method for pediatric OSA diagnosis is crucial. In recent years, machine learning has emerged,
showing advantages such as efficiency and conciseness. There are currently studies applying machine learning to the
diagnosis of adult OSA and its comorbidities. Our team previously conducted research predicting adult OSA, and the
model demonstrated good results.'> However, there is currently limited research on predictive models for pediatric OSA.
Moreover, there have been no studies incorporating pediatric craniofacial structures into research in a relatively large
population. Upper airway imaging could be helpful for investigating OSA. Therefore, we obtained lateral cephalometric
measurements and analyzed these in combination with birth indicators, clinical symptoms, and physical signs to construct
a prediction model and evaluate its predictive value.

Methods
We retrospectively collected data of pediatric patients who visited the Department of Otolaryngology-Head and Neck
Surgery at the Second Affiliated Hospital of Xi’an Jiaotong University from July 2017 to March 2024. These patients had
undergone sleep breathing monitoring and lateral head radiograph examinations, which were used to evaluate the degree
of adenoid hypertrophy. Before the examination, informed consent forms were signed by the guardians of each
participant. We collected data on children, including their growth and development status (sex, age, height, weight and
body mass index [BMI]), birth information (whether born full-term, birth weight, mode of delivery, and feeding method),
clinical symptoms (snoring during sleep, mouth breathing, and sleep apnea), clinical signs (degree of tonsillar hyper-
trophy), lateral head X-ray images, and sleep monitoring results. BMI was calculated using the formula weight/height?
(kg/m?) and then converted to a z-score based on age and sex, according a local reference.'®

After applying the strict inclusion and exclusion criteria, the final dataset comprised 747 children aged 2—12 years for
analysis and model construction; this dataset was used as the training set. Additionally, we collected data on 300 children
for external validation who presented with snoring or mouth breathing at Xi’an Children’s Hospital between
October 2023 and January 2024. The inclusion criteria were as follows: (1) children aged 2—12 years, (2) children
who had undergone overnight PSG examination, and (3) children who had undergone lateral head radiography.

Participants were excluded if they had prior upper airway surgery, were currently being treated for OSA, had a known
history of syndromic craniofacial conditions (eg, Down syndrome), or had previous craniofacial surgery. The study
flowchart is shown in Figure 1.
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Pediatric patients who visited the sleep center of the Second
Affiliated Hospital of Xi'an Jiaotong University from July 2017
to March 2024 (n=1845).

Ineligible children:
1. Without PSG (n=218).
2. Without Lateral head radiographs | ' (pijdren who meet the Screened children from the
(n=420). inclusion criteria Children's Hospital in
(n=1207). Xi'an (n=300).
Excluded children:
1. Incomplete baseline (n=360).
2. Children with syndromal
craniofacial abnormalities (n=12).
3. Previously undergone upper
airway surgery (n=36).
4.  Children with muscular and Train set Validation set
respiratory disease (n=52). (n=747) (n=300)
OSA group || Normal group OSA group Normal group
(n=410) (n=337) (n=173) (n=127)

Figure | Study flowchart.

PSG was performed in the overnight sleep laboratory of the Sleep Center of the Department of Otolaryngology-Head
and Neck Surgery, the Second Affiliated Hospital of Xi’an Jiaotong University. Each record was evaluated by a certified
clinical polysomnographer. The evaluation involved several parameters: electroencephalogram, electrooculogram, elec-
tromyogram, muscle activity, electrocardiogram, oxygen saturation, thoracic movements, and nasal and oral airflow
recordings. The Obstructive Apnea Hypopnea Index (OAHI) was used to gauge sleep apnea severity, categorizing
patients into two groups based on apnea and hypopnea frequency. An OAHI of >1 incident per hour was deemed
abnormal in pediatric patients.®

The same Siemens Orthophos X-ray system was employed to capture lateral cephalometric images consistently, main-
taining a fixed distance of 150 cm between the cathode and the head. The participant stood upright with their gaze parallel to
the floor. All images were taken at the end of inhalation, with the participant instructed to avoid speaking or swallowing.

The cephalogram was administered and evaluated by two otolaryngologists, each with more than 10 years of
experience. One investigator manually traced the cephalograms on 0.03-inch-thick acetate paper, while a second
investigator reviewed the tracings. If discrepancies were found, the tracing process was repeated for a third time. The
average of the two closest measurements was used. During the cephalometric measurement process, the investigators
were blinded to the group assignment of the individual, meaning they do not know whether the participant is part of the
case group or the control group. Similarly, the personnel responsible for data collection and subsequent analysis are also
blinded to the group allocation of each participant, ensuring that both the measurement process and the data interpretation
remain unbiased throughout the study.

The cephalometric analysis was based on 28 measurements: seven angular measurements (N.S-S.Ba: angle of skull
base; Go.Me-Go.Ar: mandibular angle; Go.Me-N.Pog: relationship between facial height and mandibular; SNA: angle
between the cranial base and the maxilla, SNB: angle between the cranial base and the mandible; ANB: difference
between SNA and SNB; and ASP: angle of the soft palate); 18 linear measurements (A4: adenoid; N: width of the skeletal
upper airway; PAS: width of the airway at the most protrusive place of the adenoid body; T: radius of the tonsil; P: width
of the airway at the most protrusive place of the tonsil; ASL: anterior skull base length; MSL: middle skull base length;
TSL: total skull base length; Go-Me: length of the body of the mandible; 4r-Go: length of the mandibular ramus; ANS-
PNS: size of the maxilla; N-Me: total anterior facial height; N-ANS: superior facial height; S-Go: posterior facial height;
H-MP: distance from the hyoid to the mandibular plane; H-C: distance between the third cervical vertebra [C3] and
hyoid; SPT: thickness of the soft palate; and SPL: length of the soft palate); and three ratio measurements (AN ratio: ratio
of A and N; TP ratio: ratio of T and P; and Upper ratio: upper facial height proportion).
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Figure 2 Cephalometric reference points used for all measurements. (A) Schematic and (B) schematic on a lateral skull radiograph of a patient. Reference points: I)
N. nasion, 2) S. sella, 3) Ba. basion, 4) Ar. articulare, 5 and 6) thickest point of the soft palate, 7) PNS. posterior nasal spine, 8) ANS. anterior nasal spine, 9) A point, 10)
lower pole of tonsils, 11) P. tip of the soft palate, 12) Go. gonion, 13 and 14) widest part of the tonsils, 15) adenoid vertex, |16) lower anterior point of C3, 17) point B, 18)
Po. pogonion, 19) Gn. gnathion, 20) Me. menton, and 21) hyoid point.

Figure 2 displays the cephalometric reference points utilized for all measurements. Figure 3 illustrates the measure-
ments of the soft palate, including its length, thickness, and angulation, as well as the measurements of the hyoid and
skull base structures. Figure 4 shows data on the facial measurement, including facial height, and measurements of the
mandible and maxilla. Figure 5 illustrates measurements of the adenoid (4, N, and AN ratio) and tonsil (7, P, and TP

ratio).

Statistical Analysis

All statistical analyses were performed using R Studio (version 4.3.1). Descriptive statistics for categorical data are
shown as counts and percentages, while continuous data are reported as meantstandard deviation. Differences between
groups were evaluated using various tests: chi-square test for categorical variables, independent samples #-test for
normally distributed continuous variables, and Mann—Whitney U-test for ordered categorical variables. Pearson correla-
tion test was used for correlation analysis.

Least absolute shrinkage and selection operator (LASSO) regression was conducted using the R package “glmnet”,
and binary logistic regression was performed using the “Irm” function in R Studio. The model was visualized using the
“nomogram” function in the “rms” package.

The performance of prediction model was evaluated through receiver operating characteristic (ROC) curve analysis.
The Youden index helped determine the optimal cut-off point for assessing accuracy, sensitivity and specificity.
Additionally, the Akaike information criterion (AIC) was used to gauge model fit and complexity, with a smaller AIC
indicating a better model due to its penalty for more independent variables. Statistical significance was defined as a p
value of 0.05 or less.
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Figure 3 Measurements of the skull base structure, soft palate, and hyoid. (A) Schematic and (B) schematic on a lateral skull radiograph of a patient. Reference points: Soft
palate measurements: |) thickness of the soft palate (SPT), 2) length of the soft palate (SPL), and 3) angle of the soft palate (ASP). Hyoid measurements: 4) distance between
C3 and hyoid (H-C), and 5) distance from the hyoid to the mandibular plane (H-MP). Measurement of skull base structure: 6) middle skull base length (MSL), 7) anterior skull
base length (ASL), 8) total skull base length (TSL), 9) angle of the skull base (N.S-S.Ba), 10) SNB, 11) SNA, and 12) ANB, difference between SNA and SNB.

Figure 4 Facial measurements. (A) Schematic and (B) schematic on a patient’s lateral skull radiograph. Reference points: Facial measurement: |) N-ANS: superior facial
height, 2) N-Me: total anterior facial height, 3) S-Go: posterior facial height, 4) ANS-PNS: size of the maxilla, 5) Go.Me-N.Pog: relationship between facial height and
mandibular, 6) Go-Me: length of the body of the mandible, 7) Ar- Go: length of the mandibular ramus, and 8) Go.ME-Go.Ar: mandibular angle.
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Figure 5 Measurements of the adenoids and tonsils. (A) Schematic and (B) schematic on a patient’s lateral skull radiograph. Reference points: Adenoid and tonsil
measurements: A: width measured at the most protrusive place of adenoid, N: width of the skeletal upper airway; PAS: width of the airway at the most protrusive place of the
adenoid body; T: radius of the tonsil, and P: width of the airway at the most protrusive place of the tonsil.

Results
Demographic Characteristics, Clinical Symptoms, and Physical Signs in the Training and

External Validation Sets

A total of 747 children aged 2—12 years were enrolled in our training set, comprising 372 boys (49.8%) and 375
girls (50.2%), with no significant difference between the two groups (Table 1). The results showed a significant
difference in age (p < 0.05) between the OSA group and the control group, and we found that children with OSA
were younger in our study population. Children with OSA had a higher BMI-z (p < 0.001) than the controls.
Regarding clinical symptoms (including snoring, sleep suffocation, and mouth breathing), only mouth breathing
showed a significant difference between the two groups (p = 0.008). Regarding clinical signs, the children with
OSA had a higher tonsil grade than the controls (p < 0.001). In terms of birth information, there were no
significant differences between the two groups in birth weight, delivery, term birth, and feeding pattern (all
p > 0.05).

Results of Lateral Head Radiograph Measurements

Table 2 shows the measurements from lateral head radiographs in the training set. The results showed that A, AN ratio,
and PAS were significantly different between the two groups (all p < 0.001), which reflected the size of the adenoids and
width of the surrounding airway. Regarding tonsil size and the surrounding airway, 7 in the OSA group was higher than
that in the control group (p < 0.05). There was no significance in measurements of the skull base structure between
groups (all p > 0.05). The results for maxillofacial measurements are summarized in Table 2. Two parameters showed
a significant difference in mean values between the two groups: SNA (87.01 + 5.03 vs 88.51 £5.29, p < 0.001) and SNB
(80.52 £ 4.27 vs 82.39 + 4.01, p < 0.001), with no difference in ANB. Children with OSA had smaller SNA and SNB

measurements than the controls.
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Table | Demographic Characteristics, Clinical Symptoms, and Physical Signs in the Training and External Validation Sets

Variable Training Set External Validation Set P
Total (n = 747) | Normal (n = 337) | OSA (n = 410) P Total (n = 300) | Normal (n =127) | OSA (n = 173) P
Age (years) 5.67 £237 5.87 £ 245 5.51 £229 <0.05 5.76 £ 241 6.00 + 2.45 5.58 £ 237 0.140 0.589
Age group (n, %) 0.612 0.228 0913
2-5 433 (57.97) 192 (56.97) 241 (58.78) 175 (58.33) 69 (54.33) 106 (61.27)
6-12 314 (42.03) 145 (43.03) 169 (41.22) 125 (41.67) 58 (45.67) 67 (38.73)
Sex (n, %) 0.574 0.138 0.110
Male 372 (49.80) 164 (48.66) 208 (50.73) 133 (44.33) 50 (39.37) 83 (47.98)
Female 375 (50.20) 173 (51.34) 202 (49.27) 167 (55.67) 77 (60.63) 90 (52.02)
BMI (kg/m?) 16.13 + 2.61 15.80 + 2.15 16.40 + 291 <0.001 16.01 +2.44 15.65 + 2.02 16.27 + 2.69 <0.05 0.481
BMI z 0.27 £+ 1.42 0.06 £ |.15 044 + 1.59 <0.001 0.19 £ 1.30 —0.01 + 1.08 033+ 142 <0.05 0.383
Birth weight (kg) 3.34£036 3.32+£038 3.36 £ 033 0.185 3.33+£035 329 £ 0.38 337 +£032 0.053 0.626
Snoring (n, %) 0.116 0.857 0.875
No 362 (48.46) 174 (51.63) 188 (45.85) 147 (49.00) 63 (49.61) 84 (48.55)
Yes 385 (51.54) 163 (48.37) 222 (54.15) 153 (51.00) 64 (50.39) 89 (51.45)
Sleep suffocation (n, %) 0.489 0.116 0.934
No 500 (66.93) 230 (68.25) 270 (65.85) 200 (66.67) 91 (71.65) 109 (63.01)
Yes 247 (33.07) 107 (31.75) 140 (34.15) 100 (33.33) 36 (28.35) 64 (36.99)
Mouth breathing (n, %) <0.01 <0.05 0.912
No 162 (21.69) 88 (26.11) 74 (18.05) 66 (22.00) 37 (29.13) 29 (16.76)
Yes 585 (78.31) 249 (73.89) 336 (81.95) 234 (78.00) 90 (70.87) 144 (83.24)
Tonsil grade (n, %) <0.001 <0.001 0.612
| 100 (13.39) 74 (21.96) 26 (6.34) 46 (15.33) 30 (23.62) 16 (9.25)
Il 454 (60.78) 204 (60.53) 250 (60.98) 183 (61.00) 77 (60.63) 106 (61.27)
1] 193 (25.84) 59 (17.51) 134 (32.68) 71 (23.67) 20 (15.75) 51 (29.48)
Birth (n, %) 0.710 0.437 0.623
Full-term 567 (75.9) 258 (76.56) 309 (75.37) 232 (77.33) 101 (79.53) 131 (75.72)
Pre-term 180 (24.1) 79 (23.44) 101 (24.63) 68 (22.67) 26 (20.47) 42 (24.28)
Delivery (n, %) 0.340 0.952 0.885
Spontaneous 499 (66.8) 219 (64.99) 280 (68.29) 199 (66.33) 84 (66.14) 115 (66.47)
Cesarean delivery 248 (33.2) 118 (35.01) 130 (31.71) 101 (33.67) 43 (33.86) 58 (33.53)
Feeding pattern (n, %) 0.650 0.381 0.898
Breastfeeding 526 (70.41) 235 (69.73) 291 (70.98) 215 (71.67) 86 (67.72) 129 (74.57)
Bottle feeding 132 (17.67) 64 (18.99) 68 (16.59) 52 (17.33) 24 (18.90) 28 (16.18)
Mixed feeding 89 (11.91) 38 (11.28) 51 (12.44) 33 (11.00) 17 (13.39) 16 (9.25)

Note: Bold/italic: p < 0.05, indicating statistical significance.
Abbreviations: BMI, body mass index; BMI z, BMI adjusted for age and sex.
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Table 2 Cephalometric Measurements from Lateral Head Radiographs in the Training and External Validation Sets

Variable Training Set External Validation Set

Total Normal OSA P Total Normal OSA P p

(n=1747) (n=337) (n=410) (n =300) (n=127) (n=173)
A (mm) 16.03 + 293 15.8 £ 2.8l 16.57 £ 2.92 <0.001 | 16.46 + 5.66 15.82 + 2.80 16.94 + 7.04 0.092 0.856
N (mm) 21.57 + 3.58 21.69 + 3.61 21.47 + 3.56 0.403 21.61 +3.80 21.92 + 3.84 21.38 £ 3.76 0.224 0.856
AN ratio 0.75 = 0.11 0.72 £ 0.12 0.78 £ 0.09 <0.001 | 0.77 £ 0.20 073 +£0.13 0.79 £ 0.23 0.010 0.815
PAS (mm) 5.53 294 631 337 4.90 £ 2.36 <0.001 | 5.15 535 6.11 353 445 + 6.28 0.008 0.945
T (mm) 11.07 + 3.43 10.72 + 3.60 11.35+ 326 0.011 10.71 + 3.10 1031 +3.13 11.00 + 3.05 0.059 0.118
P (mm) 5.02 +£2.28 4.97 £ 2.04 5.05 + 2.46 0.623 475 £ 2.12 4.68 £ 1.96 480 +223 0.621 0.081
TP ratio 2.82 207 268 + 1.82 294 +£225 0.092 2.90 + 2.05 279 +1.83 298 + 221 0.429 0.565
N.S-S.Ba (°) 126.36 + 631 | 12625 + 649 | 12646 + 6.17 | 0.650 126.28 + 6.37 126.55 + 6.24 | 126.09 = 6.47 0.534 0.850
ASL (mm) 62.24 + 4.40 62.19 + 4.60 6227 + 424 0.808 62.20 + 4.25 62.01 + 4.37 6235 + 4.17 0.498 0911
MSL (mm) 41.44 £ 7.05 4098 £ 736 | 41.82%6.77 0.105 41.42 + 6.67 40.96 + 7.08 41.76 + 6.35 0.306 0.962
TSL (mm) 34.47 £ 6.28 34.22 + 641 34.68 £ 6.17 0312 34.48 £ 6.20 34.01 £ 635 34.83 + 6.08 0.258 0.985

Go.ME-Go.Ar (°) | 128.12 £5.86 | 128.09 £ 597 | 128.14 + 578 | 0.906 128.28 + 5.93 128.16 £ 5.80 | 128.37 + 6.04 0.760 0.678
Go.Me-N.Pog (°) | 64.86 + 443 64.79 + 437 64.92 + 4.49 0.674 65.01 + 4.37 65.22 + 4.14 64.86 + 4.54 0.480 0.615

Go-Me (mm) 56.85 + 6.54 57.12 £ 6.76 56.63 + 6.36 0313 56.67 + 6.57 57.19 + 6.87 56.28 + 6.34 0.235 0.686
Ar-Go (mm) 48.84 + 6.57 49.04 + 6.27 48.68 + 6.8 0.451 48.40 + 6.03 4881 £ 5.92 48.09 + 6.11 0.312 0312
SNA (°) 87.68 + 5.20 8851 + 529 87.01 +5.03 <0.001 | 87.42 + 538 8849 + 5.16 86.64 + 541 0.003 0.461
SNB (°) 81.36 + 426 82.39 + 4.0l 80.52 + 4.27 <0.001 | 81.22 + 4.40 82.16 + 3.92 80.54 + 4.61 <0.001 | 0.640
ANB (°) 6.32 + 3.05 6.13 £ 297 649 £ 3.10 0.108 6.22 + 3.51 6.32 + 3.05 6.14 + 3.81 0.652 0.626
ANS-PNS (mm) 4420 £ 534 44.14 £ 522 4425 + 544 0.780 44.43 + 6.08 44.09 + 5.26 44.69 + 6.63 0.396 0.530
N-Me (mm) 105.09 £ 9.72 | 104.54 +9.75 | 105.54 +£ 9.68 | 0.162 10476 £ 10.11 | 104.28 +9.10 | 105.11 + 10.80 | 0.48I 0.626
N-ANS (mm) 40.95 £ 5.94 40.69 + 6.06 41.17 + 5.83 0.277 41.18 + 5.80 41.06 + 5.93 41.27 £ 572 0.759 0.569
S-Go (mm) 71.70 £ 7.84 71.51 +7.89 71.87 +7.80 0.533 71.38 £7.22 71.20 + 6.90 71.51 £ 7.46 0.713 0.532
Upper ratio 0.39 + 0.04 0.39 £+ 0.04 0.39 + 0.04 0.683 0.39 + 0.04 0.39 + 0.04 0.39 + 0.03 0.902 0.161
H-MP (mm) 12.70 £ 5.15 11.41 £ 470 13.75 £ 527 <0.001 | 1252 £525 11.52 + 477 13.25 +£5.48 0.005 0.617
H-C (mm) 30.97 £ 5.36 31.38 £4.78 30.63 £ 5.78 0.056 30.77 £ 5.16 3117 £5.13 3047 £5.17 0.251 0.579
SPT (mm) 848 + 1.86 831 +1.76 862 + 1.93 0.027 843+ 1.73 8.13 + 1.62 8.65 + 1.78 0.011 0.673
ASP (°) 142.77 + 785 | 14342 +8.07 | 14223 +7.62 | 0.039 142.43 + 7.54 14329 £ 745 | 141.80 + 7.56 0.091 0518
SPL (mm) 26.98 + 4.38 26.85 + 4.35 27.09 + 441 0451 2741 + 4.02 27.12 + 443 27.62 + 3.68 0.304 0.148

Note: Bold/italic: p < 0.05, indicating statistical significance.

Abbreviations: A, adenoid; N, width of the skeletal upper airway; AN ratio, ratio of A and N; PAS, width of the airway at the most protrusive place of the adenoid body; T,
radius of the tonsil; P, width of the airway at the most protrusive place of the tonsil; TP ratio, ratio of Tand P; N.S-S.Ba, angle of skull base; ASL, anterior skull base length; MSL,
middle skull base length; TSL, total skull base length; Go.Me-Go.Ar, mandibular angle; Go.Me-N.Pog, relationship between facial height and mandibular; Go-Me, length of the
body of the mandible; Ar-Go, length of the mandibular ramus; SNA, angle between the cranial base and maxilla; and SNB, angle between the cranial base and mandible. ANB,
difference between SNA and SNB; ANS-PNS, size of the maxilla; N-Me, total anterior facial height; N-ANS, superior facial height; S-Go, posterior facial height; Upper ratio, upper
facial height proportion; H-MP, distance from the hyoid to the mandibular plane; H-C, distance between C3 and hyoid; SPT, thickness of the soft palate; ASP, angle of the soft
palate; and SPL, length of the soft palate.

The comparative results of the hyoid position in the two groups were significantly different. Children with OSA had
higher H-MP values than the normal group (p < 0.001). The results also showed that children with OSA have thicker soft
palates and smaller angles between the soft and hard palates than the normal group. Table 3 shows the PSG results of the
two groups.

Table 3 PSG Data in the Training and External Validation Sets

Variable Training Set External Validation Set P
Total Normal OSA p Total Normal OSA P
(n=1747) (n=337) (n=410) (n =300) (n=127) (n=173)

AHI (incident per hour) 5.13 + 842 2.55 +2.24 725+ 10.74 | <0.001 | 543 + 6.85 3.05 +3.16 7.19 £8.18 <0.001 | 0.745
OAHI (incident per hour) | 2.14 * 4.6 0.49 + 0.30 349 +£5.88 <0.001 | 2.04 +3.35 0.48 + 0.30 3.19 £ 4.03 <0.001 | 0.774
LSA02 (%) 89.12 £ 400 | 90.23 £ 3.11 | 88.18 £ 44| | <0.001 | 89.03 +434 | 90.16 +3.77 | 88.18 £ 456 | <0.001 | 0.426
MSAO2 (%) 96.97 + 1.54 | 9726 + 1.25 | 96.73 + 1.70 | <0.001 | 97.06 =+ 1.45 | 97.35 + .03 | 96.83 + 1.67 0.001 0.576

Note: Bold/italic: p < 0.05, indicating statistical significance.
Abbreviations: AHI, apnea hypopnea index; OAHI, obstructive apnea hypopnea index; LSAO2, minimum oxygen saturation; and MSAO2, average oxygen saturation.

2158  rees Nature and Science of Sleep 2024:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Su et al @

Relationship Between PSG Results and Measurements from Lateral Head Radiographs
The results of correlation analysis among the PSG index and measurements from lateral head radiographs are shown in
Figure 6. The OAHI was positively correlated with BMI z, A, and H-MP (all p < 0.05). Furthermore, the OAHI was
negatively correlated with SNA, SNB, and H-C (all p < 0.05).

We then performed LASSO logistic regression analysis with OSA as the outcome in the training set. Figure 7 shows
the process of variable screening in LASSO regression. The results showed that with A = 0.020, a total of 16 variables
were selected, namely Age group, Tonsil grade, Mouth breathing, BMI-z, A, AN ratio, PAS, MSL, TSL, SNB, S-Go, H-MP,
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Figure 6 Correlation analysis among PSG index and cephalometric measurements from lateral head radiographs. *p < 0.05, **p < 0.01, and ***p < 0.001.
Abbreviations: BMI, body mass index; BMI z, BMI adjusted for age and sex; A, adenoid; N, width of the skeletal upper airway; AN ratio, ratio of A and N; PAS, width of the
airway at the most protrusive place of the adenoid body; T, radius of tonsil; P, width of airway at the most protrusive place of tonsil; TP ratio, ratio of Tand P; N.§-S.Ba, angle of
skull base; ASL, anterior skull base length; MSL, middle skull base length; TSL, total skull base length; Go.Me-Go.Ar, mandibular angle; Go.Me-N.Pog, relationship between facial
height and mandibular; Go-Me, length of the body of the mandible; Ar-Go, length of the mandibular ramus; SNA, angle between the cranial base and maxilla; SNB, angle
between the cranial base and mandible; ANB, difference between SNA and SNB; ANS-PNS, size of the maxilla; N-Me, total anterior facial height; N-ANS, superior facial height;
§-Go, posterior facial height; Upper ratio, upper facial height proportion; H-MP, distance from the hyoid to the mandibular plane; H-C, distance between C3 and hyoid; SPT,
thickness of the soft palate; ASP, angle of the soft palate; SPL, length of the soft palate; AHI, apnea hypopnea index; OAHI, obstructive apnea hypopnea index; LSAO2, minimum
oxygen saturation; and MSAO2, average oxygen saturation.
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Figure 7 Process of variable screening in LASSO regression. (A) Coefficient path plot. (B) Bias—variance trade-off plot.

H-C, SPT, ASP, and Birth weight. After eliminating non-significant variables, we constructed the final logistic regression
model, shown in Table 4 and Figure 8.

Model Evaluation and Validation

The area under the ROC curve (AUC) value of the training set was 0.812 (95% confidence interval [CI]: 0.781-0.842,
p <0.001; AIC =262.44), showing good efficiency. Figure 9 also shows the ROC curves of the validation set, with AUC
= 0.763 (95% CI: 0.709-0.812). Calibration curve analysis indicated good agreement between the experimental and
predicted values, and decision curve analysis showed high clinical utility (Figure 9).

Age-Stratified Analysis

Based on the differential development of children in different periods, we conducted intergroup difference analysis based
on age groups. Our population comprised 433 children aged 2—5 years and 334 children aged 6—12 years. In addition, we
performed LASSO logistic regression to screen variables with OSA as the outcome variable in these groups and then

Table 4 Multivariate Logistic Regression in Children Aged 2—12 Years

Variables Beta | SE | Z P OR (95% CI)
Intercept 1543 | 3.16 | 4.88 <0.001
Tonsil grade

| 1.00 (reference)
I 126 | 028 | 445 <0.001 | 3.50 (2.02-6.08)
n 2.18 | 032 | 6.8l <0.001 | 8.8l (4.71-16.48)
Mouth breathing | 0.52 | 0.22 | 2.35 <0.05 1.69 (1.09-2.61)

BMI z 0.26 0.07 | 3.75 <0.001 | 1.30 (1.12—1.48)
AN ratio 6.05 0.89 | 6.8l <0.001 | 423.53 (74.23-2416.50)
TSL —0.06 | 0.02 | —3.42 | <0.001 | 0.94 (0.91-0.98)
SNB —0.18 | 0.03 | —6.54 | <0.001 | 0.84 (0.80-0.88)
H-C —0.04 | 0.02 | —2.24 | <0.05 0.96 (0.92-0.99)
H-MP 0.12 0.02 | 6.53 <0.001 | 1.13 (1.09-1.17)
SPT 0.14 0.05 | 2.69 <0.01 1.15 (1.04-1.27)
ASP —0.05 | 0.0l | —3.94 | <0.001 | 0.95 (0.93-0.98)

Note: Bold/italic: p < 0.05, indicating statistical significance.

Abbreviations: OR, odds ratio; Cl, confidence Interval; AN ratio, ratio of A and N; TSL, total
skull base length; H-C, distance between C3 and hyoid; H-MP, distance from the hyoid to the
mandibular plane; SPT, thickness of the soft palate; and ASP, angle between the soft and hard
palates.

2160 e Nature and Science of Sleep 2024:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Su et al @

0 10 20 30 40 50 60 70 80 90 100
PR " " PR PR |

Points | I (YU U S S SN SR S NS S S NS S | 1 " 1 1
2

Tonsil grade T . 1

1 Yes 3
Mouth breathing —

No
BMI Z T T T T T T T T T T T T T T 1

. -3 -1 123 456789 11

AN ratio T T T T T T T T 1

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
TSL T T T T T T T T T T T 1

65 55 45 35 25 15
SNB T T T T T T T 1

100 95 90 85 80 75 70 65
H_MP T T T T T T T 1

0 5 10 15 20 25 30 35
H_C T T T T T T T T T T T 1

60 50 40 30 20 10
SPT rrrrrrrrrrrrrTrTrTi

357 9 12 15 18
ASP T T T T T T T T T T T 1

170 160 150 140 130 120
Total Points L S e E S A B T

T T T T
. . 0 50 100 150 200 250 300 350
Linear Predictor | I L B DL R BELE B B R R |
-5 -3 -1 12 3 45
T

0.01 0.05 0.5 0.95 0.99

diagnosis rate

Figure 8 Nomogram plot for the model in the age group 2—12 years.
Abbreviations: AN ratio, ratio of A and N; TSL, total skull base length; H-C, distance between C3 and hyoid; H-MP, distance from the hyoid to the mandibular plane; SPT,
thickness of the soft palate; and ASP, angle between the soft and hard palates.

conducted logistic regression modeling. The process of constructing the model is shown in the Figures S1 and S2.
Table 5 displays our final model for preschool children (2—5 years old). Figure 10 shows the ROC curves, calibration
plots, DCA curves, and nomogram of the model for this group. The AUC value of the training set was 0.769 (95% CI:
0.725-0.814, p < 0.001; AIC = 121.31), and the AUC value of the validation set was 0.714 (95% CI: 0.637-0.791).

The logistic regression model in school-aged children (6—12 years old) is shown in Table 6. Figure 11 displays the
ROC curves, calibration plots, DCA curves, and nomogram of the model in the training and validation sets. The AUC
value of the training set was 0.854 (95% CI: 0.812—0.895, p < 0.001; AIC = 157.62), and the AUC value of the validation
set was 0.846 (95% CI: 0.779-0.912).

Discussion

Craniofacial features are crucial factors in pediatric obstructive sleep apnea.'’'® Studies have suggested a close
relationship between craniofacial features and pediatric OSA. Craniofacial abnormalities may alter the anatomy of the
oral and pharyngeal structures, increasing the risk of pharyngeal obstruction and leading to the onset and progression of
OSA."®2% Factors such as retrognathia, hypertrophy of the soft palate, and enlarged tonsils are closely linked to the
pathophysiology of OSA.?'*? Cephalometric radiographs are often used to assess the craniofacial bone and soft tissue
structures in children. However, most current studies comparing cephalometric data focus primarily on adults.>**** The
research on children is scarce owing to a lack of normal values and unavailable samples. Based on what we know, this is
the first study to conduct a large-scale lateral cephalometric measurement in pediatric patients with OSA and to analyze
their predictive value across different age groups.

In our research, we assessed the variations in clinical data, measurements using cephalometric radiographs, and PSG
results in 410 patients and 310 controls in the training set over the recent 7 years. Our results indicated that nine out of
the 28 cephalometric measurements (4, AN ratio, PAS, T, SNA, SNB, H-MP, SPT, and ASP) showed significant
differences between the two groups. We discovered that children with OSA had a higher BMI compared to the control
group, even after adjustment for sex and age. This is consistent with previous findings.”> 2® Obesity and adenoid and
tonsil hypertrophy are major risk factors for pediatric children. The increasing rates of childhood obesity seem to
correlate with a higher prevalence of OSA. Potential pathophysiological mechanisms involve adenotonsillar hypertrophy,
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higher airway closing pressure, alterations in chest wall mechanics and disruptions in ventilatory control. Yet, the precise
details and interactions of these mechanisms are still not well understood.

Our study demonstrated that children with OSA were younger than typically developing children, which is consistent
with previous research.?’ During infancy and toddlerhood, some children may have relatively narrow airways, with
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Table 5 Multivariate Logistic Regression in Preschool Children

Variables Beta | SE z P OR (95% CI)
Intercept 1296 | 3.32 | 391 <0.001
Tonsil grade

| 1.00 (reference)
I 091 035 | 2.57 <0.05 2.48 (1.24-4.96)
11l 1.97 0.39 | 5.01 <0.001 | 7.17 (3.32-15.48)
(
(

Mouth breathing | I.11 034 | 3.27 <0.05 3.03 (1.56-5.90)
Age —0.36 | 0.14 | —2.58 | <0.05 0.70 (0.53-0.92)
AN ratio 2.74 1.14 | 2.40 <0.05 15.43 (1.65-144.03)
SNB —0.10 | 0.02 | —3.79 | <0.00! | 0.90 (0.86-0.95)
H-MP 0.13 0.03 | 4.83 <0.001 | 1.14 (1.08-1.20)
ASP —0.06 | 0.0l | —4.14 | <0.001 | 0.94 (0.92-0.97)

Note: Bold/italic: p < 0.05, indicating statistical significance.
Abbreviations: OR, odds ratio; Cl, confidence interval; H-MP, distance from the hyoid to
the mandibular plane; and ASP, angle between the soft and hard palates.

relatively large tonsils and adenoids, factors that may increase the risk of OSA. Additionally, sleep patterns during
infancy and toddlerhood may influence the occurrence of OSA. For example, infants may be more prone to experiencing
airway obstruction during sleep.

In our study, the proportion of children with OSA did not differ by sex. Earlier research conducted in children with
OSA have shown that OSA predominantly affects boys, similar to adults.”® A cross-sectional study found that OSA is
frequently observed in male adolescents, with a sex ratio of 23:19.%° This may be partly owing to specific physiological
and anatomical features during boys’ growth and development, such as palatal development and throat structure, making
them more vulnerable to the impacts of OSA. However, findings are not consistent across all studies. Some research
indicates that OSA becomes more prevalent in boys compared to girls after puberty, while the incidence of OSA is
similar between genders in prepubertal children.’’ Some studies have also found that sex differences are not significant in
certain age groups or specific populations or that female children may also be affected by OSA.

OSA in children peaks between ages 2 and 8, coinciding with the peak age for adenotonsillar hypertrophy.** Given
that adenotonsillar hypertrophy is a major cause of OSA in prepubertal children, it is anticipated that the prevalence rates
of OSA will be similar in boys and girls within this age group. However, in children older than this range, OSA
mechanisms may differ. A recent research of 267 preschool and school-aged children demonstrated that while adeno-
tonsillar obstruction correlated with OSA severity in preschoolers,® this correlation did not extend to school-aged
children. This indicates that factors like anatomical or neurological differences might have a greater impact on OSA
severity in older children. In our study, we observed a significant correlation between the extent of adenotonsillar
hypertrophy and the severity of OSA in both preschool and school-aged children. However, we found that the predictive
value of adenotonsillar hypertrophy for OSA varied across different age groups, which enriches previous research to
some extent.

The study found a significant increase in the dimensions of 4, AN ratio, PAS, and T in the case group, indicating larger
tonsils and adenoids compared to the controls. This supports earlier observations that the case group exhibits more
pronounced adenotonsillar enlargement.>* Adenotonsillar hypertrophy is the chief reason of OSA in children, leading to
collapse of the pharynx. Research indicates that OSA frequently occurs in young children due to this condition.*® These
findings highlight the critical need for prompt and effective treatment of adenotonsillar hypertrophy to manage OSA in
children.*

In analyzing measurements of the skull base, including the skull base angle, anterior skull base length, middle skull
base length, and total skull base length, no significant differences were observed. However, in our multiple regression
model, we found that a lower total skull base length was related to a higher likelihood of OSA, especially among 6—12
years group, a finding that further advances previous research.***' A systematic review found that while some studies
with lower bias risk suggest a shorter skull base length in children with sleep disorder breathing, no definitive association
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Figure 10 ROC curves, calibration plots, DCA curve, and nomogram for the model in the training and validation sets in preschool children. (A) ROC curve in the training
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external validation set. (E) Decision curve analysis for the diagnostic nomogram in the training and external validation sets. (F) Nomogram of the model in preschool

children.

can be established. The evidence is inconclusive because the included studies are of low or inadequate quality.** The

cranial base, where the cranium meets the face, plays a crucial role in shaping craniofacial skeletal growth patterns.*® Its

development is crucial for the forward growth of the maxilla, and any failure in the normal lengthening of the cranial

base can lead to midface deficiencies, such as those seen in congenital syndromes like achondroplasia. The cranial base
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Table 6 Multivariate Logistic Regression in School-Aged Children

Variables Beta | SE z p OR (95% CI)
Intercept 25.00 | 5.77 | 4.33 <0.001

Tonsil grade

| 1.00 (reference)

Il 2.00 047 | 426 <0.001 | 7.39 (2.94-18.56)
11l 2.73 0.56 | 4.87 <0.001 | 15.30 (5.10-45.92)
Age —0.34 | 0.11 | =3.05 | <0.01 0.71 (0.57-0.88)
BMI z 0.34 0.12 | 2.77 <0.01 1.41 (1.10-1.79)
AN ratio 3.30 1.34 | 2.47 <0.05 27.25 (1.99-373.60)
ASL —0.12 | 0.04 | —2.91 | <0.01 0.89 (0.82-0.96)
TSL —0.18 | 0.04 | —4.81 | <0.001 | 0.83 (0.78-0.90)
SNB —0.31 | 0.05 | —6.01 | <0.001 | 0.73 (0.66-0.81)
H-MP 0.15 0.03 | 4.68 <0.001 | 1.16 (1.09-1.23)
N-Me 0.10 0.03 | 3.77 <0.001 | 1.10 (1. 05—1.16)

Note: Bold/italic: p < 0.05, indicating statistical significance.

Abbreviations: OR, odds ratio; Cl, confidence interval; ASL, anterior skull base
length; TSL, total skull base length; H-MP, distance from the hyoid to the mandibular
plane; and N-Me, total anterior facial height.

significantly affects head and facial growth, which can influence pediatric sleep-disordered breathing. Additionally, early
joining of cranial sutures can result in facial and cranial deformities, which may cause upper airway obstruction and
increase the risk of OSA.* Our study had a large sample size and underwent external validation, further confirming the
significant role of total skull base length in pediatric OSA.

Regarding facial measurements in our research, we observed differences only in the SNA and SNB indices. The OSA
group exhibited smaller SNA and SNB values than the control group, suggesting that the maxilla and mandible are
positioned further back in children with OSA. However, there was no significant difference in the ANB, suggesting that
the relative anteroposterior position of the maxilla and mandible may not substantially affect the occurrence of OSA,
even in the adjusted model. This finding contrasts with earlier research. For instance, a research of twenty-eight snoring
and twenty-eight non-snoring children aged 7 to 14 found that snoring children had more retrusive maxilla and mandible
than their non-snoring peers.*> Other research also shows that a posteriorly positioned mandible relative to the maxilla
can narrow the oropharyngeal and hypopharyngeal spaces, increasing the risk of OSA.***" This supports the idea that
craniofacial relationships significantly influence the risk of developing OSA. However, these studies are constrained by
their small sample sizes. Interestingly, we found that SNB is more critical in predicting OSA in children aged 2-5 and
6-12 years. SNA was not included in the model, suggesting that mandibular retrognathia might be more critical in the
OSA pathogenesis than maxillary retrognathia.

Patients with sleep apnea showed increased Go.Me-N.Pog and smaller Go-Me trends, indicating that children with
OSA may have a underdeveloped chin. This aligns with the findings of earlier studies.***’ According to Ozdemir,*’
children with sleep apnea often have a smaller mandible and chin. This is partly because airway obstruction can disrupt
normal craniofacial development. Additionally, a smaller mandible and chin can further impact airway function,
potentially exacerbating sleep apnea symptoms.

Results from the multivariate predictive model for the age group 6—12 years showed that N-Me positively affected the
diagnosis of OSA, although the magnitude of this influence appears to be relatively small. In terms of “vertical”
craniofacial development, increased anterior facial height is a characteristic often seen in an adenoid face, which is
often related to OSA.***? A cross-sectional study of Chinese children aged 5 to 12 years found no significant difference
in facial height between those with OSA and their peers without the condition.’® Previous research on the relationship
between anterior facial height and OSA has yielded inconsistent results.”'>* This inconsistency might be due to varying

obstructive sites contributing to OSA and the disease’s complex, heterogeneous etiology.>
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Figure |1 ROC curves, calibration plots, DCA curve, and nomogram of the model in the training and validation sets in school-aged children. (A) ROC curve in the training set. (B) ROC
curve in the external validation set. (C) Calibration plot for the diagnostic nomogram in the training set. (D) Calibration plot for diagnostic nomogram in the external validation set. (E)
Decision curve analysis for the diagnostic nomogram in the training and external validation sets. (F) Nomogram of the model in school-aged children.

In children with OSA, the positioning of the hyoid bone is an important factor. The “H point”, which indicates the
lower and anterior location of the hyoid, helps assess its placement in relation to other anatomical landmarks. The study
involved assessing the vertical distance (H-MP) and the sagittal distance (H-C). And the results showed significant
differences in both H-C and H-MP measurements for children aged 2 to 12 years. These findings demonstrate that
children with OSA are likely to have a hyoid bone that is positioned lower and more posteriorly. This finding agreed with
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other studies. These findings are consistent with other research. Behlfelt and Linder-Aronson’s® studies also demon-
strated that children with OSA had a more inferiorly positioned hyoid bone. Similarly, Kawashima’s research in Japan,”
which involved cephalometric analysis, confirmed that a lower hyoid position was consistently observed in children with
sleep disorder. Kawashima proposed that cranial measurement analysis is a useful tool for pre-surgical evaluation of OSA
in school-aged children. In our prediction model, in the age group 2—12 years, both the H-MP (distance from mandibular
plane to hyoid) and H-C (distance from the hyoid to C3) were important for predicting OSA. However, after stratification
by age, the predictive value of H-C was not high in the two subgroups. Nevertheless, H-MP was included in the stratified
subgroup models, proving its value. This finding has not been reported in previous studies.

The length and thickness of the soft palate, and the angle between the soft and hard palates are important anatomical
features that can influence various aspects of breathing and airway stability. A longer soft palate may contribute to airway
obstruction or collapse during sleep, especially if it encroaches upon the pharyngeal airspace. The thickness of the soft palate
can affect its ability to maintain rigidity and prevent collapse during breathing. A thicker soft palate may be more resistant to
collapse and could also contribute to narrowing of the airway. The angle formed between the soft and hard palates, known as
the palatal angle, is also important. A narrow or acute angle may indicate a smaller oral cavity, potentially predisposing to
airway obstruction. Conversely, a more expansive or obtuse angle may suggest a larger oral cavity and more open airway.
Understanding these anatomical features, particularly in relation to each other, can provide valuable insights into airway
stability and the risk of OSA. For example, a long and thick soft palate combined with a narrow palatal angle may increase the
hazard of airway collapse during sleep, whereas a shorter soft palate and wider palatal angle may indicate a more stable airway.
This information can guide diagnostic and treatment decisions for individuals with airway-related sleep disorders. We found
that children with OSA have longer and thicker soft palates and smaller soft palate to hard palate angles than the controls,
consistent with previous research.’®>’ Additionally, SPT and ASP were incorporated in the predictive model in the overall
2-12 years group. With subgroup analysis by age, only ASP was incorporated in the model for 2—5 years group; neither SPT
nor ASP was incorporated in the model for children 612 years group. This suggests that their effects vary across different age
groups, with potentially less effect on OSA in the 6-12 years group. This finding has not been reported in previous studies.

Many researchers believe that patients with sleep apnea often have a narrow airway. In our study, we also measured airway
indices such as PAS (the width of the airway at the most protrusive point of the adenoid) and P (the width of the airway at the most
protrusive point of the tonsils), and found differences only in the PAS between the two groups. P represents the airway space at the
maximum point of the tonsils. There are several potential explanations for our findings. The cephalometry used in this study may
lack sensitivity and accuracy in evaluating the airway and surrounding soft tissues. Two-dimensional cephalometry can introduce
errors due to its lower precision compared to three-dimensional (3D) imaging. This methodological limitation could account for
the lack of significant differences in airway dimensions observed. Higher-quality 3D magnetic resonance imaging and Cone Beam
Computed Tomography offer superior detail for assessing the airway and soft tissues compared to two-dimensional cephalometry.

PSG is the traditional standard method for diagnosing OSA, but it has some limitations in practical use. Our
predictive model constructed for children with OSA, based on clinical features and cephalometry from lateral head
radiographs, demonstrated excellent predictive performance and applicability, even after stratifying by different age
groups. Our study directly indicated craniofacial developmental parameters related to predicting pediatric OSA obtained
from lateral cephalometric measurements, as well as their contribution. Future prospective studies are needed to confirm
and improve these findings to potentially replace PSG with this simpler tool.

In recent years, increasing attention has been paid to the phenotypic research of pediatric OSA.>® Phenotypic analysis
of pediatric OSA plays a crucial role in personalized diagnosis and treatment, which can improve the prognosis of this
population. By identifying clinical subtypes, personalized treatment plans can be developed to select therapies associated
with predictable responses. Craniofacial abnormality is one of the phenotypes in pediatric OSA, and our study focuses on
analyzing this phenotype in order to develop a method for early identification of children with this phenotype for prompt
diagnosis and treatment. Future research can continue to explore the development of diagnostic tools for pediatric OSA
based on these different phenotypes, and conduct studies on predicting therapeutic outcomes.

Our study has several strengths including a large sample size, a wide selection of measurement parameters, analysis
of age subgroups, and external validation in children from another hospital. In addition, craniofacial developmental
features obtained from lateral cephalometric X-rays have the advantages of being simpler, lower in radiation exposure,
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and more cost-effective compared to Computed Tomography scans. These aspects have deepened and advanced the
research in this field, to some extent. The present study has several limitations. Firstly, the sample included only a small
proportion of children with moderate-to-severe OSA, and no subgroup analysis was performed based on the severity of
the disease. Secondly, the reliability of two-dimensional craniofacial measurements remains a concern, necessitating
further research to clarify how surface facial features correlate with the soft tissue and skeletal structures of the upper
airway. Additionally, since the external validation was conducted at the same hospital, it limits the generalizability of the
results. Future research should involve multi-center and multi-regional studies to assess the generalizability of the model.

Conclusions

Our study findings support the significant role of craniofacial structures such as the hyoid, maxilla, and mandible in pediatric
OSA. We discovered that the development of the soft palate, particularly its thickness and angulation, may has a crucial role in
pediatric OSA, which has rarely been discussed in previous research. Age-stratified predictive models for pediatric OSA
indicated varying parameters across different age groups: BMI and cranial base length were more significant in school-aged
children, whereas mouth breathing was a critical feature among preschoolers. These findings underscore the need for
stratification by age in future research on pediatric OSA. Our prediction model, based on a large sample size, subgroup
analysis by age, and external validation in children from another hospital, demonstrates good practical utility. This will greatly
assist health care practitioners with rapidly identifying pediatric OSA in complex clinical scenarios.
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