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Abstract

Background

Abnormalities of the hyoid bone are associated with impairment of oropharyngeal functions including 

feeding, swallowing, and breathing. Few studies have characterized anatomic abnormalities of the hyoid 

in patients with Robin sequence (RS). The purposes of this study were to compare normal hyoid bone 

morphology and hyoid bone morphology in children with isolated RS.

Methods

Three-dimensional (3D) reconstructions of the hyoid bone were obtained from CT-imaging of children 

with RS and unaffected controls. A 3D morphable model was constructed using Principal Component 

Analysis (PCA). Partial least squares – Discriminant Analysis (PLS-DA) and multivariate analysis of 

variance (MANOVA) were used to characterize and compare hyoid shape differences between patients 

with RS and an age-matched control group. 

Results

The study included 23 subjects with RS (mean age 9.8±10.3 months) and 46 age-matched control 

samples. A less voluminous hyoid was observed for the RS group with a larger lateral divergence of the 

greater horns compared to controls (MANOVA, p-value<0.001). The first shape variable from the PLS-

DA model showed a significant correlation for the observed variance between the two groups (Spearman 

R = -0.56, p-value<0.001). The control samples and 151 CT-scans of subjects up to age 4 years were used 

to create a 3D morphable model of normal hyoid shape variation (n=197, mean age 22.1±13.1 months). 

For the normal 3D morphable model, a high degree of allometric shape variation was observed along the 

first principal component. 

Conclusions

The 3D morphable models provide a comprehensive and quantitative description of variation in normal 

hyoid bone morphology, and allow detection of distinct differences between patients with isolated RS and 

controls. 

Introduction

Robin Sequence (RS) is a rare congenital anomaly with a live birth incidence of approximately 11.6 per 

100,000 newborns (1). RS is defined as the triad of micrognathia, glossoptosis and upper airway 

obstruction. In conjunction with micrognathia and glossoptosis, an abnormal positioning of the hyoid 

bone is also observed in patients with RS (2, 3). The hyoid bone is positioned more posteriorly and 
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caudally contributing to decreased airway patency in children with RS compared to normal controls (2, 

3). An association between respiratory distress and anomalies of the hyoid bone has been suggested in 

patients with RS (4, 5).

Abnormalities of hyoid bone position are of particular importance in the pathogenesis of upper airway 

obstruction due to its central role in the aerodigestive tract. Mandibular distraction osteogenesis (MDO), 

an operation commonly used to relieve upper airway obstruction in infants with RS, has been shown to 

lead to both mandibular lengthening and anterior displacement of the hyoid (6, 7). This advancement 

typically leads to an increase in airway patency and resolution of upper airway obstruction (8). 

The hyoid bone is considered an unusual osseous structure in that is does not articulate with other bones. 

It is instead suspended by surrounding infra- and suprahyoid ligaments and musculature and plays a 

prominent role in oropharyngeal functions including feeding, swallowing, speech, and breathing. 

Abnormalities of the hyoid bone are associated with oropharyngeal impairment (9). However, only few 

studies have reported on hyoid bone abnormalities in patients with RS. These studies included small 

populations and showed differences in hyoid bone ossification on computed tomography (CT) scans in 

children under 6 months-of-age with RS compared to the controls (4, 5).

Characterization of structural differences could improve our understanding of the hyoid bone’s role in 

aerodigestive impairment in patients with RS. The purposes of this study are to: 1) compare hyoid bone 

morphology in children with isolated RS and a normal control group, and 2) describe normal hyoid bone 

morphology in children under 4 years-of-age. We hypothesized that the hyoid bone in patients with 

isolated RS is morphologically distinct from controls. 

Material and methods

Study design and sample description 

This was a retrospective case-control study of patients diagnosed with RS at the Boston Children’s 

Hospital in Boston, Massachusetts, USA and the Erasmus Medical Center in Rotterdam, The Netherlands. 

Patients between 0 – 4 years with available CT-scans taken prior to any maxillofacial surgery were 

included. Patients with syndromic RS were excluded. A pre-existing dataset from Hôpital Necker – 

Enfants Malades, Paris, France of unaffected individuals between 0 – 4 years of age with maxillofacial 

CT-scans was used for the control group (Fig. 1) (10). CT-scans of sufficient quality for 3D skeletal mesh 

construction and hyoid bone segmentation were included. Hyoid meshes with missing parts due to 

incomplete scanning were excluded. Only one scan was included for each subject. 
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Image processing

All CT-scans were obtained in DICOM format. The hyoid bone was segmented and converted to a three-

dimensional (3D) triangular mesh object using semi-automated thresholding with a default bone setting in 

Mimics InPrint (Materialise, Leuven). The construction of a 3D morphable model requires meshes to 

have dense point-to-point correspondences, i.e. each mesh consisting of the same number of vertices 

connected in a consistent triangular pattern (11). A non-rigid iterative closest point (NICP) algorithm was 

used to achieve dense correspondence of included meshes after initial alignment in Wrap v3.4 

(Russian3DScanner, Moscow) (12). The template mesh was created by symmetrizing and remeshing of a 

high-quality median aged mesh from the normal group dataset in MeshMixer (Autodesk, Toronto) and 

consisted of 2916 vertices and 5820 triangular faces (Fig. 2).

To aid the NICP registration process of hyoid meshes, an annotation template was defined with anatomic 

hyoid landmarks (Fig. 2). The template was used to rigidly align all hyoid samples through a partial 

Procrustes alignment by removing translation and rotation effects but preserving scale. The landmarks 

used in this study were derived from literature (13, 14, 15). Two additional semi-landmarks, landmarks 9 

and 10, which represent the midpoint between landmarks 1-2 and 7-8 from a superior view, respectively, 

were defined for this study. These were used to avoid a rotational error of the lateral hyoid parts in the 

NICP registration process for the three parts individually following rigid alignment. To assess annotation 

accuracy, two researchers (CvdB and KE) independently annotated 25 randomly selected hyoid meshes 

for inter-observer variability and annotation was repeated by CvdB after three months for intra-observer 

variability. 

3D morphable model

Principal Component Analysis (PCA) was used to construct a three-dimensional morphable model with 

the aligned registered meshes from the normal group (16). An age matched comparison for the RS group 

was made by randomly selecting control samples in a 3:1 ratio. As such, for each RS sample within an 

age group, three samples within the same age group were randomly selected as controls from all samples 

used to construct the morphable model (Fig. 1). Due to a lack of control samples in the 1, 7 and 30 

months age groups to meet the 3:1 ratio, synthetic control samples were generated from the 3D morphable 

model for these age groups using a multivariate Gaussian distribution (Fig. 3). The generated meshes 

were assessed against meshes in their respective age groups to represent realistic hyoid samples (Fig. 4). 

The model characteristics were evaluated with compactness, generalization and specificity, as described 

elsewhere, and reported in the supplemental figures (10, 11).
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Statistical analysis 

Descriptive statistics were calculated. Chi-square test was used to compare categorical variables and 

Student’s t-test or non-parametric tests were used where applicable for continuous variables. To explore 

shape variation between the age-matched control group and RS samples, Partial least squares – 

Discriminant Analysis (PLS-DA) was used to extract shape variables most correlated with the direction of 

variance between groups. To assess whether hyoid shape in patients with RS was different from age-

matched normal controls multivariate analysis of variance (MANOVA) was used on extracted shape 

variables. A leave-one-out cross-validation was used for assessment of classification of hyoid shapes with 

the PLS-DA model. The accuracy and F1-score are reported. The F1-score is obtained as the harmonic 

mean between sensitivity and the positive predictive value. With the 3:1 imbalance in control samples to 

RS samples this presents an adequate evaluation metric. Data analysis was conducted in Python v3.9. A 

p-value <0.05 was considered significant.

Results 

Sample demographics 

The RS group consisted of 23 samples (12, 52.2% female) with a mean age of 9.8±10.3 months 

(Supplemental Table 1). The control group consisted of 46 (22, 47.8% female) samples. An additional 23 

age-matched synthetic samples were generated from the hyoid morphable model to demonstrate normal 

anatomy for ages without matching samples (Fig. 3). 

Landmark reliability

All landmarks showed Cartesian coordinate data with a Pearson correlation coefficient greater than 0.90 

for inter- and intra-class variability, indicating an excellent reliability and repeatability. In addition, the 

mean difference in absolute distance for all landmarks for both the inter- and intra-class variability was 

equal to or less than 1.0 mm.

3D morphable model 

PCA was used to construct a 3D morphable model of all normal hyoid meshes. The mean hyoid shape 

and shape variation along the first five principal components are shown in Figure 5. The first principal 

component captured 62.3% of variation and correlated well with age presenting allometric shape variation 

(Spearman’s R = 0.76, p-value < 0.001). Variation in hyoid morphology along successive principal 

components is primarily observed as a variation in relative angulation and size of the medial and lateral 

hyoid segments in varying dimensions (Fig. 5). 
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PLS-DA covariance between RS group and control group

PLS-DA analysis showed statistically significant correlations for seven of the first ten extracted shape 

variables and the observed variance between the RS group and the control group (Supplemental Table 2). 

Deformation of the mean hyoid along the first three shape variables is shown in Figure 6. The first shape 

variable explains 25.3% of variance between the two groups and denotes the highest correlation 

coefficient (Spearman’s R = -0.56, p-value < 0.001). This is associated with a smaller size of the 

individual hyoid bone parts for the RS group and a diverging angulation of the horns relative to the hyoid 

body. The second shape variable is not related to differences between the RS group and the control group 

with a low and non-significant correlation with the direction of variance between the two groups 

(Spearman’s R = -0.17, p-value = 0.096). In contrast, this variable is associated with allometric shape 

variation with a high correlation coefficient for age (Spearman’s R = -0.80, p-value < 0.001). In addition, 

a majority (55.8%) of variance is captured along this axis. For subsequent shape variables, the explained 

variance and correlation coefficients are smaller and are unlikely to present characteristic shape variation 

between the RS group and the control group (Supplemental Table 2). 

Mean hyoid shapes for both groups are shown in Figure 7. A less voluminous hyoid is observed for the 

RS group with a larger lateral divergence of the greater horns. In a comparison of shape variables with 

MANOVA, a statistically significant difference was noted between the RS group and the control group 

(p-value < 0.001). A biplot showing the separation between groups for the first two shape variables with a 

combined 81.1% of explained variance is shown in Figure 8A. The PLS-DA model showed an F1-score 

of 78.1% and an accuracy of 90.2% in distinguishing between the control group and RS group by hyoid 

shape in a leave-one-out cross validation (Fig. 8B). The observed separation in the biplot and an F1-score 

of 78.1% indicate a good ability to distinguish between the RS group and control group by the PLS-DA 

hyoid shape variables, but also some degree of similarity. In addition, a larger spread is observed for the 

RS group than the control group in the biplot. 

Discussion

The hyoid bone plays a central role in oropharyngeal functions, including maintaining airway patency, 

feeding and swallowing. These functions are typically impaired in children with RS. The hyoid bone is 

known to be positioned more posteriorly and caudally in children with RS contributing to limited airway 

patency. While its aberrant position and association with airway obstruction are well described, only few 

studies have reported on structural abnormalities of the hyoid bone in patients with RS. To consider its 

role in upper airway obstruction and oropharyngeal impairment in patients with RS, characterization of its 
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unique structure is essential. Accordingly, the purposes of this study were to describe normal hyoid bone 

morphology and characterize variant morphology seen in patients with RS. 

The results of this study suggest that the hyoid bone in patients with isolated RS is morphologically 

distinct from a normal, age-matched control group. The PLS-DA model was able to distinguish between 

the two groups with an accuracy of 90.2% and F1-score of 78.1% by hyoid shape differences. Roughly 

one fourth of variance in hyoid shape for the included age range could be attributed to differences 

between the two groups. In addition, both the normal PCA model and PLS-DA model suggest a high 

degree of allometric shape variation for the hyoid in patients with RS and unaffected patients. 

Additionally, this study presents a 3D morphable model of the hyoid bone for children between 0 – 4 

years of age. The 3D morphable model created in this study provides a comprehensive and quantitative 

description of variation in normal hyoid bone morphology for the included age range. From negative to 

positive extremes, the first principal component in the PCA model showcases an increasing prominence 

of the greater horns and hyoid body with a relative advancement of the greater horns towards the body 

and converging angulation. This may reflect progressive ossification of the hyoid bone and its 

constituents with age. The second principal component depicts a variation in the lateral extrusion of the 

greater horns and the third principal component shows a variation in the antero-posterior inclination of the 

hyoid body in conjunction with the relative size of the greater horns. This morphable model can serve as a 

basis for future reference in characterization of hyoid bone morphology in other developmental conditions 

and forensic or anatomic studies. In addition, it allows for a comparative exploration of associations 

between hyoid bone abnormalities and functional impairment by providing a normal reference.

A visualization of morphological differences for the hyoid between the RS group and the control group 

was obtained from the PLS-DA model. In characterizing morphological differences, a relatively smaller 

and divergent hyoid was noted for the RS group. These unique characteristics may be reflective of 

posterior positioning related to mandibular micrognathia in children with RS. In addition, while the hyoid 

was morphologically distinct for the RS group compared to the control group, some degree of overlap 

was observed. In conjunction with the larger degree of variation in the RS group this could reflect a 

diverging range of hyoid bone abnormalities in line with the heterogeneous phenotype observed in 

patients with RS. This would be in line with reported differences in hyoid bone position and development 

in patients with isolated RS and syndromic RS (2, 5). These findings could form the starting point for 

exploring hyoid bone abnormalities and their association with functional oropharyngeal impairment in 

patients with RS.
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Our findings are consistent with those presented by Guidice et al. who described hyoid bone 

abnormalities in patients with isolated and syndromic RS (5). In their study, hyoid bone abnormalities 

were more common in patients with RS than the control group with a lower volume and lesser degree of 

hyoid bone ossification, particularly in those aged <4 months. In addition, the observed age associated 

changes in hyoid bone ossification and volume are concordant with the allometric component in hyoid 

bone morphology observed in this study. However, in their study a significant difference in age between 

the two samples was also noted with a significantly younger RS group. Considering allometric shape 

differences explaining a majority of variance in hyoid bone morphology this likely skewed their 

comparison. Our study characterizes differences in hyoid bone morphology between the two groups with 

an age-matched control. In addition, a comprehensive comparison utilizing quantitative statistical 

methods is used as opposed to a largely qualitative assessment. Furthermore, only one other study has 

reported on anatomical abnormalities of the hyoid bone in infants with RS (4). This study qualitatively 

described hyoid bone abnormalities in a group of 28 patients with RS, including at least 9 with Stickler’s 

syndrome. The hyoid bone abnormalities were categorized as normal, minor or severe and included 

partial or complete absence of the body or greater horns of the hyoid bone. Our study and the study by 

Guidice et al. identified similar findings both in subjects with RS and controls (5). 

As highlighted, future studies could leverage the comprehensive and quantitative description of hyoid 

bone morphology resulting from this study for various purposes. The association between hyoid bone 

abnormalities and functional impairment of feeding and breathing in RS could improve our understanding 

of their pathogenesis. Incorporation of additional parameters, e.g. hyoid bone position, mandibular 

deformity, treatment indications or syndromic diagnosis, can aid further characterization of the condition 

and tailoring management. 

There are a number of limitations to this study. First, the dataset of RS meshes was relatively small, 

which may lead to selection bias. In addition, only those with CT-imaging could be included, which may 

introduce a bias towards more severely affected patients. To partly accommodate, in the age-matched 

comparison a ratio of controls to cases of 3:1 was chosen to allow for comparison of the RS sample 

against a range of shapes at a specific age. In addition, the sole inclusion of isolated RS cases further 

minimizes the risk of selection bias. Furthermore, a comparative analysis of shape variables utilizing 

PLS-DA is particularly well-suited for exploring shape differences between groups in case of a small 

sample size. Second, in addition to allometric variation, various other factors may affect hyoid bone 

morphology e.g., body weight and height (17). These factors were not specifically accounted for in this 

study but assumed to be distributed evenly across the isolated RS cases and the controls. Furthermore, 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4569661

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



while only high-resolution CT-scans were used, it can be challenging to identify and adequately segment 

the hyoid bone for 3D reconstruction in light of continued ossification within the first few months of life.

In conclusion, this study showed distinct differences in hyoid bone morphology in patients with non-

syndromic RS compared to an unaffected age-matched control group. In addition, the results show a 

significant allometric component for hyoid bone morphology for the included age range. The results of 

our study provide grounds for further study of hyoid bone abnormalities and their association with 

oropharyngeal impairment in patients with RS. The hyoid bone morphology seen in RS may pay a role in 

the respiratory distress seen in isolated RS patients, however future studies are needed to confirm this 

hypothesis. Moreover, further study is necessary to determine if differences in position and rotation of the 

hyoid bone in relation to the relevant surrounding structures play a role in the upper airway obstruction 

seen in RS.
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Figures 

Figure 1. A distribution of the ages and sex for the samples used to construct the 3D morphable model.

Figure 2. Annotation template mesh of the hyoid with landmarks  used for the 3D morphable model. 

The figure shows the A) frontal, B) superior, C) left lateral and D) and right lateral  view.
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Figure 4. A visualization of selected synthetic hyoid meshes in the control group at the age of A) 1 

month, B) 7 months and C) 30 months. All generated meshes were considered realistic compared to the 

normal samples.

 

Figure 3. Age distribution of the samples included for age-matched comparison. The 
control group consisted of hyoid samples from unaffected individuals (dark gray) and 

synthetic samples (light gray) generated from the 3D morphable model.
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Figure 5. Overview of the mean hyoid shape and the first five principal components of the 

normal hyoid morphable model. The top image shows a lateral, frontal, and superior view of the 

mean hyoid from left to right, respectively. The columns on the left and right correspond with 

hyoid instances ±2 standard deviations from the mean shape along the corresponding principal 

component (indicated by the number).
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Figure 6. Visualization of the hyoid shape deformations for the first three shape variables extracted from 

the PLS-DA model. The columns on the left and right correspond with ±2 standard deviations from the 

mean shape along the corresponding shape variable (indicated by the number) in a negative and positive 

direction, corresponding with the RS group and control group, respectively.

Figure 7. The mean hyoid for the RS group (purple) and the control group (grey) from a lateral, frontal, 
and superior view. A less voluminous hyoid is observed for the RS group with a larger lateral divergence 

of the greater horns. 
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Figure 8. A) Biplot for the first two shape variables (SV) extracted from the PLS-DA model showing a 

separation between the RS group and control group. The cross in the middle of the 95% confidence 

ellipse indicates the mean for each group respectively. B) The classification confusion matrix for the PLS-

DA model obtained from a leave-one-out cross validation. An associated F1-score of 78.1% and accuracy 

of 90.2% are obtained.
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