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Abstract
Introduction Management of dentofacial deficiencies requires knowledge about sutural morphology and complexity. The 
present study assesses midpalatal sutural morphology based on human cone-beam computed tomography (CBCT) using 
geometric morphometrics (GMM) and complexity scores. The study is the first to apply a sutural complexity score to human 
CBCT datasets and demonstrates the potential such a score has to improve objectiveness and comparability when analysing 
the midpalatal suture.
Materials and methods CBCTs of various age and sex groups were analysed retrospectively (n = 48). For the geometric 
morphometric analysis, landmark acquisition and generalised Procrustes superimposition were combined with principal 
component analysis to detect variability in sutural shape patterns. For complexity analysis, a windowed short-time Fourier 
transform with a power spectrum density (PSD) calculation was applied to resampled superimposed semi-landmarks.
Results According to the GMM, younger patients exhibited comparable sutural patterns. With increasing age, the shape 
variation increased among the samples. The principal components did not sufficiently capture complexity patterns, so an 
additional methodology was applied to assess characteristics such as sutural interdigitation. According to the complexity 
analysis, the average PSD complexity score was 1.465 (standard deviation = 0.010). Suture complexity increased with patient 
age (p < 0.0001), but was not influenced by sex (p = 0.588). The intra-class correlation coefficient exceeded 0.9, indicating 
intra-rater reliability.
Conclusion Our study demonstrated that GMM applied to human CBCTs can reveal shape variations and allow the compari-
son of sutural morphologies across samples. We demonstrate that complexity scores can be applied to study human sutures 
captured in CBCTs and complement GMM for a comprehensive sutural analysis.
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Background

Craniofacial sutures act as active growth sites, absorb 
mechanical stresses and protect the brain [1]. These functions 
impact the overall skull shape and also sutural morphology 
and complexity [2, 3]. In case of abnormal craniofacial 
development, sutures may be surgically or orthopaedically 

distracted to manipulate growth and treat dentofacial 
deficiencies [4]. Thus, the maxillary midpalatal suture plays 
an important role in maxillary development and growth. 
Furthermore, the outcome of treating skeletal maxillary 
malformations depends on the morphology and complexity 
of this suture [5–7]. Midpalatal suture morphology may vary 
considerably between sexes and across developmental stages 
[8]. This variability complicates treatment of skeletal maxillary 
malformations [9]. More specifically, findings suggest 
that pronounced sutural interdigitation hinders transverse 
expansion success [10]. Hence, analysis of the patient’s sutural 
characteristics provides insights into the midpalatal suture’s 
morphology and degree of interdigitation and may support 
medical decision-making and enhance treatment success [5].

Previous work assessing midpalatal sutural morphol-
ogy in humans has mainly focused on histological and 

 * Stratos Vassis 
 Stratos.vassis@dent.au.dk

1 Section of Orthodontics, Department of Dentistry and Oral 
Health, Aarhus University, Vennelyst Blvd. 9, 8000 Aarhus, 
Denmark

2 Orthodontic Practice, Luisenstrasse 10/11, 30159 Hannover, 
Germany

3 Leibniz University Hannover, Hannover, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s00784-023-05055-6&domain=pdf


 Clinical Oral Investigations

1 3

radiographic observations. Histological research has 
described the midpalatal suture as a butt joint [7, 11, 12], 
which evolves into other, more complex, highly inter-
digitated joint types during ontogeny and in reaction to 
mechanical stress [1, 3, 13–15]. Histologic and micro-
radiographic frontal sections have shown the suture as 
undulating in the juvenile period, whereas it assumes a 
sinuous course with increasing interdigitation in the ado-
lescent period [8]. Histological research has shown that 
midpalatal suture morphology develops highly interdigi-
tated patterns over time [8, 9, 16] and that morphology 
varies considerably between age groups [5, 16, 17]. In 
recent years, radiographic approaches have used cone-
beam computed tomography (CBCT) to visualise palatal 
suture morphology. More specifically, Angelieri et al. mor-
phologically classified midpalatal sutures into stages from 
A to E as observed on CBCT [7, 16, 18]. Another study 
detected variations in sutural morphology using flat-panel 
volume computed tomography of animals [11]. However, 
no quantitative analysis based on objective metrics has yet 
been presented in the literature. Consequently, the compa-
rability of sutural shapes can be compromised, and more 
studies are needed to determine how CBCT can be used to 
describe sutural features [19].

To improve the objectiveness and comparability and to 
account for several morphological sutural features simulta-
neously, geometric morphometrics (GMM) and complexity 
scores may be implemented to evaluate suture morphology 
and complexity, respectively. GMM is an approach to sta-
tistically evaluate shapes based on landmark coordinates. 
Firstly, to make shapes comparable, GMM removes size, 
rotation and translation from the landmark’s configurations. 
Secondly, principal component analysis (PCA) is performed. 
As a statistical method, PCA extracts relevant information 
from datasets containing various variables and summarises 
this information in a new, smaller set of variables: the prin-
cipal components. Thereby, the dimensionality of the data 
is reduced, and the overall variability of shapes becomes 
detectable [20, 21]. Focusing on complexity as one aspect 
of morphology, complexity scores mathematically integrate 
interdigitation characteristics such as amplitude, number of 
interdigitation and looping patterns into a single score [3]. 
Among available complexity scores, the windowed short-
time Fourier transform (STFT) with a power spectrum 
density (PSD) calculation appears most promising to com-
prehensively capture sutural complexity. However, the PSD 
complexity score has been calculated only for sutures of 
diverse mammalian taxa on X-ray microtomography [3] and 
has not been applied to CBCT of human midpalatal sutures.

This study aimed to demonstrate that the combination of 
GMM and sutural complexity scores may constitute a novel 
and comprehensive CBCT-based sutural analysis in humans. 
We retrospectively analysed midpalatal sutures on CBCT by 

applying GMM. This study was the first to calculate a sutural 
complexity score based on human CBCT.

Methods

Data collection

This retrospective study was based on CBCTs from a sample 
of consecutive patients treated in a German orthodontic and 
maxillofacial surgery clinic between January 2020 and July 
2022. For the included patients, maxillary CBCT examina-
tions were performed based on one the following indica-
tions: position of severely impacted teeth, bone dimensions 
prior to implant placement or implant site dimensions. Only 
patients with already existing CBCTs were included in this 
study. Because of the retrospective design of the study, no 
ethical approval was required. However, every patient gave 
written consent for the use of their medical data for scientific 
purposes related to this specific study. The data files were 
processed anonymously.

The exclusion criteria were previous rapid maxillary 
expansion, cleft lip and palate, and impaired bone metabo-
lism due to medication or artefacts in the same plane as 
the midpalatal suture (e.g. the transpalatal arch). In addi-
tion, patients with already fused midpalatal sutures (stage 
E suture fusion according to Angelieri) [7] were excluded 
because their midpalatal suture outline cannot be traced 
and their parasutural bone density is the same as that of 
other palatal regions [16]. Notably, the midpalatal suture 
may remain open throughout life [5], which allowed us to 
include patients with higher age in the sample.

To avoid interobserver bias, one author conducted the 
data analysis.

Method

Cone‑beam computed tomography

The CBCTs were generated using Orthophos® XG 3D 
(Dentsply Sirona, Bensheim, Germany). The radiation dose 
ranged from 91 mGy*cm2 to 781 mGy*cm2. Volume sizes 
varied from 5 × 5.5 cm through 8 × 8 cm to 11 × 10 cm. The 
acquisition time was 4300 ms for 42 patients and 2500 ms 
for six patients.

Data preparation

Data preparation comprised several steps, as depicted in 
Fig. 1. First, the CBCTs were converted into anonymised 
DICOM files and exported using RadiAnt DICOM Viewer 
[22]. Second, the exported files were reconstructed in Avizo 
v.9.3 software (FEI, Hillsboro, OR, USA) and Geomagic 
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Wrap (3D Systems) so that only the cranial segments were 
displayed in the three-dimensional isosurface, based on case-
specific thresholds to optimise sutural traceability. Third, the 
midpalatal suture was photographed using uniform position-
ing to control the degree of parallax in the R package ‘rgl’ 
[23]. To check for robustness, the data were additionally 
prepared using the open-source software 3DSlicer [24] as 
an alternative to Avizo and Geomagic. These steps pro-
duced two-dimensional digital photographs of the midpalatal 
suture, which were used for the subsequent analysis.

Geometric morphometric methods

GMM can capture morphological structure, overall phe-
notype and three-dimensional profiles of sutures with-
out information loss during shape analysis [19, 25, 26]. 
For the GMM, we followed White et al.: first, we manu-
ally positioned two-dimensional landmarks on the digital 
photographs. Based on a sliding algorithm to consistently 
place 500 semi-landmarks per suture, we resampled them 
the semi-landmarks using the R package ‘Stereomorph’ to 
avoid loss of morphological complexity [27, 28]. Further-
more, to reduce differences between individuals and align 
the positions of their landmarks, generalised Procrustes 
superimposition was performed. Procrustes superimposition 
transforms raw landmarks into shape coordinates by centring 
(translating), resizing and rotating the landmarks. Thereby, 
the landmarks are converted into so-called semi-landmarks 
[19, 29–32]. The superimposed semi-landmarks were then 
analysed using PCA. In this study, PCA was implemented 
to identify the main components of shape variation across 
the sample. As a result, the samples can be mapped into a 
common coordinate system, the morphospace, where sutural 
morphology can be analysed individually or compared 
among individuals [33–36].

Complexity analysis

For the complexity analysis, we implemented the windowed 
short-time Fourier transform with a power spectrum density 
calculation to the Procrustes superimposed semi-landmarks. 
The PSD complexity score is well suited to capture the char-
acteristics of interdigitations, loop patterns and amplitude 
[3]. A score was computed for each suture by averaging the 
squared windowed short-time Fourier transform coefficients 
over each frequency across the local transforms and sum-
ming the averages at each harmonic, following the method 
proposed by Allen et al. [3, 37]. Low PSD complexity scores 
suggest a straight outline, whereas increasing values indicate 
a progression towards interdigitated sutural outlines with 
pronounced loops and amplitudes [15]. We computed the 
complexity score using the R packages ‘e1071’ and ‘stft’ 
[23]. The analysis was based on White et al., where further 
details on the methodology and codes for the implementa-
tion in R are provided [38, 39].

Statistical analysis

A Shapiro–Wilk test suggested that the data were normally 
distributed, so the complexity scores were analysed using 
analysis of variance (ANOVA) to determine differences 
among the age quartiles and sex groups. For detecting differ-
ences among the specific age groups, pairwise comparisons 
based on the t tests with Holm-Bonferroni [40] corrections 
were conducted. Differences were considered significant if 
the corresponding p values were lower than 0.05. Intra-rater 
reliability was evaluated for the landmark placement in R 
as the same author acquired all the landmarks again after a 
period of one month. Reliability was indicated by the intra-
class correlation coefficient (ICC).

Fig. 1  Process of data preparation and analysis. Note: The figure 
shows, from left to right, CBCTs viewed in RadiAnt DICOM Viewer, 
segmentation of bony structures in Avizo, processing of three-dimen-

sional surfaces in Geomagic and landmarking of two-dimensional 
photographs using R packages. Abbreviations: CBCT, cone-beam 
computed tomography
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Results

The applied exclusion criteria produced a final sample size 
of 48 patients. The sample was divided by the patient’s age, 
yielding in four groups comprising the four quartiles, as 
shown in Table 1.

Geometric morphometrics: principal component 
analysis

The PCA of the Procrustes superimposed two-dimensional 
semi-landmarks revealed that 13 principal components 
(PC) were sufficient to summarise more than 95% of the 
total morphological variance of the midpalatal suture. PC1 
accounted for 39% of the variance; PC2 for 18%. As visual-
ised in Fig. 2, PC1 was associated with trends related to the 
overall suture outline: lower values were associated with a 
convex form, whereas the higher PC1 values indicated a con-
cave sutural outline. Lower PC2 values seemed to indicate 
a major loop to the left in the posterior part of the suture, 
whereas samples with higher PC2 values did not exhibit 
this loop in the posterior part. The morphological analysis 
detected no clear patterns regarding number of interdigita-
tions related to PC1 or PC2.

Mapping patients into morphospace along PC1 and 
PC2 showed that individuals with comparatively lower age 
tended to be clustered in the centre of the morphospace, as 
shown in Fig. 3. In contrast, older individuals were more 
likely to be located in the periphery of the morphospace. The 
relatively younger patients exhibited largely similar sutural 
morphological characteristics as expressed by the two main 
principal components. In contrast, older patients displayed a 
higher degree of variation regarding their sutural morphol-
ogy. Hence, these results suggest a higher morphological 
variation along PC1 and PC2 with increasing age. Regarding 
the patient’s sex, no clear pattern was observed.

Power spectrum density complexity scores

To determine sutural complexity, a PSD complexity score 
was computed for each sample, with higher values indicat-
ing higher complexity. The complexity analysis revealed 
an average PSD score of 1.465 with a standard deviation 
of 0.010 across the whole sample. For males, the average 
PSD complexity score was 1.466, whereas it was 1.464 for 
females. With progressing age, the PSD complexity score 
increased to values of 1.459 (group 1), 1.460 (group 2), 
1.466 (group 3), and 1.474 (group 4), indicating increasing 
complexity.

The ANOVA demonstrated a significant effect of age on 
midpalatal suture complexity (p < 0.0001, degrees of free-
dom (DF) = 1, F = 21.346). In contrast, the variable sex did 
not significantly impact the complexity score (p = 0.588, 
DF = 1, F = 0.298). Furthermore, the interaction of age and 
sex did not significantly influence complexity (p = 0.848, 
DF = 1, F = 0.037). An intergroup t test to assess differ-
ences among the age groups demonstrated differences that 
were significant at the 5% level among age group 1 and 4 
(p = 0.001), 1 and 3 (p = 0.014), 2 and 3 (p = 0.030) and 2 

Table 1  Sample characteristics

Group Age range (in years) Sex

Male Female Total

1  ≤ 14 5 7 12
2  > 14 to ≤ 21 6 6 12
3  > 21 to ≤ 49 5 7 12
4  > 49 4 8 12
Total 20 28 48

Fig. 2  GMM results: suture 
morphologies along PC1 and 
PC2. Note: Patients with low 
PC1 values showed a convex 
suture outline, whereas patients 
with high PC1 values recorded 
a concave outline. Sutures 
located on the low end of the 
PC2 axis exhibited a loop to 
the left in the posterior part of 
the suture, which was not the 
case for samples with high PC2 
values. Abbreviations: GMM, 
geometric morphometrics; PC, 
principal component
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and 4 (p = 0.002). After Holm-Bonferroni correction, the 
same differences remained significant, as shown in Fig. 4.

The results remained robust when outliers were excluded. 
The ICC was above 0.9, indicating a high intra-rater reli-
ability. To assess the impact of the software used, the whole 
analysis, from reconstruction to statistical analysis, was 
repeated in open-source software (3D Slicer) as an alterna-
tive to segmentation and reconstruction in Avizo and Geo-
magic. The results remained robust to software changes.

Discussion

This study is the first to apply a sutural complexity score 
to human CBCTs. More specifically, it combined GMM 
with a complexity score to analyse midpalatal sutures, 
a surface of orthodontic interest. As GMM is based on 

statistical calculations and the complexity score provides 
a single value for each sample, this approach contributes 
to improving the interpretability, objectiveness, and com-
parability of suture analysis.

The methodology proposed in this study is relevant for 
clinicians and researchers. For clinicians, the analysis can 
contribute to supporting treatment planning with respect 
to surgical or non-surgical corrections of maxillary trans-
verse discrepancies [5]. As age constitutes one of several 
influencing factors, a complexity score that can assess 
sutural complexity for each patient individually offers an 
additional indicator for predicting the success of sutural 
distractions. For researchers, the proposed analysis pro-
vides a way forward towards robust and comprehensive 
shape analysis for CBCTs of humans that may also be used 
for analysis of other shapes of interest.

Fig. 3  Sampling distribution 
along principal component 1 
and principal component 2, 
divided by age and sex

Fig. 4  Post hoc pairwise t tests comparing PSD complexity scores among age groups. Abbreviation: PSD, power spectrum density
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GMM is advantageous compared with linear measure-
ments for analysing sutural shapes because linear measure-
ments can be biased due to an arbitrary focus on certain 
sutural parts, while other sections are neglected, resulting in 
an incomplete shape analysis [19]. In contrast, GMM consid-
ers the shape as a whole and removes the effects of scale, 
translation and rotation. As a result, the pure shapes, which 
are mapped onto the same coordinate system using land-
marks, are comparable, and any differences between sutures 
are truly caused by differences in their shapes. Challenges 
related to GMM include the landmark number, placement 
criteria and landmark homology between samples [19]. We 
addressed these challenges by resampling 500 semi-land-
marks for each suture and sliding them along the curve to 
match their positions with the reference configuration based 
on the principle of minimising the Procrustes distance [41]. 
Another limitation relates to the interpretation of the prin-
cipal components because patterns might not be uniquely 
identifiable and their identification might require clinical 
experience [19]. Lastly, in our study, neither PC1 nor PC2 
seemed to capture progression of the sutural interdigitations. 
This suggests that another method, such as the PSD com-
plexity score, is required to capture such characteristics as a 
supplement to GMM.

By quantifying midpalatal suture complexity in a com-
plexity score, this study expanded the limited research on 
the complexity of this suture and showed that if it is based 
on a windowed STFT with PSD, the complexity score can 
be applied to CBCT datasets of human sutures. Our result 
demonstrated that sutural complexity increased with higher 
patient age, which is in line with histological, histomorpho-
metric and radiological research approaches, all of which 
have demonstrated that the midpalatal suture develops 
highly interdigitated patterns over time [8, 9, 16]. Advancing 
previous approaches, the PSD complexity score expresses 
several characteristics such as amplitude, number of inter-
digitation and looping patterns in one score [3]. According 
to a recent study comparing all available complexity scores 
in mammals, the STFT with PSD calculation captured the 
above-mentioned characteristics better than other available 
scores: owing to its Fourier foundation, it was robust as the 
statistical transformations captured discrete and non-sta-
tionary characteristics [3]. The PSD complexity score is of 
orthodontic interest because it can support the categorisa-
tion of patients with respect to suture complexity and there-
fore inform treatment planning. However, calculating the 
complexity score involves several steps of data preparation 
and analysis. This requires knowledge of and access to the 
relevant software. Nevertheless, this study indicates a high 
potential of calculating PSD complexity scores for suture 
evaluation and comparisons.

The conducted analysis investigated age and sex as deter-
minants of sutural morphology. Our results indicated that 

age significantly increased complexity, which contradicts the 
results of Korbmacher et al., who conclude that interdigita-
tion is not age-dependent [42]. Yet, Korbmacher et al. cal-
culated complexity based on linear measurements using the 
sutural interdigitation index [42]. Although such a sutural 
interidigitation index captures the number of interdigita-
tions well, the PSD score applied in our study additionally 
captures interdigitation amplitude [3]. More precisely, the 
PSD score differentiates between shallower lobes and fewer 
deeper lobes, in contrast to the linear length measurements 
[3, 37]. These differences in the results based on different 
complexity metrics suggest that age might increase sutural 
complexity due to increased interdigitation amplitudes.

Other factors that were not considered in this study may 
possibly impact suture morphology, too. For example, 
Cheronet et al. concluded that structural factors such as the 
position along the cranial vault and adjacent sutures play 
an essential role for midpalatal suture morphology. Another 
structural factor not considered in our study, but related to 
rapid maxillary expansion success is the age-progressive 
bone obliteration of the midpalatal, pterygopalatinal and 
pterygomaxillary suture [43]. Also, extrinsic parameters 
such as mechanical forces or genetic factors may possibly 
have an impact [44]. Another limitation of our study relates 
to the mean sample age; due to greater radiation risk for 
young children our access to data for these age groups was 
limited. In our study, the youngest age group ranged from 9 
to 14 years. In this context, Kinzinger et al. detect structural 
changes affecting the outcome of the rapid maxillary expan-
sion, occurring after 10 to 12 years of age [45].

Also, it is unclear to which extent the CBCT resolution 
affects the complexity score due to compromised traceability 
of the suture outline. To improve suture outline traceability, 
we set case-specific thresholds, which is associated with a 
risk of receiving different palate shapes.

Future research should further investigate the potential 
and clinical relevance of complexity scores based on human 
CBCTs using larger sample sizes. Research could focus on 
whether the score can support decision-making in ortho-
dontic treatment, such as the decision to surgically or non-
surgically correct maxillary transverse discrepancies. Future 
work could analyse morphological shape variations, reveal 
shape patterns and calculate complexity scores of patients 
with craniosynostosis based on the methodologies applied 
in this paper.

Conclusions

This study performed a geometric morphometric analysis 
and a complexity analysis of human midpalatal sutures. 
Applied to CBCTs, the methodologies revealed shape vari-
ation and quantified complexity. Thereby, our study proves 
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the applicability of complexity scores to human CBCTs 
of palatal sutures, contributing to comprehensive sutural 
assessments.

Abbreviations ANOVA: Analysis of variance; CBCT:  Cone-beam 
computed tomography; DF:  Degree of freedom; GMM:  Geometric 
morphometrics; ICC:  Intra-class correlation coefficient; PC:  Principal 
component; PCA:  Principal component analysis; PSD:  Power spec-
trum density; STFT:  Short-time Fourier transform

Acknowledgements The authors take this opportunity to express their 
gratitude to Professor Thomas Klit Pedersen for valuable feedback. 
Furthermore, we are endebted to Olga Schmidt for her support in col-
lecting the required consent forms.

Author contribution Conceptualisation: SV, OB. Methodology: SV. 
Formal analysis and investigation: SV, BN. Writing — original draft 
preparation: SV, BN, MS. Writing — review and editing: SV, BN, MS, 
PS. Resources: OB. Supervision: PS.

Funding Open access funding provided by Royal Danish Library

Availability of data and materials For data sensitivity reasons, the data-
set was not shared or made available online.

Declarations 

Ethics approval and constent to participate The need for ethical 
approval was waived because of the restrospective nature of the study.

Consent for publication For the images displayed in the study that 
depict individual persons’ features, consent for publication was 
obtained from the person in question.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Herring (1972) Sutures - a tool in functional cranial analysis. Acta 
Anat 83:222–247

 2. Opperman LA (2000) Cranial sutures as intramembranous bone 
growth sites. Dev Dyn 219:472–485. https:// doi. org/ 10. 1002/ 
1097- 0177(2000) 9999: 9999<:: AID- DVDY1 073>3. 0. CO;2-F

 3. White HE, Clavel J, Tucker AS, Goswami A (2020) A comparison 
of metrics for quantifying cranial suture complexity: a compari-
son of metrics for quantifying cranial suture complexity. J R Soc 
Interface 17. https:// doi. org/ 10. 1098/ rsif. 2020. 0476r sif20 200476

 4. Proffit WR, Fields HW, Larson B, Sarver DM (2018) Contempo-
rary orthodontics - E-Book. Elsevier Health Sciences

 5. Katti G, Shahbaz S, Katti C, Rahman MS (2020) Evaluation of 
midpalatal suture ossification using cone-beam computed tomog-
raphy: a digital radiographic study. Acta Med (Hradec Kralove) 
63:188–193. https:// doi. org/ 10. 14712/ 18059 694. 2020. 62

 6. Angelieri F, Cevidanes LHS, Franchi L et al (2013) Midpalatal 
suture maturation: classification method for individual assess-
ment before rapid maxillary expansion. Am J Orthod Dentofacial 
Orthop 144:759–769. https:// doi. org/ 10. 1016/j. ajodo. 2013. 04. 022

 7. Angelieri F, Franchi L, Cevidanes LHS et al (2017) Cone beam 
computed tomography evaluation of midpalatal suture maturation 
in adults. Int J Oral Maxillofac Surg 46:1557–1561. https:// doi. 
org/ 10. 1016/j. ijom. 2017. 06. 021

 8. Melsen B (1975) Palatal growth studied on human autopsy mate-
rial. A histologic microradiographic study. Am J Orthod 68:42–
54. https:// doi. org/ 10. 1016/ 0002- 9416(75) 90158-x

 9. Knaup B, Yildizhan F, Wehrbein H (2004) Age-related changes 
in the midpalatal suture. A histomorphometric study. J Orofac 
Orthop 65:467–474. https:// doi. org/ 10. 1007/ s00056- 004- 0415-y

 10. Kinzinger GSM, Lisson JA, Buschhoff C et al (2022) Impact of 
rapid maxillary expansion on palatal morphology at different 
dentition stages. Clin Oral Investig 26:4715–4725. https:// doi. 
org/ 10. 1007/ S00784- 022- 04434-9

 11. Cohen MMJ (1993) Sutural biology and the correlates of cranio-
synostosis. Am J Med Genet 47:581–616. https:// doi. org/ 10. 
1002/ ajmg. 13204 70507

 12. Miroue M, Rosenberg L (1975) The human facial sutures: a 
morphologic and histologic study of age changes from 20 to 95 
years. [thesis] University of Washington, Seattle

 13. Ml MOSS (1957) Experimental alteration of sutural area mor-
phology. Anat Rec 127:569–589. https:// doi. org/ 10. 1002/ ar. 
10912 70307

 14. Koskinen L, Isotupa K, Koski K (1976) A note on craniofacial 
sutural growth. Am J Phys Anthropol 45:511–516. https:// doi. 
org/ 10. 1002/ ajpa. 13304 50312

 15. Curtis N, Witzel U, Fagan MJ (2014) Development and three-
dimensional morphology of the zygomaticotemporal suture in 
primate skulls. Folia Primatol 85:77–87. https:// doi. org/ 10. 
1159/ 00035 7526

 16. Angelieri F, Cevidanes LHS, Franchi L et al (2013) Midpalatal 
suture maturation: classification method for individual assess-
ment before rapid maxillary expansion. Am J Orthod Dentofac 
Orthop 144:759–769. https:// doi. org/ 10. 1016/j. ajodo. 2013. 04. 
022

 17. Fricke-Zech S, Gruber RM, Dullin C et al (2012) Measurement of 
the midpalatal suture width. Angle Orthod 82:145–150. https:// 
doi. org/ 10. 2319/ 040311- 238.1

 18. Angelieri F, Franchi L, Cevidanes LHS et al (2016) Prediction 
of rapid maxillary expansion by assessing the maturation of 
the midpalatal suture on cone beam CT. Dental Press J Orthod 
21:115–125. https:// doi. org/ 10. 1590/ 2177- 6709. 21.6. 115- 125. sar

 19. Huanca Ghislanzoni L, Lione R, Cozza P, Franchi L (2017) Meas-
uring 3D shape in orthodontics through geometric morphometrics. 
Prog Orthod 18. https:// doi. org/ 10. 1186/ s40510- 017- 0194-9

 20. Mitteroecker P, Gunz P (2009) Advances in geometric morpho-
metrics. Evol Biol 36:235–247. https:// doi. org/ 10. 1007/ S11692- 
009- 9055-X/ FIGUR ES/7

 21. Jollife IT, Cadima J (2016) Principal component analysis: a review 
and recent developments. Philos Trans A Math Phys Eng Sci 374. 
https:// doi. org/ 10. 1098/ RSTA. 2015. 0202

 22. (2021) Medixant. RadiAnt DICOM Viewer [Software]. In: URL: 
https:// www. radia ntvie wer. com. Accessed 1 Dec 2021

 23. Meyer D, Dimitriadou E, Hornik K et al CRAN - Package e1071. 
https:// cran.r- proje ct. org/ web/ packa ges/ e1071/ index. html. 
Accessed 17 Sep 2022

 24. Fedorov A, Beichel R, Kalpathy-Cramer J et al (2012) 3D Slicer 
as an image computing platform for the quantitative imaging 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/1097-0177(2000)9999:9999<::AID-DVDY1073>3.0.CO;2-F
https://doi.org/10.1002/1097-0177(2000)9999:9999<::AID-DVDY1073>3.0.CO;2-F
https://doi.org/10.1098/rsif.2020.0476rsif20200476
https://doi.org/10.14712/18059694.2020.62
https://doi.org/10.1016/j.ajodo.2013.04.022
https://doi.org/10.1016/j.ijom.2017.06.021
https://doi.org/10.1016/j.ijom.2017.06.021
https://doi.org/10.1016/0002-9416(75)90158-x
https://doi.org/10.1007/s00056-004-0415-y
https://doi.org/10.1007/S00784-022-04434-9
https://doi.org/10.1007/S00784-022-04434-9
https://doi.org/10.1002/ajmg.1320470507
https://doi.org/10.1002/ajmg.1320470507
https://doi.org/10.1002/ar.1091270307
https://doi.org/10.1002/ar.1091270307
https://doi.org/10.1002/ajpa.1330450312
https://doi.org/10.1002/ajpa.1330450312
https://doi.org/10.1159/000357526
https://doi.org/10.1159/000357526
https://doi.org/10.1016/j.ajodo.2013.04.022
https://doi.org/10.1016/j.ajodo.2013.04.022
https://doi.org/10.2319/040311-238.1
https://doi.org/10.2319/040311-238.1
https://doi.org/10.1590/2177-6709.21.6.115-125.sar
https://doi.org/10.1186/s40510-017-0194-9
https://doi.org/10.1007/S11692-009-9055-X/FIGURES/7
https://doi.org/10.1007/S11692-009-9055-X/FIGURES/7
https://doi.org/10.1098/RSTA.2015.0202
https://www.radiantviewer.com
https://cran.r-project.org/web/packages/e1071/index.html


 Clinical Oral Investigations

1 3

network. Magn Reson Imaging 30:1323–1341. https:// doi. org/ 
10. 1016/j. mri. 2012. 05. 001

 25. Klingenberg CP (2013) Visualizations in geometric morphomet-
rics: how to read and how to make graphs showing shape changes. 
Hystrix 24:15–24

 26.  Li B, Zhou S, Murray AP, Subsol G (2021) Shape-changing 
chains for morphometric analysis of 2D and 3D, open or closed 
outlines. Sci Rep 11. https:// doi. org/ 10. 1038/ S41598- 021- 00911-5

 27. Olsen A, Haber A (2017) StereoMorph: stereo camera calibration 
and reconstruction version 1.6.1

 28. Olsen AM, Westneat MW (2015) StereoMorph: an R package for 
the collection of 3D landmarks and curves using a stereo camera 
set-up. Methods Ecol Evol 6:351–356. https:// doi. org/ 10. 1111/ 
2041- 210X. 12326

 29. Slice DE (1998) A glossary for geometric morphometrics.https:// 
life. bio. sunysb. edu/ morph/ bibli ograp hies_ and_ gloss ary.  
Accessed 8 Apr 2021

 30. Savriama Y (2018) A step-by-step guide for geometric morpho-
metrics of floral symmetry. Front Plant Sci 9:1433

 31. Polly PD (2019) Geometric morphometrics for Mathematica. Ver-
sion 12.3. https:// polly lab. india na. edu/ softw are/. Accessed 8 Apr 
2021

 32. Gunz P, Mitteroecker P (2013) Semilandmarks: a method for 
quantifying curves and surfaces. Hystrix Ital J Mammal 24:103–
109. https:// doi. org/ 10. 4404/ HYSTR IX- 24.1- 6292

 33. White HE, Goswami A, Tucker AS (2021) The intertwined evolu-
tion and development of sutures and cranial morphology. Front 
Cell Dev Biol 9:1–20. https:// doi. org/ 10. 3389/ fcell. 2021. 653579

 34. Goswami A, Watanabe A, Felice RN et al (2019) High-density 
morphometric analysis of shape and integration: the good, the 
bad, and the not-really-a-problem. Integr Comp Biol 59:669–683. 
https:// doi. org/ 10. 1093/ icb/ icz120

 35. Bardua C, Felice RN, Watanabe A et al (2019) A practical guide 
to sliding and surface semilandmarks in morphometric analyses. 
Integrative Organismal Biology 1. https:// doi. org/ 10. 1093/ iob/ 
obz016

 36. Frank LR, Rowe TB, Boyer DM, Witmer LM (2021) Unveiling 
the third dimension in morphometry with automated quantitative 
volumetric computations. Sci Rep 1–40. https:// doi. org/ 10. 1038/ 
s41598- 021- 93490-4

 37. Allen EG (2006) New approaches to Fourier analysis of ammo-
noid sutures and other complex, open curves. Paleobiology 
32:299–315. https:// doi. org/ 10. 1666/ 04042.1

 38. HeatherEWhite/suture_metrics_comparison-v1.0.0 | Zenodo. 
https:// zenodo. org/ record/ 40372 20#. Y0mZfi 8Rpic. Accessed 14 
Oct 2022

 39. HeatherEWhite (2020) HeatherEWhite/suture_metrics_compar-
ison-v1.0.0. https:// doi. org/ 10. 5281/ ZENODO. 40372 20

 40. McLaughlin MDMJ, Sainani PhD KL (2014) Bonferroni, Holm, 
and Hochberg corrections: fun names, serious changes to p values. 
PM & R 6:544–546. https:// doi. org/ 10. 1016/j. pmrj. 2014. 04. 006

 41. Anderson PSL, Renaud S, Rayfield EJ (2014) Adaptive plasticity 
in the mouse mandible. BMC Evol Biol 14. https:// doi. org/ 10. 
1186/ 1471- 2148- 14- 85

 42. Korbmacher H, Schilling A, Püschel K et al (2007) Age-dependent 
three-dimensional microcomputed tomography analysis of the 
human midpalatal suture*. J Orofac Orthop 68:364–376. https:// 
doi. org/ 10. 1007/ s00056- 007- 0729-7

 43. Kinzinger GSM, Lisson JA, Buschhoff C, Hourfar J (2023) Age-
dependent effects on palate volume and morphology during ortho-
dontic RME treatment. Clin Oral Investig. https:// doi. org/ 10. 1007/ 
s00784- 022- 04831-0

 44. Cheronet O, Finarelli J, Pinhasi R (2016) Morphological change in 
cranial shape following the transition to agriculture across western 
Eurasia. Sci Rep 6:1–10. https:// doi. org/ 10. 1038/ srep3 3316

 45. Kinzinger GSM, Hourfar J, Buschhoff C et al (2022) Age-depend-
ent interactions of maxillary sutures during RME and their effects 
on palatal morphology: CBCT and dental cast analysis. J Orofac 
Orthop 83:412–431. https:// doi. org/ 10. 1007/ s00056- 022- 00429-z

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1038/S41598-021-00911-5
https://doi.org/10.1111/2041-210X.12326
https://doi.org/10.1111/2041-210X.12326
https://life.bio.sunysb.edu/morph/bibliographies_and_glossary
https://life.bio.sunysb.edu/morph/bibliographies_and_glossary
https://pollylab.indiana.edu/software/
https://doi.org/10.4404/HYSTRIX-24.1-6292
https://doi.org/10.3389/fcell.2021.653579
https://doi.org/10.1093/icb/icz120
https://doi.org/10.1093/iob/obz016
https://doi.org/10.1093/iob/obz016
https://doi.org/10.1038/s41598-021-93490-4
https://doi.org/10.1038/s41598-021-93490-4
https://doi.org/10.1666/04042.1
https://zenodo.org/record/4037220#.Y0mZfi8Rpic
https://doi.org/10.5281/ZENODO.4037220
https://doi.org/10.1016/j.pmrj.2014.04.006
https://doi.org/10.1186/1471-2148-14-85
https://doi.org/10.1186/1471-2148-14-85
https://doi.org/10.1007/s00056-007-0729-7
https://doi.org/10.1007/s00056-007-0729-7
https://doi.org/10.1007/s00784-022-04831-0
https://doi.org/10.1007/s00784-022-04831-0
https://doi.org/10.1038/srep33316
https://doi.org/10.1007/s00056-022-00429-z

	A novel method for assessment of human midpalatal sutures using CBCT-based geometric morphometrics and complexity scores
	Abstract
	Introduction 
	Materials and methods 
	Results 
	Conclusion 

	Background
	Methods
	Data collection
	Method
	Cone-beam computed tomography
	Data preparation
	Geometric morphometric methods
	Complexity analysis
	Statistical analysis


	Results
	Geometric morphometrics: principal component analysis
	Power spectrum density complexity scores

	Discussion
	Conclusions
	Acknowledgements 
	References


