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Abstract

:

The study aimed to evaluate the reliability and reproducibility and compare the outcomes of two 3D voxel-based superimposition techniques for craniofacial CBCT images, using anterior cranial base areas of different extent as references. Fifteen preexisting pairs of serial CBCTs (initial age: 11.7 ± 0.6 years; interval: 1.7 ± 0.4 years) were superimposed on total anterior cranial base (TACB) or middle anterior cranial base (MACB) structures through the Dolphin 3D software. The overlap of the reference structures was assessed visually to indicate reliability. All superimpositions were repeated by the same investigator. Outcomes were compared to assess the agreement between the two methods. Reliability was perfect for the TACB and moderate for the MACB method (p = 0.044). Both areas showed good overall reproducibility, though in individual cases there were notable differences for MACB superimpositions, ranging from −1.84 to 1.64 mm (TACB range: −0.48 to 0.31 mm). The overall agreement in the detected T0/T1 changes was also good, though it was significantly reduced for individual measurements (median < 0.01 mm, IQR: 0.46 mm, range: −2.81 to 0.73 mm). In conclusion, the voxel-based superimposition on TACB was more reliable and showed higher reproducibility than the superimposition on MACB. Thus, the extended anterior cranial base area is recommended for the assessment of craniofacial changes.
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1. Introduction


Craniofacial growth assessment and treatment outcome analysis is essential in several fields, such as orthodontics and maxillofacial or plastic surgery. The most commonly used method for this is the superimposition of serial 2D cephalometric images on stable areas of the anterior cranial base [1]. However, the radiographic source of information is in two dimensions, which has limitations, such as image distortion and lack of precision in landmark identification. These are mainly related to the compression of a 3D object into a 2D image [1,2] and impact the reliability of the obtained information.



Therefore, the popularity of cone-beam computed tomography (CBCT) in diagnostics has increased over the years. The realistic representation of anatomical structures makes CBCT a powerful tool to diagnose and assess craniofacial changes, primarily due to the relatively low radiation, the adequate image quality, and the three-dimensional nature of the acquired information [3,4].



Recently, there is an increased interest in the use of serial CBCT superimpositions to evaluate craniofacial changes [5]. The anterior cranial base structures remain stable after an early age [6,7]. Therefore, and due to their being centrally located in the cranium, superimposition on these structures is the standard reference, applicable in 2D as well as in 3D images [4,5,8]. For 3D superimposition on the anterior cranial base, different methods and techniques have been proposed, with voxel-based, landmark-based, and surface-based superimpositions being the most commonly used [4]. Landmark-based superimposition depends on landmark identification. A considerable number of landmarks set by trained operators is required to achieve adequate precision, which needs more working time and increases costs [8,9]. For surface-based superimposition, a preliminary step is required to extract the surface models from the radiographic volume through bone segmentation. The superimposition outcome can be influenced by this process because it relies on grayscale value thresholds used for the segmentation [10,11], and in CBCTs, these do not directly correspond to Hounsfield units as in the CT images. Even if an image is acquired from the same machine, with a congruent setting, reproducibility in grey-level intensities cannot be guaranteed [12]. The third method is voxel-based superimposition, which is based on the best-fit approximation of the voxel greyscale values of corresponding areas, selected directly on the original volumetric data. Thus, this method overcomes the limitations of the previous methods, though for an easier assessment of the 3D outcome, surface models still need to be extracted from voxel-based superimposed volumes. Nevertheless, the latter applies to the visualization of the outcomes and not to the superimposition process per se, which requires no segmentation.



The voxel-based craniofacial CBCT superimposition has been reported as a new method, where volume images and slices superimpositions are based on a best-fit concept, with mutual information as a matching criterion [13]. Cevidanes et al. have widely applied 3D voxel-based superimpositions for craniofacial changes assessment in different patient groups [14,15]. Bazina et al. tested the reliability of a similar approach in non-growing patients, using an easily operated software (Dolphin 3D software; Dolphin Imaging & Management Solutions, Chatsworth, Calif) and considering the anterior cranial base as a reference [16]. Weissheimer et al. [17] tested a 3D superimposition method on the anterior cranial base using OnDemand 3D software, while assessing the superimposition outcomes through ITK-SNAP software. Within their limitations, the above reports seemed to provide encouraging results [5]. In a recent previous study, the reliability of the anterior cranial base voxel-based superimposition was thoroughly tested in growing patients and exhibited satisfactory outcomes with respect to efficiency, cranial base matching, and reproducibility [18]. As previous reports [13,16,17], the latter study also used the entire anterior cranial base as a superimposition reference. Nevertheless, the midline anterior cranial base structures alone have also been used in the past and showed satisfactory results [19]. This area could be advantageous over the entire anterior cranial base, since the midline structures attain adult form (shape and size) earlier during development and show less interindividual variation, compared to the lateral structures [20,21,22]. A comparative assessment of voxel-based superimpositions on these two cranial base areas has yet not been performed.



Therefore, in the present study we evaluated the agreement and reproducibility of a 3D voxel-based superimposition on two different anterior cranial base reference areas. The first was the total anterior cranial base (TACB), and the second was the middle anterior cranial base (MACB).




2. Materials and Methods


2.1. Ethical Approval and Study Design


This project was registered and approved by the Swiss Ethics Committees (Protocol No. 2018-01670). The study is a prospective methodological study, using pre-existing patient data, was conducted according to the guidelines of the Declaration of Helsinki, and participants signed an informed consent prior to the use of their data in the study.




2.2. Sample


Serial craniofacial CBCT images of 15 orthodontic patients (8 males, 7 females) were used in this study. The mean age of the participants at T0 (first acquired CBCT) was 11.75 ± 0.59 years, with a time lap between T0 and T1 (second acquired CBCT) of 1.69 ± 0.37 years. All subjects originated from a previously selected sample studied for the purpose of analogous projects [18,23], and the sample size is considered adequate [8,18,23].



Patients with systemic diseases, congenital malformation, or syndromes that could affect the facial morphology, as well as individuals with extreme facial asymmetries were excluded. Images with metallic restorative materials causing considerable artifacts and low-quality scans were also excluded. Two researchers (N.G, M.G) visually inspected all criteria independently to assess eligibility.




2.3. Generation of the CBCTs


As described previously [18,23], all tested CBCTs had been acquired in an orthodontic clinic between 2008 and 2018. The CBCTs images were acquired in cases where 3D information was needed to facilitate proper diagnosis and guide clinical decisions, such as in cases of impacted teeth. All CBCT images were acquired with the same X-ray machine (KaVo 3D eXam, Hatfield, PA, USA) under the following settings: 170 mm height × 232 mm diameter field of view, 0.4 mm3 voxel size, 5 mA tube current, 120 kV tube voltage, 8.9 s scan time, 3.7 s exposure time, which allowed for lower radiation doses [24]. The volumes were saved and exported in a DICOM format.




2.4. Superimposition Process and Reliability Assessment


Dolphin 3D software© (Version 2.1.6079.17633, Dolphin Imaging and Management Solutions Chatsworth, CA, USA) was used for voxel-based superimposition of the serial CBCTs. The pairs of DICOM datasets, obtained at two different time points (T0 and T1), were imported into the software.



Two areas with different lateral extension were defined on the anterior cranial base as superimposition references. The first area represented the total anterior cranial base (TACB), while the second represented the middle anterior cranial base (MACB). Both areas included the midline anterior cranial base structures, which comprise a standard reference to assess craniofacial tissue changes [6,8,16].



The boundaries of the TACB area were defined by the posterior wall of sinus frontalis (anteriorly) to the middle of sella turcica (posteriorly). The height of the frame was determined at 3–4 cm, and the lower limit was set 2–4 mm inferiorly to the lowest point of sella turcica. The lateral limit of the selected frame was the lateral cranial wall. The boundaries of the MACB selection frame were defined previously [19] and included the posterior wall of the sinus frontalis (anteriorly) and the middle of the sella turcica (posteriorly) and were set inferiorly 2–4 mm below the lowest point of sella turcica, as for TACB, but the superior limit was located 1 cm above the anterior clinoid process. Additionally, the lateral extension of the frame was delimited by the width of the anterior wall of sella turcica (Supplementary Materials Figure S1).



CBCT T0 was always considered the base volume, where the reference structures were selected in a multiplanar view. Initially, CBCT T1 was manually adjusted and approximated to the base volume (CBCT T0) and then it was superimposed on it. The automated registration was repeated a few times (usually 2–3) till there was no visually identifiable change in the position of the superimposed volumes. The superimposition outcome was evaluated visually, checking the overlap of the anterior cranial base reference structures in 2D DICOM images, in the three planes of space (axial, sagittal, coronal). In case of inadequate overlap, the operator was satisfied with the maximum possible overlap achieved at the superimposed anterior cranial base structures. The superimposed CBCT T1 was then saved in its reoriented position, and the final visual assessment of the overlap of the superimposed anterior cranial base structures was recorded as a reliability measure.




2.5. Measurement Process


Following TACB and MACB superimposition of T1 to the corresponding T0 volumes, skeletal surface models were extracted from the T0 and T1 volumes through an automated bone segmentation function available in Dolphin Software. These were saved as STL files and imported in Viewbox 4 Software (version 4.1.0.1, BETA 64; dHAL software, Kifisia, Greece) to assess their differences.



To quantify differences in the detected T0–T1 changes between and within methods and compare errors in different areas of the facial skeleton, we used seven measurement areas, evenly distributed on the entire face, as previously published [18]. These areas were the N-point, A-point, Pogonion, Zygomatic arch right and left, and Gonial angle right and left. The seven areas were consistently selected on the extracted T0 surface model of every subject only once. Then, the T0 surface models with the seven areas were duplicated as needed to be used for all outcomes measured in the study. The size of each area was 100 triangles.




2.6. Intra-Operator Reproducibility of Superimposition Methods


To test intra-operator reproducibility of the TACB and MACB superimpositions, one trained operator (M.G.) repeated the whole T0–T1 superimposition process for both methods. Following each superimposition, the STL files of all hard tissue surface models were imported into Viewbox 4 software, and the mean absolute distances (MAD) between corresponding T0–T1 surface models at the seven areas of interest were measured and compared.



Further assessment of the intra-operator agreement on the superimposition outcome was done through color-coded maps that showed the distances between the corresponding T1 surface models, following each repeated superimposition on the stable T0 model.




2.7. Agreement between TACB and MACB


Following TACB and MACB superimpositions of T1 to the corresponding T0 volumes, the detected T0–T1 changes with each method at the seven measurement areas were recorded and compared.



Agreement between TACB and MACB methods was also assessed with color-coded distance maps between corresponding T1 models, after superimposition. Zero distance between these models would indicate perfect agreement.




2.8. Statistical Analysis


Statistical analysis was carried out with SPSS Software (IBM SPSS Statistics for Windows, Version 28.0. IBM Corp, Armonk, NY, USA).



Data were tested with the Shapiro–Wilk test and were not found normally distributed in all cases. Thus, non-parametric statistical tests were used. Differences in reliability between the two methods were tested using McNemar’s test with the continuity correction. Intra-operator reproducibility of MACB and TACB superimposition outcomes is shown with box plots, where any deviation from 0 indicates superimposition error. Following MACB and TACB superimposition, differences in the amount of error (intra-operator reproducibility) among the different measured areas were tested in a paired manner through Friedman’s test. In case of significant results, pairwise comparisons were performed through Wilcoxon’s signed-rank test.



Differences in the detected T0–T1 changes between the MACB and the TACB superimpositions were visualized and tested in a similar manner.



In all cases, a two-sided significance test was carried out at an alpha level of 0.05. In case of multiple comparisons, a Bonferroni correction was applied to the level of significance to avoid false positive results.



The Bland–Altman method (difference plot) [25] was also used to evaluate intra-operator reproducibility in the detected T0–T1 morphological changes through MACB, as well as the agreement between MACB and TACB superimpositions. Bland–Altman plots regarding the reproducibility of the TACB method have been published previously [18]. A one-sample t-test was used to assess if there was a systematic error between the compared measurements.





3. Results


3.1. Reliability of Superimposition Methods


When the TACB superimposition area was applied, adequate overlap of the anterior cranial base structures was visually observed in all 15 cases, in all three planes that were visualized in the 2D views of the software. On the contrary, when the MACB superimposition area was used, there were five cases that showed reduced overlap in the coronal and in the axial 2D view (Supplementary Materials Figure S2). In the sagittal 2D view, all cases showed adequate overlap. The difference in the reliability of the two methods was statistically significant (McNemar’s test: p = 0.044). Similar findings were evident when all assessments were repeated by the same operator.




3.2. Intra-Operator Reproducibility of Superimposition Methods


For both TACB and MACB methods, the one-sample t-test demonstrated no systematic differences in the T0–T1 changes detected following repeated superimpositions by the same operator (p > 0.01). In the MACB superimposition, the median error was −0.02 mm (IQR: 0.23 mm), whereas in the TACB, the median error was <0.01 mm (IQR: 0.07 mm), which were both considered clinically irrelevant. However, when considering individual measurements, in the MACB superimposition, the deviations were mostly within 0.5 mm, but there were cases, especially considering the Gonial L area, where the differences were greater (Figure 1, Figure 2 and Figure 3). On the contrary, in the TACB superimposition, all individual differences remained within 0.5 mm (Figure 1 and Figure 2). There was no evidence for the MACB method indicating that the differences increased depending on the size of the detected T0–T1 changes. The differences between repeated MACB and TACB superimpositions tended to increase as the distance of the measurement area from the cranial base increased, except from the A-point area (Figure 1). No significant difference was detected between the magnitude of error at the various measurement areas (MACB, Friedman test: p = 0.130; Wilcoxon signed rank test: p > 0.008; Bonferroni corrected p-value = 0.002; TACB, Friedman test: p = 0.501).



Figure 2 shows the MACB and TACB intra-operator reproducibility through the color-coded distance maps of three cases for each method, representative of the minimum, the average, and the maximum error. It is evident that after MACB superimposition, the average error exceeded 1 mm in certain areas.




3.3. Agreement between TACB and MACB


Overall, the median agreement between the two methods was perfect (median < 0.01 mm, IQR: 0.46 mm, range: −2.81 to 0.73 mm; Friedman test: p = 0.084). However, for individual measurements, there were higher differences, even around 2.5 mm (Figure 4 and Figure 5). No significant difference was detected between the measurement areas shown in Figure 4 (Friedman test: p = 0.084; Wilcoxon signed rank test: p > 0.012; Bonferroni-corrected p-value = 0.002). There was no evidence from the Bland–Altman plots that the differences between methods were increasing by the amount of the measured T0–T1 change (Figure 5). The one-sample t-test demonstrated no systematic differences in the T0–T1 changes detected by the two methods (p > 0.01).



The color-coded distance maps provided in Figure 6 show individual cases representative of the minimum, the average, and the maximum differences of the relocated T1 surface models, superimposed on stable T0 models with both methods. It is evident that in all three cases, there are certain areas with differences around 2 mm, which can be considered clinically significant.





4. Discussion


Although the Dolphin 3D voxel-based superimposition method has been previously tested by different groups and the reports were encouraging [16,18,19], the effect of the extent of the anterior cranial base reference area on the superimposition outcomes was tested for first time here. Regarding average measurements, both TACB and MACB methods provided similar outcomes in the present growing patient sample. Furthermore, in the majority of the cases, the reproducibility of the outcomes of both areas was within 0.5 mm, except for a few cases superimposed on the MACB area. The findings confirmed that the method is user-friendly, fast, reproducible, and potentially reliable, which is in accordance with previous reports [16,18,19]. However, when individual measurements were considered, relatively large differences between the two methods became evident. In agreement with previous findings [18], the TACB method was proved reliable through the visual assessment of the overlap of stable ACB structures, as well as highly reproducible. On the contrary, the MACB method showed reduced reliability in about one-third of the cases. Furthermore, its reproducibility was reduced compared to that of the TACB method, and the two methods showed considerable differences, in regard to individual outcomes. Based on the above arguments, the MACB method cannot be recommended at present.



The MACB method has been previously introduced as sufficiently reproducible [19], but that study, among other limitations, did not assess individual differences between repeated measurements [5]. Our study performed a thorough assessment of the reliability and the reproducibility of this method, as well as of its agreement with the TACB method, and does not align with the aforementioned conclusions. Thus, despite the fact that the MACB method includes only the midline anterior cranial base structures that remain stable after approximately 7 years of age, it does not produce consistently reliable results. This is probably attributed to the relatively small size of the reference area that is used to register the corresponding volumes and not to the rationale of the area selection, which has a solid biological basis [6,7,20,21,22]. 3D surface superimpositions on small reference areas are less robust to artifacts and more prone to error [26]. A similar effect might be evident for the voxel-based registration of CBCT images, which is also based on best-fit registration algorithms. On the other hand, in accordance with previous reports [16,18], the present study confirmed that the TACB method offers sufficient reliability and higher reproducibility than the MACB method, despite extending to lateral anterior cranial base structures that attain anatomical form stability later in development, after approximately 11 years of age [21].



The level of threshold used to perform bone segmentation from 3D radiographic volumes has a significant impact on the extracted surface models, which could affect the validity of 3D superimposition outcomes [11]. Regarding outcome assessment, the segmentation error and the differences between manual and automated segmentations of a 3D dataset were tested in a previous study [18], and the amount of error was considered minimal in the majority of cases. In the present study, we used the automated function of Dolphin 3D software to extract the skeletal surface models from a specific volume, using always the same threshold [18], which eliminated the impact of the segmentation error on the tested outcomes.



Although the study showed good overall reproducibility of the voxel-based 3D superimposition for both anterior cranial base reference areas, a critical observation of a few individual cases showed that when the MACB method was used, there were certain areas where the error exceeded 1 mm. This can be considered as clinically significant, especially if the segmentation error is added to the superimposition error. In voxel-based superimpositions, there is no segmentation error in the superimposition process itself, but this error is introduced in a second phase, since a proper 3D assessment of the outcomes requires the extraction of 3D surface models from the original radiographic volumes [11,18,23]. The outliers detected in the MACB method might be associated with the small field of the selected reference structures or to differences in the reference structures between subsequent models, due to actual anatomical changes or artifacts related to the low quality of the image at the area of interest [11]. Furthermore, for both methods, the selected reference areas contain non-osseous structures, which could also contribute to differences between the superimposed models. These factors are expected to have an increased impact on the outcomes when the superimposition reference area is relatively small [26].



A previous study [18] evaluating the intra- and inter-operator superimposition error of the TACB superimposition area found that the superimposition error increases if the distance between the measurement area and the superimposition reference area increases. This was also seen in all cases in this study, regardless of the superimposition reference area, as illustrated in Figure 1. However, the error for distant areas was still insignificant, except for a few cases in the MACB superimposition. It may be speculated that this pattern of error is related to the rotation of the T1 surface model, due to inadequate best-fit matching with the T0 model, during the superimposition process. Thus, the surface model rotates around an axis located somewhere within the reference area.



Limitations


The assessment of surface model differences was performed using Viewbox 4 Software, the use of which has been repeatedly validated in previous studies [11,18,23,26,27]. Thus, no error is expected from this source.



The present sample consisted of CBCT volumes of growing patients only. It is well known that the midline cranial base area is morphologically stable from an early age [6,7,20,21,22], and thus, the MACB error cannot be attributed to this. Thus, our findings regarding both superimposition techniques are expected to be applicable in older patients as well.



It should be noted here that the reliability assessment performed in this study, namely, the visual inspection of the overlap of the stable anterior cranial base structures, following serial volume superimposition, has a solid scientific rationale, but it might not be considered highly precise.



Finally, the CBCT images included in the present study were acquired using the same machine and settings, which eliminates this confounding factor, but on the other hand it might limit the generalizability of the findings. The present images represent regular-quality CBCT images that are used for craniofacial morphology assessments. It remains to be tested if the present findings are modified by significant variations in image quality.





5. Conclusions


The anterior cranial base voxel-based superimposition methods applied here on a group of growing individuals, using two different reference areas (TACB and MACB), showed good overall reproducibility. The two areas showed good agreement to each other; however, the reliability of the MACB method was reduced in certain cases, and when individual case measurements were assessed, reduced reproducibility, as well as disagreement with the TACB method, were evident. For this reason, we recommend the extended anterior cranial base structures (TACB) for the 3D assessment of the craniofacial changes with the tested method.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/jcm10225429/s1, Figure S1: Superimposition reference area for voxel-based superimposition on the middle anterior cranial base (MACB) in Dolphin 3D Software, Figure S2: Three repeated superimpositions of the same case using the total anterior cranial base (TACB) reference area (top row) and the middle anterior cranial base (MACB) (middle and bottom rows) reference area.





Author Contributions


Conceptualization, N.G.; methodology, N.G.; software, N.G. and G.K.; validation, M.G., G.K. and N.G.; formal analysis, N.G.; investigation, M.G., G.K. and N.G.; resources, G.K., N.G.; data curation, M.G., G.K. and N.G.; writing—original draft preparation, M.G.; writing—review and editing, M.G., G.K. and N.G.; visualization, M.G., G.K. and N.G.; supervision, N.G.; project administration, N.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Swiss Ethics Committees (Protocol No. 2018-01670, date of approval: 07.02.2019).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


All data are available in the main text or the extended data. The protocols and datasets generated and/or analyzed during the current study are available from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Halazonetis, D.J. From 2-Dimensional Cephalograms to 3-Dimensional Computed Tomography Scans. Am. J. Orthod. Dentofac. Orthop. 2005, 127, 627–637. [Google Scholar] [CrossRef] [PubMed]

	



Halazonetis, D.J. Morphometrics for Cephalometric Diagnosis. Am. J. Orthod. Dentofac. Orthop. 2004, 125, 571–581. [Google Scholar] [CrossRef]

	



Lo, L.-J.; Weng, J.-L.; Ho, C.-T.; Lin, H.-H. Three-Dimensional Region-Based Study on the Relationship between Soft and Hard Tissue Changes after Orthognathic Surgery in Patients with Prognathism. PLoS ONE 2018, 13, e0200589. [Google Scholar] [CrossRef]

	



Ponce-Garcia, C.; Lagravere-Vich, M.; Cevidanes, L.H.S.; de Olivera Ruellas, A.C.; Carey, J.; Flores-Mir, C. Reliability of Three-Dimensional Anterior Cranial Base Superimposition Methods for Assessment of Overall Hard Tissue Changes: A Systematic Review. Angle Orthod. 2018, 88, 233–245. [Google Scholar] [CrossRef] [PubMed]

	



Mai, D.D.-P.; Stucki, S.; Gkantidis, N. Assessment of Methods Used for 3-Dimensional Superimposition of Craniofacial Skeletal Structures: A Systematic Review. PeerJ 2020, 8, e9263. [Google Scholar] [CrossRef]

	



Afrand, M.; Ling, C.P.; Khosrotehrani, S.; Flores-Mir, C.; Lagravère-Vich, M.O. Anterior Cranial-Base Time-Related Changes: A Systematic Review. Am. J. Orthod. Dentofac. Orthop. 2014, 146, 21–32.e6. [Google Scholar] [CrossRef] [PubMed]

	



Sgouros, S.; Natarajan, K.; Hockley, A.D.; Goldin, J.H.; Wake, M. Skull Base Growth in Childhood. Pediatr. Neurosurg. 1999, 31, 259–268. [Google Scholar] [CrossRef]

	



Gkantidis, N.; Schauseil, M.; Pazera, P.; Zorkun, B.; Katsaros, C.; Ludwig, B. Evaluation of 3-Dimensional Superimposition Techniques on Various Skeletal Structures of the Head Using Surface Models. PLoS ONE 2015, 10, e0118810. [Google Scholar] [CrossRef]

	



Becker, K.; Wilmes, B.; Grandjean, C.; Drescher, D. Impact of Manual Control Point Selection Accuracy on Automated Surface Matching of Digital Dental Models. Clin. Oral Investig. 2018, 22, 801–810. [Google Scholar] [CrossRef]

	



Chang, Y.-B.; Xia, J.J.; Yuan, P.; Kuo, T.-H.; Xiong, Z.; Gateno, J.; Zhou, X. 3D Segmentation of Maxilla in Cone-Beam Computed Tomography Imaging Using Base Invariant Wavelet Active Shape Model on Customized Two-Manifold Topology. J. X-Ray Sci. Technol. 2013, 21, 251–282. [Google Scholar] [CrossRef]

	



Friedli, L.; Kloukos, D.; Kanavakis, G.; Halazonetis, D.; Gkantidis, N. The Effect of Threshold Level on Bone Segmentation of Cranial Base Structures from CT and CBCT Images. Sci. Rep. 2020, 10, 7361. [Google Scholar] [CrossRef] [PubMed]

	



Spin-Neto, R.; Gotfredsen, E.; Wenzel, A. Variation in Voxel Value Distribution and Effect of Time between Exposures in Six CBCT Units. Dento Maxillo Facial Radiol. 2014, 43, 20130376. [Google Scholar] [CrossRef]

	



Choi, J.-H.; Mah, J. A New Method for Superimposition of CBCT Volumes. J. Clin. Orthod. JCO 2010, 44, 303–312. [Google Scholar]

	



Cevidanes, L.H.; Motta, A.; Proffit, W.R.; Ackerman, J.L.; Styner, M. Cranial base superimposition for 3-dimensional evaluation of soft-tissue changes. Am. J. Orthod. Dentofac. Orthop. 2010, 137, S120-9. [Google Scholar] [CrossRef] [PubMed]

	



Yatabe, M.; Prieto, J.C.; Styner, M.; Zhu, H.; Ruellas, A.C.; Paniagua, B.; Budin, F.; Benavides, E.; Shoukri, B.; Michoud, L.; et al. 3D superimposition of craniofacial imaging—The utility of multicentre collaborations. Orthod Craniofac Res. 2019, 22 (Suppl. S1), 213–220. [Google Scholar] [CrossRef] [PubMed]

	



Bazina, M.; Cevidanes, L.; Ruellas, A.; Valiathan, M.; Quereshy, F.; Syed, A.; Wu, R.; Palomo, J.M. Precision and Reliability of Dolphin 3-Dimensional Voxel-Based Superimposition. Am. J. Orthod. Dentofac. Orthop. 2018, 153, 599–606. [Google Scholar] [CrossRef] [PubMed]

	



Weissheimer, A.; Menezes, L.M.; Koerich, L.; Pham, J.; Cevidanes, L.H.S. Fast Three-Dimensional Superimposition of Cone Beam Computed Tomography for Orthopaedics and Orthognathic Surgery Evaluation. Int. J. Oral Maxillofac. Surg. 2015, 44, 1188–1196. [Google Scholar] [CrossRef] [PubMed]

	



Häner, S.T.; Kanavakis, G.; Matthey, F.; Gkantidis, N. Voxel-Based Superimposition of Serial Craniofacial CBCTs: Reliability, Reproducibility and Segmentation Effect on Hard-Tissue Outcomes. Orthod. Craniofac. Res. 2020, 23, 92–101. [Google Scholar] [CrossRef] [PubMed]

	



Ghoneima, A.; Cho, H.; Farouk, K.; Kula, K. Accuracy and Reliability of Landmark-Based, Surface-Based and Voxel-Based 3D Cone-Beam Computed Tomography Superimposition Methods. Orthod. Craniofac. Res. 2017, 20, 227–236. [Google Scholar] [CrossRef]

	



Buschang, P.H.; Baume, R.M.; Nass, G.G. A Craniofacial Growth Maturity Gradient for Males and Females between 4 and 16 Years of Age. Am. J. Phys. Anthropol. 1983, 61, 373–381. [Google Scholar] [CrossRef]

	



Bastir, M.; Rosas, A. Correlated Variation between the Lateral Basicranium and the Face: A Geometric Morphometric Study in Different Human Groups. Arch. Oral Biol. 2006, 51, 814–824. [Google Scholar] [CrossRef] [PubMed]

	



Lieberman, D.E.; McCarthy, R.C. The Ontogeny of Cranial Base Angulation in Humans and Chimpanzees and Its Implications for Reconstructing Pharyngeal Dimensions. J. Hum. Evol. 1999, 36, 487–517. [Google Scholar] [CrossRef]

	



Kanavakis, G.; Häner, S.T.; Matthey, F.; Gkantidis, N. Voxel-Based Superimposition of Serial Craniofacial Cone-Beam Computed Tomographies for Facial Soft Tissue Assessment: Reproducibility and Segmentation Effects. Am. J. Orthod. Dentofac. Orthop. 2021, 159, 343–351.e1. [Google Scholar] [CrossRef]

	



Rottke, D.; Patzelt, S.; Poxleitner, P.; Schulze, D. Effective Dose Span of Ten Different Cone Beam CT Devices. Dento Maxillo Facial Radiol. 2013, 42, 20120417. [Google Scholar] [CrossRef]

	



Bland, J.M.; Altman, D.G. Agreement between Methods of Measurement with Multiple Observations per Individual. J. Biopharm. Stat. 2007, 17, 571–582. [Google Scholar] [CrossRef] [PubMed]

	



Henninger, E.; Vasilakos, G.; Halazonetis, D.; Gkantidis, N. The Effect of Regular Dental Cast Artifacts on the 3D Superimposition of Serial Digital Maxillary Dental Models. Sci. Rep. 2019, 9, 10501. [Google Scholar] [CrossRef]

	



Gkantidis, N.; Dritsas, K.; Katsaros, C.; Halazonetis, D.; Ren, Y. 3D Method for Occlusal Tooth Wear Assessment in Presence of Substantial Changes on Other Tooth Surfaces. J. Clin. Med. 2020, 9, 3937. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 10 05429 g001 550] 





Figure 1. Box plots showing the intra-operator reproducibility of the MACB (Middle Anterior Cranial Base) and the TACB superimpositions (Total Anterior Cranial Base) for the detected T0–T1 changes in mm, for all measurement areas. The zero value, depicted by the continuous horizontal line, indicates perfect reproducibility, whereas any deviation from zero is considered an error. The dashed lines indicate 0.5 mm and −0.5 mm. In the boxes, the upper limit of the black line represents the maximum value, the lower limit the minimum value, the box the interquartile range, and the horizontal black line the median value. Outliers are shown as black dots or stars in more extreme cases. 
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Figure 2. Color-coded distance maps showing the intra-operator differences on T1 surfaces obtained from repeated T0–T1 MACB and TACB voxel-based superimpositions, with the T0 surface held constant as a reference. The samples that presented the least (left), average (middle), and largest (right) absolute differences on the seven measurement areas are shown. 
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Figure 3. Bland–Altman plots of the T0–T1 changes (mm) detected through repeated MACB superimpositions by the same operator. The continuous horizontal line shows the mean of the differences in the detected T0–T1 changes, and the dashed lines show the corresponding 95% Limits of Agreement. M1: Measurement 1; M2: Measurement 2. 
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Figure 4. Box plots showing the agreement of the MACB (Middle Anterior Cranial Base) with the TACB (Total Anterior Cranial Base) superimposition for the detected T0–T1 changes in mm, for all measurement areas. The zero value, depicted by the continuous horizontal line, indicates perfect agreement, whereas any deviation from zero is considered a disagreement. The dashed lines indicate 0.5 mm and −0.5 mm. In the boxes, the upper limit of the black line represents the maximum value, the lower limit the minimum value, the box the interquartile range, and the horizontal black line the median value. Outliers are shown as black dots or stars in more extreme cases. 
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Figure 5. Bland–Altman plots of the T0–T1 changes (mm) detected through the TACB and the MACB superimpositions by the same operator. The continuous horizontal line shows the mean of the differences in the detected T0–T1 changes, and the dashed lines show the corresponding 95% Limits of Agreement. TACB: Total Anterior Cranial Base; MACB: Middle Anterior Cranial Base. 
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Figure 6. Color-coded distance maps showing the differences of T1 surfaces obtained from T0–T1 TACB and MACB voxel-based superimpositions, with the T0 surface held constant as a reference. The samples that presented the least (left), average (middle), and largest (right) absolute distances of the MACB from the TACB T1 surface, on the seven measurement areas, are shown. 
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