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ABSTRACT 

The aim of the study was to propose a method for three-dimensional evaluation and visualisation of 

mucosa thickness and mucosa thickness changes and to validate it in four different software implementa-

tions. Cone-beam computed tomography (CBCT) and digitised mandibular impression, i.e., optical scan, 

of five patients treated with a mandibular distal extension removable partial denture were acquired at 

baseline (T0) and 1-year follow-up (T1). CBCT images were automatically segmented and then superim-

posed with a corresponding optical scan and within a patient. To obtain mucosa thickness changes in the 

T0-T1 interval, firstly, the distances between T0 and T1 models were computed for mucosa surface, 

representing surface changes (dSurface) and bone surface, representing bone changes (dBone). The 

distances were saved as scalar field values in the mesh model. Finally, the mucosa thickness changes 

(dMucosa) were calculated by subtracting the corresponding dBone from dSurface values. Distance 

computation algorithms in four different software were tested and compared. No differences were found 

between all four tested software (p<0.001). Mean (and standard deviation) of median dSurface, dBone, 

and dMucosa of right and left residual ridge (n=10) was -0.47mm (0.43), -0.44mm (0.62), and 0.00mm 

(0.35), respectively. High local variability of dBone and dMucosa was found on the colour-coded maps. 

A novel method facilitates precise three-dimensional evaluation and visualisation of mucosa thickness 

and thickness changes, regardless of the software used. 

Keywords: cone beam computed tomography; image analysis; optical scanning: oral mucosa; removable 

partial denture. 

INTRODUCTION  

Developments in the imaging technologies in 

dentistry, such as cone-beam computed tomography 

(CBCT) and optical scanning, revolutionised the field 

in research and clinical setting (Gaêta-Araujo et al., 

2020; Shujaat et al., 2021). CBCT enables the 

evaluation and visualisation of mineralised structures 

such as bones and teeth that are not visible at clinical 

examination. It presents a smaller radiation dose and 

higher spatial resolution than medical computed 

tomography (Jacobs et al., 2018). While optical 

scanning, especially recently introduced intraoral 

scanning, is an entirely non-invasive method used to 

capture the surface of intraoral structures, such as teeth 

and soft tissues (Mangano et al., 2017). Digital models 

obtained with the modalities mentioned above are 

represented as polygonal surface meshes. Optical 

scanning requires no additional processes, as surface 

meshes are generated during the acquisition process, 

while the CBCT images require prior segmentation of 

anatomical structures of interest (Verhelst et al., 2021). 

In the past, segmentation of CBCT images often 

presented a challenge mainly due to unstandardized 

grey voxel values and artefacts (Friedli et al., 2020; 

Hassan et al., 2010; Pauwels et al., 2015; Schulze et 

al., 2011). However, the recent introduction of deep 

learning and artificial intelligence (AI) for the 

segmentation of CBCT images made the process time-

efficient and more reproducible (Shaheen et al., 2021; 

Verhelst et al., 2021).  

Removable partial dentures (RPDs) are still widely 

used in clinical practices to treat partial edentulism, 

despite other predominant treatment options, including 

fixed partial dentures and implants (Douglass & 
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Watson, 2002; Ramsay et al., 2015). A recent review 

on RPDs (Campbell et al., 2017) emphasised the need 

for innovation regarding novel materials (Najeeb et al., 

2016; Srinivasan, Kalberer, Kamnoedboon, et al., 

2021) and fabrication technologies (Alammar et al., 

2022; Piedra-Cascón et al., 2021; Revilla-León et al., 

2020; Srinivasan, Kalberer, Fankhauser, et al., 2021) 

due to the limitations associated with existing RPDs 

(Benso et al., 2013; Preshaw et al., 2011; Saito et al., 

2002). During mastication, the mucosa plays a critical 

role in distributing and withstanding occlusal forces 

transferred through the denture to the underlying bone 

(Kumar, 2014; Żmudzki et al., 2015). In the past, 

evaluation of bone changes of the residual ridge was 

the main emphasis in the evaluation of denture-

supporting tissue changes (Ahmad et al., 2013; Blum & 

Fraser McCord, 2004; Ozan et al., 2013; Tallgren, 

2003). Occlusal forces exerted on the denture 

supporting bone can significantly increase resorption of 

the residual ridge; otherwise, an irreversible 

physiological process and consequently leads to poor 

denture fit (Saito et al., 2002). Recently, significant 

interest has arisen in evaluating mucosa (Chen et al., 

2015; Dong et al., 2015). The mucosal response to 

dentures has exhibited complex nonlinear and time-

dependent behaviours (Cook, 1991; Khamis Abdel 

Razek & Shaaban, 1978). Furthermore, mucosa 

thickness has been established as one of the main 

factors affecting biomechanical response. However, 

there seems to be a lack of clinical studies quantifying 

and describing mucosal changes associated with 

denture wearing. Superimposed segmented CBCT 

images and optical scans were recently utilised in a 

study evaluating bone and mucosal surface changes 

associated with wearing RPDs (Kuralt et al., 2019). 

The study's main limitation was the lack of mucosal 

thickness changes. From an anatomical point of view, 

the mucosa is a flat structure covering the underlying 

bone. Changing its thickness might compensate for 

changes in the underlying bone, thus retaining the same 

surface morphology. The bone and mucosa surface 

changes can be simply calculated by measuring the 

difference between two models, i.e. bone or surface. In 

contrast, the mucosa thickness change results from 

changes of four models, i.e. two bone and two surface 

models, obtained at two-time points and is much more 

complicated for evaluation. 

Thus, the present study aimed to propose a novel 

method for three-dimensional evaluation and 

visualisation of mucosa thickness changes, using 

CBCT and optical scanning, and to validate it in four 

different software implementations. 

 

MATERIALS AND METHODS 

PATIENTS AND IMAGE DATA ACQUISI-

TION 

This methodological study is a part of a research 

project evaluating the effect of prosthodontic treatment 

of partially edentulous patients on oral health. Ethical 

approval was obtained from the Ethics Committee of 

Hospital and University Clinical Service of Kosovo 

and University Clinical Centre of Kosovo 

(555/18.05.2017). In addition, all patients were 

informed of the study protocol and gave their written 

consent to participate. Patients of both genders between 

45 and 65 years old with a bilateral edentulous area 

distal to the remaining natural teeth (Kennedy class I 

status of partial edentulism) were included in the 

project. The patients had no previous prosthodontic 

treatment and were without active caries lesions and 

periodontal disease. 

All patients were treated with a mandibular distal 

extension RPD and underwent clinical and 

radiographical examination at baseline (T0), including 

a CBCT and a mandibular impression. After one year 

(T1), a clinical and radiographical examination was 

repeated, including a CBCT scan and an impression. 

For a more detailed description of the data acquisition, 

readers are referred to the study of Kuralt et al. (Kuralt 

et al., 2019). In brief, all CBCT scans were taken with 

an ORTHOPHOS XG 3D device (Dentsply Sirona) 

with the following scanning parameters: field of view 

(FOV) 8 × 8 cm, voxel size 0.16 mm3, 85 kV and 7 mA 

and 10 mA for female and male patients, respectively. 

Scans were exported in DICOM format. At the same 

time, mandibular impressions were taken with an 

irreversible hydrocolloid impression material 

(XantALGIN Select Fast Set; Heraeus Kulzer GmbH) 

and poured with gypsum immediately after making. 

Casts were digitised with a laboratory optical scanner 

(Ceramill Map 400; Amann Girrbach AG) and 

exported in Standard Tessellation Language (STL) file 

format. The first five patients' image data were used for 

this methodological study.  

IMAGE SEGMENTATION AND SUPERIM-

POSITION 

A CBCT and optical scans for each patient and 

time-point were uploaded to the cloud-based platform 

“Virtual Patient Creator” (https://creator.relu.eu, Relu 

BV), offering AI-assisted segmentation and 

superimposition of dental and maxillofacial images. 

Mandible and teeth were automatically segmented on 

CBCT image and superimposed with an optical scan of 

mandibular cast model using teeth. Furthermore, CBCT 
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images with corresponding optical scans from both 

time points were superimposed manually using GOM 

Inspect (version 2018, GOM GmbH) with a selection 

of stable regions on the body of the mandible (Fig. 1). 

Finally, all four superimposed surface meshes per 

patient were exported in STL file format for further 

analysis. 

 

 

Fig. 1: Superimposition of cone-beam computed tomography (CBCT) and optical scans, i.e., digitised impressions, 

per patient from baseline (T0) and follow-up (T1) (a). Teeth surfaces were used to superimpose multi-modal 

images, i.e., CBCT and optical scan. In contrast, for multi-temporal data, i.e., CBCT scans from T0 and T1 with 

corresponding already superimposed optical scans, stable anatomical regions on the mandibles body were used, 

i.e., left and right mental foramina and mental spine. In addition, two buccal-oral cross-sections were made (B and 

C), indicating regions without (b) and with changes (c) and one mesio-distal cross-section (D), combining both 

regions (d). 

 

EVALUATION AND VISUALISATION OF 

DENTURE SUPPORTING TISSUES  

Distances were computed between superimposed 

meshes, i.e., CBCTT0, CBCTT1, scanT0, and scanT1, 

obtaining surface change (dSurface) and bone thickness 

change (dBone), and mucosa thickness (mucosaT0 and 

mucosaT1) (Fig. 2). A “cloud to mesh” algorithm, i.e., 

an algorithm that finds the minimum Euclidean 

distance from each vertex or point of a mesh (reference 

mesh) to the closest triangle on a different mesh 

(compared mesh), was used in CloudCompare (version 

2.12 alpha).  

dSurface and dBone were obtained by computing 

distances between the meshes acquired with the same 

modality at T0 and T1, i.e., scanT0 – scanT1 and 

CBCTT0 – CBCTT1, respectively. While mucosa 

thickness was obtained by computing distances 

between the meshes acquired with different modalities, 

i.e., scan – CBCT, either at T0 or T1, representing 

baseline and follow-up thickness. Computed distances 
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were saved as vertex attributes, i.e., a scalar field value 

assigned to each vertex or point on the reference mesh.  

To obtain mucosa thickness changes (dMucosa), 

obtained scalar field values were further calculated 

using the “Arithmetic” algorithm in CloudComapare 

(Fig. 2). First, dBone was computed on a scanT0 as a 

reference mesh by subtracting scanT0 – CBCTT0 and 

scanT0 – CBCTT1 scalar fields. Second, dBone was 

subtracted from dSurface to obtain dMucosa displayed 

on scanT0 mesh.  

For further evaluation, a region of interest (ROI) 

was defined on a central residual ridge area, limited to 

a firmly attached masticatory mucosa with a width of 

four millimetres. Such ROI was defined due to the 

mobility of loosely attached alveolar lining mucosa in 

the denture foundation area, as previously reported by 

Kuralt et al. (Kuralt et al., 2019) (Fig. 2a). ROI was 

defined with surface curves in GOM Inspect. First, 

surface curve was created from mesial to distal edge on 

the top of the residual ridge. Then, an offset of two 

millimetres was used to create surface curves on each 

side of the residual ridge resulting in a four millimetres 

wide surface area. Edge surface curves were exported 

to CloudCompare, where the “Segment tool” was used 

for the actual ROI selection.  

Scalar field values were visualised with mapping 

values to colour using the transfer function. Two 

different colour maps were selected, i.e., linear Viridis 

to display mucosa thickness (Kuralt et al., 2020) and 

diverging rainbow to display tissue thickness changes 

(Kuralt et al., 2019). 

 

 

Fig. 2: A geometric approach with distance computation between superimposed multi-modal and temporal meshes, 

i.e., cone-beam computed tomography (CBCT) and optical scans (scan) from baseline (T0) and follow-up (T1). 

Distances represent either surface thickness changes (dSurface) (a), bone thickness changes (dBone) (b), and 

baseline or follow-up mucosa thickness (d and e) displayed with colour mapping, i.e., a transfer function assigning 

a colour for each distance value. For example, to obtain mucosa thickness changes (dMucosa) dBone is subtracted 

from dSurface for each point of the polygonal surface mesh (c). 
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VALIDATION OF THE PROPOSED EVAL-

UATION METHOD 

Four different analysis software and their imple-

mentation of the “cloud to mesh” distance computing 

algorithm were compared regarding mucosa thickness 

(n=20), dSurface (n=10), and dBone (n=10) on the 

defined ROI. Besides CloudCompare, GOM Inspect, 

MeshLab (version 2021.10), and 3D Slicer (version 

4.11.20210226) were used. The comparison was 

performed in CloudCompare by subtracting the scalar 

fields enabling point-to-point comparison. 

Additionally, a comparison of dBone computed on 

CBCTT0 and scanT0 reference mesh was made, 

representing a methodological error in dMucosa 

calculations.  

STATISTICAL ANALYSIS  

Statistical analysis was carried out using GraphPad 

Prism 9 (version 9.3.0, GraphPad Software). 

Descriptive statistics were obtained, including mean, 

standard deviations, median, minimum, and maximum 

values. In addition, the mean absolute differences 

between tested distance computation algorithms were 

assessed using the one-sample t-test to determine if 

mean differences were statistically different from zero. 

 

RESULTS 

DENTURE SUPPORTING TISSUES 

THICKNESS CHANGES 

The mean (and standard deviation) of minimum, 

median, and maximum dSurface per study sample of 

five mandibles with right and left residual ridge (n=10) 

was -1.29 mm (0.58), -0.47 mm (0.43), and 0.29 mm 

(0.48), respectively. For dBone, the results were -1.15 

mm (0.84), -0.44 mm (0.62), and 0.29 mm (0.49), 

respectively. And for dMucosa, the results were -1.32 

mm (0.60), 0.00 mm (0.35), and 0.88 mm (0.42).  

Distribution for each parameter and ROI per patient is 

displayed with colour-coded maps (Fig. 3) and 

boxplots (Fig. 4) 

MUCOSA THICKNESS 

The mean (and standard deviation) of minimum, 

median, and maximum baseline mucosa thickness per 

study sample was 1.26 mm (0.41), 2.41 mm (0.45), and 

3.50 mm (0.54), respectively. While, for follow-up 

mucosa thickness, the results were 1.10 mm (0.50), 

2.42 mm (0.51), and 3.42 mm (0.62), respectively. 

Distribution for each parameter and ROI per patient is 

displayed with colour-coded maps (Fig. 5) and 

boxplots (Fig. 6). 

VALIDATION OF THE PROPOSED METH-

OD 

The mean of the absolute difference between all 

tested distance computation algorithms for dSurface, 

dBone, and mucosa thickness was less than 0.0001 mm 

(p<0.001). The mean (and standard deviation) of 

absolute differences between dBone computed on 

CBCTT0 and scanT0 reference mesh was 0.06 mm 

(0.05). 

 

DISCUSSION 

The present study proposed a novel method for 

precise evaluation and visualisation of soft tissue 

thickness changes resulting from the acquisition of 

underlying bone changes and mucosa surface changes. 

Using CBCT and optical scanning, an innovative 

geometric approach is based on distance computation 

between surface meshes and scalar fields to enable 

three-dimensional evaluation. Four different software 

implementations of distance computation algorithms 

did not show any differences, thus validating their use. 

Furthermore, in a study sample, high local variability 

of mucosa changes associated with wearing a denture 

was found with a novel method, emphasising the 

importance of a novel method to understand better the 

dynamics of the denture supporting tissues. 

A novel geometric approach facilitated a compre-

hensive three-dimensional evaluation of mucosal 

changes. The geometric approach relies on distance 

computation between meshes and assigning distance 

values for each point of the reference mesh creating a 

scalar field. Scalar field values are utilised for further 

analysis, such as descriptive statistics of an ROI or 

visualisation using colour mapping. Colour mapping is 

an efficient way to display differences between the two 

surfaces. The novelty of the presented method was the 

calculation between multiple scalar fields assigned to 

one surface mesh. In such a way, dMucosa was 

obtained for each mesh point by subtracting dBone 

from dSurface scalar field. In contrast to the volumetric 

approach (Kuralt et al., 2019), the geometric approach 

can depict the spatial distribution or local variability of 

the scalar values of interest (Thiery et al., 2017). 

Colour scale selection and threshold definition are 

essential for detecting relevant variability (Crameri et 

al., 2020; Kuralt et al., 2020). The high variability of 

dMucosa observed on an individual level further 

emphasised the importance of the novel method. 
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Additionally, the novelty of the presented method, i.e., 

scalar fields calculation, was also used to compare 

different software, revealing negligible differences 

between the software and confirming the method's 

robustness.  

Accurate superimposition of multi-modal and 

temporal images represents the first step toward three-

dimensional evaluation of tissue dynamics. The 

concept of virtual patient, i.e., combining multimodal 

images such as intraoral scanning, face scanning, and 

CBCT (Mangano et al., 2018; Shujaat et al., 2021; 

Unkovskiy et al., 2021), is a recent well-accepted 

clinical approach to treatment planning in dentistry. 

The concept was enhanced for research purposes in the 

present study, adding the fourth dimension, i.e., time. 

 

 

Fig. 3. Surface (dSurface) (a), bone (dBone) (b), and mucosa thickness changes (dMucosa) (c) were visualised on 

the right and left residual ridges for all patients included in the present study.  
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Fig. 4. Distribution of surface (dSurface) (a), bone (dBone) (b), and mucosa thickness changes (dMucosa) (c) of the 

right and left residual ridges for all patients (P) included in the present study were displayed with boxplots.  
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Fig. 5. Baseline (a) and follow-up mucosa thickness (b) were visualised on the right and left residual ridges for all 

patients included in the present study. 

 

 

Fig. 6: Distribution of baseline (white) and follow-up mucosa thickness (grey) of the right and left residual ridges 

for all patients (P) included in the present study were displayed with boxplots. 
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By combining multi-modal and temporal images, 

mucosa thickness and thickness changes were 

evaluated. Adding the time component into the virtual 

patient concept by translating findings from research to 

the clinic setting also presents a future step towards 

personalised or precision dentistry (Joda et al., 2020; 

Lahoud et al., 2022; Schwendicke & Krois, 2022). 

Furthermore, with AI-assisted segmentation of the 

CBCT images, segmentation became simpler, 

increasing future possibilities (Fontenele et al., 2022; 

Shaheen et al., 2021). Superimposition also presents a 

crucial step in defining the accuracy of the subsequent 

analysis (Flügge et al., 2017; Kuralt & Fidler, 2021). 

With careful selection of stable and unchanged regions, 

i.e., teeth for CBCT and optical scan alignment and 

anatomical structures for multitemporal CBCT 

alignment, the error of the evaluation method is 

minimised (Kuralt et al., 2019).  

To our knowledge, this was the first study to three-

dimensionally evaluate and visualise oral mucosa 

changes associated with wearing a denture independent 

of bone changes. Recently, there has been renewed 

interest in the biomechanics of the denture supporting 

tissues, clinically and theoretically (Chen et al., 2015). 

In the past, the predominant topic of interest was bone 

changes of the residual ridge, but recently 

understanding of the mucosal response has gained 

interest. With optical scanning alone, mucosa surface 

change (dSurface) is obtained, representing a mismatch 

between the intaglio surface of the denture and the 

denture supporting tissues, which leads to uneven 

distribution of occlusal forces and overstressing the 

abutment teeth (Saito et al., 2002). However, dSurface 

is a combination of bone and mucosa changes of the 

residual ridge. Therefore, a multi-modal and temporal 

approach combing CBCT and optical scanning is 

required to evaluate these changes. CBCT and optical 

scanning were already utilised in periodontology and 

implantology to quantify soft tissue thickness (Couso-

Queiruga et al., 2021; Kuralt et al., 2020), exhibiting 

the highest agreement with histological measurements 

and highest accuracy to the clinical measurements 

(Ferry et al., 2022). Nonetheless, evaluating soft tissue 

changes on the underlying bone, also exhibiting 

changes, remained problematic. Therefore, the novel 

method also presents an unexploited possibility for soft 

tissue evaluation in other fields, i.e. periodontology and 

implantology, for instance a correlation between 

mucosal thickness changes and periodontal phenotype, 

i.e. gingival thickness and keratinized tissue width, and 

bone morphotype (Cortellini & Bissada, 2018; Kim et 

al., 2020). 

Three-dimensional evaluation and visualisation of 

the denture supporting tissues revealed complex 

surface, bone, and mucosa dynamics. The previous 

findings with mucosa exhibiting complex nonlinear and 

time-dependent behaviours were confirmed in the 

present study. Bone changes exhibited around half a 

millimetre thickness loss predominantly of local nature 

except for the first patient displaying bone loss up to 

two millimetres. Large differences were also observed 

between the left and right residual ridge. Mucosa 

exhibited even higher local variability with both 

increasing and decreasing thickness. In this regard, 

mucosal compensatory effects were observed with 

increased mucosa thickness in large bone loss areas and 

decreased mucosa thickness in areas without bone 

changes. Such detailed evaluation would also greatly 

aid the planning and designing of RPDs to enable 

successful treatment outcomes in the future. 

The present study was subjected to some limita-

tions. First, despite reduced ionising radiation 

compared to medical computed tomography, CBCT 

imaging still presents a significant radiation dose to the 

patient (Jacobs et al., 2018). Therefore, the use of 

either novel low-dose protocols using CBCT (Yeung et 

al., 2019) or other non-invasive modalities, such as 

magnetic resonance imaging (MRI) (Heil et al., 2018), 

should be assessed further in this regard. Nonetheless, 

the proposed method can be utilised on surface meshes 

disregarding the acquisition modality. 

 

CONCLUSIONS 

The present study proposed a novel method for 

precise evaluation and visualisation of mucosa 

thickness changes resulting from the acquisition of 

underlying bone changes and mucosa surface changes. 
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