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Background: The purpose of this study was to propose a novel method for 3D evaluation of bone and mucosal
changes in removable partial denture (RPD) foundation area using a fusion of cone beam computed tomography
(CBCT) and optical 3D images.

Method: Two CBCT scans and three impressions, taken at insertion and after ten months of wearing the RPD,
were acquired from five patients. 3D models of bone and surface were created from CBCT images and gypsum
casts, respectively, spatially aligned and saved in Standard Tessellation Language file format. Visual and nu-
merical analysis of differences between the models allows evaluation of surface, mucosal and bone changes in
regions of interest (ROI) defined as narrow ROI (nROI), denture foundation area ROI (dROI) and wide ROI
(WROI). Site-specific analysis was performed in mesiodistal and buccolingual direction.

Results: Visual evaluation of 3D color-coded deviation maps showed irregular distribution of bone and surface
changes. The differences between mandibles and also between left and right sides were found. Mean volume of
bone change in dROI was —135.86 (range = —456.18 to 21.20) mm®. The average bone change thickness in
dROI was —0.26 (range = —0.96 to 0.07) mm. The mean volume changes in nROI were —38.31
(range = —118.26 to 45.87) mm3, -51.96 (range = —182.54 t0 5.6) mm°® and 13.66 (range = —80.62 to 79.46)
mm? for surface, bone and mucosa, respectively.

Conclusions: The proposed method facilitates separate visual and numerical evaluation of surface, mucosa and
bone changes. It opens possibilities for a better understanding of denture-supporting tissues remodeling, ob-
jective evaluation and comparison of different treatment options.

1. Introduction clinical complications [5].

Evaluation of DST morphological changes, associated with wearing

The resorption of the residual ridge following tooth loss is an irre-
versible physiological process [1], which can be significantly increased
with denture wearing [2]. During wearing a denture, occlusal forces are
transferred to denture supporting tissues (DST) [3], consisting of the
mucosa, (the submucosa and periosteum), and the underlying bone [4].
The shape and thickness of both soft and mineralized DST form a
denture foundation area, a contact area between a denture and mucosal
surface [4]. It is a well-known fact that wearing a denture is almost
invariably accompanied by undesirable and irreversible morphological
changes of DST [4], resulting in poor denture fit with substantial

a denture, has been studied in the past. The bone changes were eval-
uated with impressions and casts [6], two-dimensional (2D) radio-
graphic methods including panoramic [7] and cephalometric radio-
graphy [8]; and recently with three-dimensional (3D) radiographic
methods, using cone beam computed tomography (CBCT) [9-11]. The
use of the casts allows evaluation of surface changes only, and conse-
quently, no distinct data for bone and mucosa were available. Radio-
graphic methods are suitable for the evaluation of bone changes only
[12]. Use of 2D panoramic and cephalometric radiographic methods
was limited by the fact that the 3D structures are shown on the 2D
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image and inherent projection errors [13]. An introduction of 3D
imaging techniques overcomes those limitations. A CBCT imaging
opens the possibility of 3D evaluation of bone at a much lower radiation
dose in contrast to medical CT [14].

In addition to bone changes, denture also can induce mucosal
changes — whether decrease (atrophy) or increase (keratinization, hy-
perplasia) in its thickness [15,16]. In the present literature, there is only
one study evaluating the thickness of mandible mucosa in denture
foundation area [17] and several studies evaluating the thickness of
maxillary mucosa for mucosal graft harvesting purposes [18-21].
Currently, there are no available studies on mucosal changes with time,
associated with wearing a denture.

The fusion of computed tomography data and optical 3D images is a
new and promising method [22], facilitating 3D evaluation of both hard
and soft tissue changes. Recently it has been introduced in maxillofacial
- orthognathic surgery and orthodontics [23], implantology [24] and
endodontics [25], but not in other areas of dentistry.

The purpose of this study was to propose a novel method for 3D
evaluation of bone and mucosal changes in removable partial denture
(RPD) foundation area using a fusion of CBCT and optical 3D images.

2. Materials and methods
2.1. Patients selection

This pilot study is a part of a research project and was conducted to
validate and improve the methodology of evaluation of prosthodontic
treatment with RPD with and without a metal framework 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).

The inclusion criteria of patients for the primary study were patients
of both genders, aged 45-65 years, Kennedy class I status — a bilateral
edentulous area, located posterior to the remaining natural teeth, no
previous RPD, prosthodontically unrestored dentition, no caries lesions,
and absence of active periodontal disease.

All patients were informed of the protocol of the study, including
the two exposures to CBCT and three impressions taken at two time
points, and gave their written consent to participate. Image data from
first five patients were used to develop a novel method for 3D evalua-
tion of bone and mucosal changes associated with RPD.

2.2. Clinical protocol — 3D data acquisition

All patients eligible for this study had two CBCT scans taken by one
experienced radiology technician. The first CBCT scan was taken at
insertion of RPD (T1) and the second one after ten months wearing RPD
(T2). All CBCT images were taken with the same device (ORTHOPHOS
XG 3D; Dentsply Sirona). The exposure parameters were set at 85 kVp,
7 mA for female and 10 mA for male patients, 5s effective time, 8 X 8
cm field of view and a voxel size of 0,16 mm. The images were acquired
and saved in DICOM format for further processing.

Three impressions with irreversible hydrocolloid impression mate-
rial (XantALGIN Select Fast Set; Heraeus Kulzer GmbH) and perforated
stainless steel impression tray (Hi-Tray Metal, Zhermack SpA) were
made by one experienced clinician. The impression material was mixed
with automatic mixer (Cavex Alginate Mixer II; Cavex Holland BV)
using manufacturers recommended mixing ratios between powder and
water and using tap water with consistent temperature between 12 and
15-degree Celsius for reproducible consistency and viscosity. Pressure
during impression making was controlled in a feedback manner
through the clinician sensation. In the cases where the tray was visible
or the material thickness was insufficient, the impression was repeated.

The first impression was taken at insertion of RPD (T1) and the
second one after ten months wearing RPD (T2). The third impression
was taken at T2 together with denture in place to obtain the denture
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foundation area. Impressions were poured with gypsum immediately
after making by a dental technician. Gypsum cast were then digitized
with a laboratory scanner (Ceramill Map 400; Amann Girrbach AG) and
exported in Standard Tessellation Language (STL) file format.

2.3. Segmentation of 3D bone models from CBCT scans

Segmentation of teeth and bone was performed using implants
planning software (RealGUIDE Software version 5.0; 3DIEMME Srl)
with “Tooth/Bone Segmentation” software extension. The segmenta-
tion procedure is based on graph cuts segmentation technique [26]. It
requires selection of the following parameters: bone and background
threshold values, bone and background seeds and a smooth factor. The
segmentation parameters and minor manual corrections after segmen-
tation were provided by an experienced operator. Both T1 and T2 CBCT
images were segmented as described above and stored in STL file
format as BONE1 and BONE2, respectively.

2.4. Registration of 3D models

The rigid spatial registration (RealGUIDE Software version 5.0;
3DIEMME Srl) requires manual definition of multiple reference points
for initial alignment, which is then automatically refined using best fit
matching based on Iterative closest point (ICP) algorithm (Fig. 1) [27].

First BONE1 and BONE2 registration were performed (Fig. 2). As the
objects were from different time points, bone structures that were not
affected by denture were selected for initial alignment, i.e., left and
right mental foramina and mental spine. For refining initial alignment,
best fit matching on expanded regions - spheres around initially se-
lected points were used. In the second step, the SURFACE1 and SUR-
FACE2 objects were registered to corresponding bone objects, BONE1
and BONEZ2, respectively. The structures present in both models were
selected for registration between SURFACE and BONE objects from
same time, i.e., teeth. Distinct structures like canine cusps and incisal
edges were selected for initial alignment. Spheres around those points
were then used for refining initial alignment using best fit matching. All
four aligned STL objects were exported for further 3D analysis.

2.5. Validation of method reproducibility

The reproducibility of the method may be affected by segmentation
of CBCT images and registration process. For the purpose of assessing
reproducibility of the method, obtaining 3D bone models, i.e., seg-
mentation of CBCT images, was repeated by the same operater (intra-
operater reliability) and by another one (inter-operater reliability).
Segmentation of CBCT images was compared with volume-based
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Fig. 1. Comparison of whole object based (upper) and point based (lower) best-
fit alignment.
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Fig. 2. Surface and bone models registration flowchart. 3D models are obtained with digitizing gypsum casts (surface models) and CBCT segmentation (bone
models). Full arrows are showing registration process — SURFACE1 on BONEI (teeth as registration point) and the same for SURFACE2 on BONE2. So then follows
BONE2 on BONEI registration with already matched corresponding SURFACE models (anatomical landmarks as mental foramina and mental spine as registration
point). With aligned 3D models, 3D color-coded deviation maps for surface and bone are created. This enables visual and numerical evaluation of temporal surface

and bone changes.

metrics by surface comparison between newly segmented and original
3D models with 3D data measurement analysis software (GOM Inspect
2017; GOM GmbH). Volume values were exported into a statistical
software program (IBM SPSS Statistics version 25; IBM Corp) where
intra- and inter-operater reliability were assessed by the intra-class
correlation coefficient (ICC).

BONE1 to BONE2 registration and SURFACE to BONE registration
was repeated by the same operater (intra-operater reliability) and by
another one (inter-operater reliability) as well. In BONE1 to BONE2
registrations, mean absolute deviations between the two 3D objects
were calculated in 4 regions on stable areas where no change was ex-
pected and in 4 regions where change was expected, i.e., alveolar ridge,
8 regions total. In SURFACE to BONE registration, mean absolute de-
viations between the two 3D objects were calculated in 4 regions on
alveolar ridge. Deviation values between compared models were ex-
ported into a statistical software program (IBM SPSS Statistics version
25; IBM Corp). Intra- and inter-operater reliability for the measure-
ments - mean absolute deviations were assessed by the ICC.

2.6. Analysis of aligned 3D models

The DST changes were quantified with 3D data measurement ana-
lysis software (GOM Inspect 2017; GOM GmbH). Visual evaluation was
facilitated by the design of 3D color-coded deviations maps obtained by
calculating the Euclidean distances between previously aligned 3D STL
models, obtained with the same modality. The areas with changes
within the arbitrary set threshold limit of + 0.5 mm were displayed in
green, areas with loss were presented with increasingly saturated red
and areas with gain were presented by increasingly saturated blue.
Additionally, a denture foundation area, obtained from impression with
a denture, was marked in 3D images with a line. Two 3D color-coded
deviation maps, one for surface (SURFACE) and one for bone changes
(BONE) were created (Fig. 3). Such images enable visualization and
descriptive analysis of temporal differences between the two 3D
models.

Three regions of interest (ROI) were defined for numerical evalua-
tion. Beside denture foundation area ROI (dROI), defined with denture
borders, wide (WROI) and narrow (nROI) ROI were selected (Fig. 4).

The numerical evaluation was performed for the left and right side
separately. The area of surface dROI was measured and expressed in
mm?. Bone volume changes were measured in wROI and dROI and
expressed in mm?®. A volume to surface ratio was calculated, reporting
the average bone change thickness in dROI. Percentage of bone changes
within dROI was calculated as well. Bone and soft tissue volume
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Fig. 3. 3D color-coded deviation maps for surface (a) and bone changes (b).

changes were measured and performed at nROI. Positive values re-
present gain while negative values represent a loss of tissue. For the
nROI we assume that the surface changes are a sum of bone changes
and mucosal changes, dVguface = AVimucosa + dVbone; therefore, the
mucosa volume changes were calculated as dVimucosa = AVsurface —
dVpone- All data was saved to a statistical software program (IBM SPSS
Statistics version 25; IBM Corp).

Visual evaluation of 3D color-coded deviation maps revealed site-
specific changes. Evaluation of changes in mesiodistal direction was
calculated in cross-sections, with a distance of 0.5mm. Values of
changes from nROI were exported into spreadsheet software (Microsoft
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Fig. 4. Regions of interest (ROI) for numerical analysis. First, denture foun-
dation area ROI (dROI) was defined with denture borders on the surface 3D
color-coded deviation map (b). dROI on bone 3D color-coded deviation map (c)
was defined with the 3D data analysis software-based projection of the denture
borders perpendicular to bone surface. Extreme changes due to the mobility of
loosely attached alveolar lining mucosa (arrows on b) in denture foundation
area were the reason that narrow region (nROI) on central residual ridge area,
limited to a firmly attached masticatory mucosa in width of 4 mm was defined,
on both surface (d) and bone (e) 3D color-coded deviation maps to avoid
misleading data. Bone changes were also present out of the denture foundation
area on the bone 3D color-coded deviation map (arrow on a). Therefore, a
wider ROI, including all bone changes was defined and referred to as wROL
wROI is defined with last remaining tooth mesially, mylohyoid line medially,
laterally oblique line of the mandible and mental foramen laterally, and the
transition to ramus distally. Due to the extreme changes caused by the mobility
of loosely attached alveolar lining mucosa already in dROI, wROI was not se-
lected on surface model to avoid misleading data.

Excel for Mac version 16; Microsoft). For each cross-section mean
change was calculated and exported to a statistical software program.
Plots with showing change of surface, mucosa, and bone were created
and aligned with color-coded 3D deviation maps (Fig. 5). The positive
values represent gain in mucosa thickness, the negative values re-
present loss in mucosa thickness, while 0 indicates that there was no
change in mucosa thickness.

For a further understanding of the site-specific relationship between
surface, mucosa and bone changes, buccolingual cross-sections were
designed at several specific sites. Such cross-sections facilitate mea-
surement of surface, mucosa and bone changes at each point. (Fig. 5).

3. Results

Visual evaluation of 3D color-coded deviation maps of surface and
bone models revealed a high diversity of surface and bone changes.
Bone models revealed differences between mandibles and also between
left and right residual ridge within each mandible. Bone models mostly
exhibited no change or small bone loss in restricted parts of the residual
ridges, except for mandible 1 and 4, in which extensive bone loss was
found. Surface models show even more diversity. Areas exhibiting loss,
no change and gain were found in surface models. The biggest changes,
both gain and loss were found at the borders of all surface models.

The surface area of denture foundation area of surface models and
volumetric changes of bone models in dROI and wROIs are shown in
Table 1. Mean surface area of denture foundation area was 499.69
(range = 317.47 to 719.50) mm?. Mean bone volume change in dROI
was —135.86 (range = —456.18 to 21.20) mm?®. Mean bone volume
change in wROI was —183.10 (range = —713.38 to 78.28) mm?.
Comparison between bone changes in dROI and wROI revealed that on
average 59.60% (range = —12%-113%) of all bone changes occurred
inside dROL
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Volumetric changes in nROI for right and left side are shown in
Table 2. Mean changes were —38.31 (range = —118.26 to 45.87)

mm®, -51.96 (range= —18254 to 5.6) mm® and 13.66
(range = —80.62 to 79.46) mm? for surface, bone and mucosa, re-
spectively.

Average bone change thickness in dROI and nROI are shown in
Table 3. Average bone change thickness was —0.26 (range = —0.96 to
0.07) mm in dROI and —0.42 (range = —1.73 to 0.06) in nROL

Evaluation of changes in mesiodistal direction and on buccolingual
cross-sections show site-specific changes (Fig. 5). Mucosa thickness
exhibited loss as well as gain, depending on site.

Results of method validation shows excellent intra- and inter-op-
erater reliability for segmentation and registration and are shown in
Table 4.

4. Discussion

The proposed method, using a fusion of CBCT and optical 3D
images, offers a 3D evaluation of distinct bone and mucosal changes in
denture foundation area. Evaluation of those changes can be visual,
based on 3D color-coded deviation maps, and numerical, facilitating
measurement of thickness, area, and volume.

The originality of the present method is the fusion of 3D image data
acquired with two different modalities that were acquired at two time
points. Such fusion requires precise spatial registration of four objects
in STL file format. The adequately selected sequence of registration
together with a selection of representative reference points is crucial for
alignment of 3D models. Stable anatomical landmarks outside the
denture foundation area were selected for the registration of bone ob-
jects (BONE1 to BONE2), because of their resistance to temporal
changes. For registration of surface models to previously registered
corresponding bone models (SURFACE1 to BONE1 and SURFACE2 to
BONE?2), teeth are the only possible structures for registration, as they
are represented in both 3D objects, limiting the method to partially
edentulous patients only. In order to achieve optimal registration, the
reference points should be as distant as possible. Automated best fit
registration based on ICP algorithm was used in this study, requiring an
operator selected reference point and sphere size selection. The method
is based on the principle that human is better at coarse alignment, while
the computer is better at fine alignment within the sphere. Instead of
best fit alignment on the whole surface of 3D models, aiming to mini-
mize the difference between the two 3D models, the limited regions,
representing the stable area, were selected (Fig. 1). Furthermore, using
the best fit registration based on ICP algorithm minimizes intra- and
inter-operater variability due to insensitivity to small variations in re-
ference point positioning [27,28]. This is achieved as long as corre-
sponding reference points are positioned within the user-defined
sphere, in other words, the inter- and intra-operater variability should
be within sphere limits. In our study, the sphere diameter was set to
1 cm, which is well above inter- and intra-operater variability, proved
with excellent ICC values.

The numerical evaluation was performed in three different ROI
(Fig. 4). The dROI was an obvious decision because we aimed to
quantify changes under the denture. A visual evaluation revealed two
phenomena. Firstly, extensive bone changes were observed at and even
outside the denture foundation area border of bone model. Therefore, a
wROI was selected for bone volume changes evaluation. Secondly, ex-
tensive surface changes were observed at the lingual and buccal borders
of the 3D surface model. They resulted from high mobility of loosely
attached alveolar lining mucosa in these areas. The loosely attached
alveolar lining mucosa was also found at the denture foundation area
borders, progressively transforming into a firmly attached masticatory
mucosa at the central part of the narrow region of the central ridge.
Therefore, a nROI, limited to a firmly attached masticatory mucosa in
width of 4 mm in a central ridge area, was necessary.

Beside of one-dimensionally measurements limited to arbitrarily
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Fig. 5. Evaluation of changes in mesiodistal di-
rection and on buccolingual cross-sections for
mandible No. 1. Changes in mesiodistal direc-
tion for left (a) and right (b) residual ridges are
displayed with, 3D color-coded deviation map of
the surface (top image) and bone (middle
image), and with a plot with average changes of
thickness for surface, mucosa and bone (bottom
image) along the left and right alveolar ridge. It
should be noted that the positive values re-
present gain in mucosa thickness, the negative
values represent loss in mucosa thickness, while
0 indicates that there was no change in mucosa
thickness. Vertical lines, marked with (*c, *d,
*e, and *f) are indicating positions of corre-
sponding buccolingual cross-section images (c,
d, e, and f). Black vertical lines in cross-section
images indicate narrow ROI (nROI) borders.

a b
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Table 1 Table 2
Results of bone changes in five mandibles, separate for left and right side. Volumetric changes in nROI at right and left residual ridge for surface, bone,
. . . and mucosa.
No. side Denture AVolume in AVolume in AVolume
foundation area dROI (mm®) wROI (mm?) within dROIL side  AVolume surface AVolume bone AVolume mucosa
(mm?) (%) (mm®) (mm®) (mm?)
1 right 473.06 —456.18 —713.38 64 1 right —103.08 —182.54 79.46
left 424.83 —317.08 —405.36 78 left —108.29 —138.12 29.83
2 right 479.97 20.07 25.78 78 2 right —33.34 0.27 —33.61
left 348.88 —59.78 —147.45 41 left —118.26 —37.64 —80.62
3 right 481.96 —72.48 —90.81 80 3 right 11.83 —24.68 36.51
left 692.34 -9.29 78.28 —-12* left 45.87 —15.47 61.34
4 right 694.80 —109.59 -96.75 113 ** 4 right —49.00 —40.87 -8.13
left 719.50 —370.20 —527.08 70 left —49.09 —86.99 37.90
5 right 317.47 21.20 56.98 37 5 right —18.89 0.84 —-19.73
left 364.07 -5.30 —-11.20 47 left 39.20 5.60 33.60

AVolume within dROI was calculated as AVolume in dROI/AVolume in wROI
and represents percentage of bone change occurred within dROI
* AVolume in dROI was negative value, while AV in wROI was positive value,
resulting in negative percentage value.
** AV in dROI was bigger than AV in wROI, due to bone gain outside dROI,
resulting in percentage, higher than 100%.

defined sites only [10], this method enables advanced numerical eva-
luation of surface and volume. Volume was rarely used as a parameter
in describing the dynamics of DST in previous studies. The bone change
was presented as a percentage of total mandible volume [11]. Such
parameter depends not only on bone volume change itself but also on
whole mandible volume, rendering between subject comparison diffi-
cult. Besides reporting the absolute volumes, for left and right side, a
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volume to surface ratio was calculated, reporting the average thickness
of bone loss in denture foundation area. This parameter allows com-
parison between denture foundation areas of different sizes.

Results of changes after ten months show variability between the
subjects, between left and right sides and most importantly high within
ROI variability. We found that predominantly bone loss or no change
were present. Interestingly, some bone gain was also found in small
areas, confirming the result of the previous study, where bone changes,
including bone gain, were described and explained as remodeling
phenomenon, i.e., resorption and deposition of bone tissues [11]. In-
terestingly, bone loss was not limited only to the denture foundation
area (dROI). Areas of considerable bone loss were in some cases
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Table 3
Average bone change thickness at dROI and nROL
side dROI (mm) nROI (mm)
1 right -0.96 -1.73
left -0.75 -0.97
2 right 0.04 0.01
left -0.17 -0.20
3 right -0.15 -0.21
left -0.01 -0.11
4 right -0.16 -0.32
left —0.51 -0.72
5 right 0.07 0.01
left —0.01 0.06

Table 4
Intra-class correlation coefficients (ICC) to test the repeatabilty of the presented
method within operater (intra) and between operaters (inter).

Operater Segmentation  Registration (BONE1 -  Registration
relation BONE 2) (SURFACE - BONE)
Intra 0.997 0.923 0.933

Inter 0.995 0.895 0.915

extending outside of denture foundation area as seen on Fig. 3b. This
might be explained by a pressure related bone resorption, caused by
denture margins. Obviously, the process is gradually diminishing in-
stead of being sharply limited. As direct comparison of bone volume
changes at dROI and nROI is not relevant due to the differences of
surface areas of dROI and nROL. the average bone change thickness was
introduced for comparison. It shows that either more bone remodeling
occurred on the top of the residual ridge compared to its sides or that
the bone remodeling was similar under whole denture foundation area.
The high site variability suggests that bone remodeling is a site-specific
process, unequally affecting the bone surface.

Changes in mucosa thickness couldn't be visualized like surface and
bone changes with 3D color-coded deviation maps. For qualitative
evaluation a simultaneous comparison of surface and bone changes
models could be used as in Fig. 5a. For quantitative evaluation we
proposed to solve this with simple equation “dViucosa = AVsurface -
dVpoene” or with using cross-section analysis. With this in mind, nROI
located on firmly attached masticatory mucosa was selected. Evaluation
of nROI revealed that bone changes are well compensated by either
decrease or increase in mucosa thickness, resulting in a reduction of
surface morphology change. Again, this observation shows site-specific
variability.

In the present study, image data were acquired by two methods —
digitizing gypsum casts and CBCT imaging. Digitizing gypsum casts
with the laboratory scanner is a validated method, producing accurate
3D surface models [29,30]. The accuracy of a gypsum cast is influenced
by impression taking, i.e., selection of impression material, tray and
impression technique, compression of mucosa, and gypsum cast
pouring [31]. For obtaining accurate surface information the viscoe-
lastic rheological properties of impression material are very important
[32]. In our method, irreversible hydrocolloid impression material was
used, which requires significant pressure to record the alveolar ridge.
However, being hydrophilic in nature, it provides good contact with
wet surface of oral mucosa. To achieve intimate contact between im-
pression and oral mucosa at smallest possible loading, viscosity was
reduced with automatic mixing [33]. Oral mucosa is highly deformable
under compression. Compression might lead to inaccuracy of mea-
surements in mucosa thickness and surface changes. However, this
deformation is highly site specific [17], which is very clearly seen in 3D
color-coded deviation maps for surface changes in Fig. 4 in areas with
loosely attached alveolar lining mucosa, i.e., the borders of the surface
comparison models. Regions with firmly attached masticatory mucosa
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are more resistant under compression and this is also why a region
limited to a firmly attached masticatory mucosa (nROI), was selected
for analysis, which proved to be accurate enough with irreversible
hydrocolloid impression material [34]. Intraoral scanning would omit
these factors and seems a superior technique. Unfortunately, edentulous
areas are lacking anatomic mucosal landmarks [35] and factors like
lack of space, patient movement, saliva flow and humidity [36], ren-
dering intraoral scanning less reliable and suitable for this task.

3D bone models were obtained by automated segmentation of CBCT
images. The most often used CT image segmentation method in medi-
cine is thresholding, which often requires extensive manual post-pro-
cessing [37]. In our study a graph cuts segmentation technique was
used, requiring an operator selected threshold values and seed points.
Although the CBCT is inferior compared to medical CT regarding the
stability and reliability of voxel values, due to errors of reconstruction
algorithm and artifacts [38], the benefits of CBCT, such as small voxel
size, isotropic voxel, and lower dose [39], warrant its use in such stu-
dies. With additional seed points selection beside threshold setting,
graph cuts segmentation is advanced thresholding approach, which
reduces manual post-processing and increases accuracy [26].

Visual representation of comparisons between surface and bone
models enables a thorough analysis of the dynamics in DST. 3D color-
coded deviation maps show the areas, exhibiting changes as well as the
magnitude of changes, represented by hue.

5. Conclusion

Wearing dentures is accompanied by undesirable and irreversible
morphological changes of DST [4]. The proposed method facilitates
separate evaluation of surface, mucosa and bone changes with a fusion
of computed tomography data and optical 3D images. Visual and nu-
merical evaluation of DST opens possibilities for a better understanding
of DST remodeling, objective evaluation, and comparison of different
treatment options.
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