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2 Department of Basic Medicine Science, Anatomy, Faculty of Dentistry, Ankara University,
Ankara 06560, Turkey; drmertocak@gmail.com

3 Department of Oral and Maxillofacial Radiology, Faculty of Dentistry, Ankara University,
Ankara 06560, Turkey; knorhan@dentistry.ankara.edu.tr (K.O.); merveonder_16@hotmail.com (M.Ö.)

4 Department of Oral Diagnostics, Faculty of Dentistry, Semmelweis University, 1085 Budapest, Hungary
* Correspondence: dt.fehmi@gmail.com; Tel.: +90-532-568-38-39

Abstract

(1) Background: This study aimed to evaluate the marginal and internal fit of ceramic
crowns produced by various digital methods using microcomputed tomography (MCT)
imaging. (2) Methods: The ceramic crown preparation was performed on typodont max-
illary first premolar. The crown preparation was scanned with an intraoral scanner and
a model scanner, and cone-beam computed tomography (CBCT) scans were performed
with three different voxel sizes (0.075 mm, 0.1 mm, and 0.15 mm). The space between
the crown and prepared teeth was measured at nine different points in both coronal and
sagittal sections. Three different digital model acquisition techniques, namely, intraoral
scanning, model scanning, and CBCT-based standard tessellation language (STL) recon-
struction, were compared in terms of marginal and internal fit. (3) Results: Quantitative
analyses revealed that model scanners exhibited the lowest marginal and internal gap
values, indicating superior fit compared to intraoral scanners and CBCT-based models.
The highest gap values were observed in the CBCT group with a voxel size of 0.15 mm.
Overall, crowns obtained from model scanners demonstrated the highest success rates in
both marginal and internal fit. (4) Conclusions: In conclusion, this study highlights the
critical role of digital scanning accuracy in achieving clinically acceptable prosthetic fits
and emphasizes the need for continued technological advancement.

Keywords: marginal fit; internal fit; crown restoration; model scanner; intraoral
scanner; CBCT

1. Introduction
The marginal and internal fit of fixed prosthetic restorations applied in dentistry sig-

nificantly affects the success and lifespan of fixed prosthetic restorations. In prostheses
where successful marginal and internal fit of the crown cannot be achieved, plaque accu-
mulation may lead to microleakage, resulting in issues such as caries, pulpal inflammation,
periodontal disease, and a decrease in the retention of the restoration [1–4]. For this reason,
obtaining an accurate impression that clearly reveals the marginal and internal fit is the
first step in producing a successful prosthesis. However, traditional intraoral impressions
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can be challenging for both clinicians and patients due to factors such as gag reflex, lack
of comfort, or the risk of soft tissue damage. Additionally, environmental conditions like
temperature and humidity changes during the transfer of the impression to the laboratory
may cause dimensional changes in the impression material. These factors can negatively
impact the marginal and internal fit of the prosthesis [5–7].

With the advancement of digital dentistry, computer-aided design (CAD) and
computer-aided manufacturing (CAM) technologies have replaced traditional impres-
sions, which have some disadvantages [8]. This process involves scanning the prepared
tooth surface and then designing the crowns. This workflow consists of sequential stages
including data acquisition, design, and manufacturing. In the data acquisition phase,
digital impressions are obtained either directly using intraoral scanners or indirectly via
model scanners, resulting in the creation of a 3D model in standard tessellation language
(STL) format. During the design phase, specialized software is used to digitally design
the restoration. In the final stage, the designed restoration is fabricated using a CAM
device. CAD/CAM technology is increasingly used in dental prosthetic restorations be-
cause it eliminates the drawbacks of traditional impression methods. It reduces laboratory
time and material costs while increasing productivity. With the development of differ-
ent manufacturing systems, a wide range of dental materials, such as ceramics, acrylic
resins, waxes, and metal alloys, are now available in prefabricated block form for prosthetic
restorations. In this context, the acquisition of digital data and models has become of great
importance [9,10].

These models can be obtained directly with intraoral scanners or indirectly with
laboratory scanners. The indirect method begins with a traditional impression, followed
by the creation of a model, which is then typically digitized using three-dimensional (3D)
laboratory scanners. As a third option, cone-beam computed tomography (CBCT) images
can be converted into the STL using CAD software (Cerec CAD System, Sirona Dental
Systems GmbH, Bensheim, Germany) and used in the production of prosthetic restorations
without the need for traditional impression-taking [10–13].

Many studies have been conducted on the marginal fit of crowns produced using
CAD-CAM technology and those obtained by traditional methods. The evaluation of
marginal and internal fit is of critical importance. Furthermore, various factors such as
scanning, design, and milling processes can affect the accuracy of the fit of restorations. The
success of the restoration is directly related to the marginal and internal fit of the crown,
and ensuring this integrity is determined by fundamental principles [13–17]. An in vitro
alternative that is widely used to evaluate the marginal and internal fit success of crowns
is microcomputed tomography (MCT). MCT is a non-destructive digital method for the
2D or 3D radiographic analysis of internal and marginal gaps in restorations. This method
utilizes a cone-beam X-ray source and specialized reconstruction software to generate
cross-sectional images for a comprehensive assessment of marginal and internal gaps [18].
Although no clear definition of acceptable marginal fit has been made, McLean et al.
emphasized in a study involving 1000 restorations that the marginal discrepancy should
be less than 120 µm [19]. Some researchers, however, state that the marginal discrepancy
in CAD-CAM restorations should not exceed 100 µm. In these studies, factors such as
cement space, cementation method, length of the prosthesis, material properties of the
prosthesis, CAD-CAM production, and/or the method of obtaining the virtual model have
been evaluated for their impact on the edge integrity. However, studies on the marginal
integrity of crowns produced using CBCT scans are quite limited [15–23].

The aim of this study is to evaluate the marginal and internal fit of full ceramic crowns
produced by different digital methods through micro-CT, and to compare the success of
CAD-CAM systems and CBCT scans.
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2. Materials and Methods
The ceramic crown preparation was performed on typodont maxillary first premolar.

Tooth preparation was made by an experienced prosthodontist (B.A.) for complete-coverage
zirconia incorporating 2 mm occlusal reduction, 1 mm axial reduction, and 360◦ 1 mm deep
chamfer margin with rounded internal line angles. The restoration was fabricated with
milling single-feldspathic ceramic blocks (CEREC Blocks; Sirona Dental Systems GmbH,
Bensheim, Germany).

The crown preparation was scanned with an intraoral scanner (CEREC Omnicam
system, Sirona Dental Systems GmbH, Bensheim, Germany), a model scanner (inEOS X5,
Sirona Dental Systems GmbH, Bensheim, Germany), and CBCT (Planmeca Promax 3D Max
Machine, Helsinki, Finland).

CBCT scans were performed with 3 different voxel sizes (0.075 mm, 0.1 mm, and
0.15 mm), the smallest distinguishable box-shaped unit of a three-dimensional digital
image. These voxel sizes were chosen to reflect commonly used clinical resolutions in
dental CBCT imaging, balancing diagnostic detail and radiation exposure, as supported
by prior studies [24,25]. To standardize the imaging technique, all scans were acquired at
90 kVp, 12 mA, and a field of view (FOV) size of 50 × 40 mm. The DICOM data obtained
from CBCT scans (Planmeca Promax 3D Max) were converted into STL format using the
Planmeca Romexis software (version 6.2, Helsinki, Finland), which includes automated
segmentation and mesh generation capabilities. To reduce voxel-induced surface noise
and artifacts, the software’s built-in surface processing functions were used, including
smoothing and contour optimization algorithms. All conversions were performed using
consistent segmentation thresholds and under identical lighting and model orientation
conditions. While these filtering steps aim to enhance surface continuity and suppress
digital noise, the potential influence of voxel resolution and segmentation limitations on
the final geometry must be acknowledged. No manual editing was applied to the mesh
data to preserve comparability across groups. These steps were taken to ensure that STL
models accurately reflect the reconstructed geometries derived from each CBCT voxel size
and remain suitable for downstream CAD design and fit analysis.

Crown restorations for the upper first premolar were designed by transferring the 3D
STL images obtained from the intraoral scanner, laboratory scanner, and CBCT scans to a
CAD software (Cerec CAD System Sirona Dental Systems GmbH, Bensheim, Germany).
The cement gap was set as 120 µm in the marginal area and 200 µm in the remaining areas
inside the crown restoration. After the design of the total crown restoration was completed,
the crown restorations were milled using feldspathic blocks (CEREC Blocs; Sirona Dental
Systems GmbH, Bensheim, Germany) on a milling machine (Cerec In Lab MC XL, Sirona
Dental Systems).

In this study, marginal fit was defined as the perpendicular distance between the
crown margin and the preparation finish line. Internal fit refers to the space between the
inner surface of the crown and the axial or occlusal surfaces of the tooth. The cement
gap is the designed internal spacing within the CAD software intended to accommodate
the luting agent, which was set at 120 µm near the margins and 200 µm internally. These
definitions were used consistently throughout the study.

Marginal gap and internal fit values were measured using MCT. The high-resolution
scanning capable Skyscan 1275 (Skycan, Kontich, Belgium) was used for MCT scans.
Scanning parameters were set as follows: 125 kVp, 80 mA, 20 µm/pixel, and a rotation
step of 0.2. A 1 mm thick aluminum filter was used to prevent artifacts during the scans.
Subsequently, each scanned sample was reconstructed individually using Skycan’s NRecon
(version 1.7.4.6 Skycan, Kontich, Belgium) software.
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2.1. Linear Measurements

In the sagittal section, the space between the crown and the prepared tooth was
measured from 9 different points (A1, A2. . . A9), starting from the buccal surface (Figure 1).
In the coronal section, the space between the crown and the prepared tooth was measured
from 9 different points (B1, B2. . . B9), starting from the mesial surface (Figure 2).

 
Figure 1. In the sagittal section, the space between the crown and the prepared tooth at 9 different points.

 
Figure 2. In the coronal section, the space between the crown and the prepared tooth at 9 different points.
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2.2. Statistical Analysis

In the statistical evaluation, firstly, descriptive statistics were presented by calculating
mean ± standard deviation, minimum–maximum, and 95% confidence intervals for all
continuous data. The arithmetic mean was obtained for each specimen from its nine
point-specific gap values (A1–A9 or B1–B9), and the standard deviation was computed
as the sample SD with Bessel’s correction, ensuring an unbiased estimate of population
variance. Then, distribution characteristics were examined for each group with the Shapiro–
Wilk test; parametric methods were preferred since p > 0.05 values supported the normal
distribution assumption. Equality of variance between groups was tested with Levene’s test;
this analysis confirmed homogeneity (p = 0.066) in internal-fit variable, while it revealed
heterogeneity (p = 0.012) in marginal-fit variable. Levene’s statistic was calculated from
absolute deviations (Zij = |Yij − Ῡᵢ·|) and yielded F(4, 55) = 2.19, p = 0.066 for internal fit
versus F(4, 55) = 3.71, p = 0.012 for marginal fit. In this direction, classical one-way ANOVA
was applied for measuring internal fit with homogeneous variances, and Welch ANOVA
was applied for measuring marginal fit with heterogeneous variances (α = 0.05). Multiple
comparisons in variables with significant general differences were made with Tukey’s HSD
for internal fit with homogeneity of variances, and with Welch’s t-test between each paired
group for non-homogeneous marginal fit; the obtained p values were adjusted with Holm
correction. The sample size in each group was defined as 12 (n = 12).

3. Results
As a result of the linear measurements, compatibility was detected between the coronal

and sagittal section data. When the measurements performed with different tomography
voxel sizes (0.075 mm, 0.1 mm, and 0.15 mm) were compared among themselves, the
0.15 voxel group showed significantly higher marginal and internal fit discrepancies than
the other voxel groups (p < 0.05). Similarly, the 0.15 voxel group showed significantly
higher gap values (marginal gap: 580 ± 204 µm, internal gap: 502 ± 106 µm) compared
to the intraoral and model scanner groups (p < 0.05). (Figures 3 and 4). The difference
between the 0.1 voxel and 0.075 voxel groups and each other was not statistically significant
(p > 0.05).

Figure 3. Box-and-whisker plot illustrating the distribution of internal fit values (in µm) for each
group. The plot displays the minimum, maximum, median (red line), first quartile (Q1), and third
quartile (Q3). Outliers are represented as individual points.
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Figure 4. Box-and-whisker plot illustrating the distribution of marginal fit values (in µm) for each
group. The plot displays the minimum, maximum, median (red line), first quartile (Q1), and third
quartile (Q3). Outliers are shown as individual points.

Both intraoral and model scanners showed lower gap values than the values at
0.75 voxel, which is the lowest marginal and internal gap value. That is, the marginal
and internal fits of the crowns created with scanners were found to be significantly higher
than the fits of the crowns created by tomography (p < 0.05). Among the scanners, the
model scanner showed significantly lower gap values than the intraoral scanner in terms
of both internal and marginal fit (p < 0.05) (Tables 1 and 2).

Table 1. Marginal and internal space values of models obtained with tomography and scanners.
Values presented as mean ± standard deviation (SD), µm.

Group Marginal Fit (Mean ± SD, µm) Internal Fit (Mean ± SD, µm)

0.075 voxel 464 ± 139 424 ± 122
0.1 voxel 513 ± 86 396 ± 94

0.15 voxel 580 ± 204 502 ± 106
Intraoral scanner 176 ± 61 178 ± 71
Model scanner 77 ± 36 117 ± 58

Table 2. Mean and standard deviation values of models obtained with tomography and scanners.

Group Variable N Mean (µm) Standard
Deviation

95% CI
Lower

95% CI
Upper Shapiro p

0.075 voxel Marginal fit 12 464.06 138.54 376.04 552.09 0.1053 [Normal]
0.075 voxel Internal fit 12 424.18 121.72 346.84 501.51 0.3547 [Normal]
0.1 voxel Marginal fit 12 513.44 86.24 458.64 568.23 0.1402 [Normal]
0.1 voxel Internal fit 12 395.83 94.06 336.07 455.58 0.2779 [Normal]

0.15 voxel Marginal fit 12 579.78 204.40 449.91 709.65 0.4305 [Normal]
0.15 voxel Internal fit 12 456.62 114.83 383.66 529.58 0.5639 [Normal]
Intraoral Marginal fit 12 58.76 38.64 34.21 83.31 0.3198 [Normal]
Intraoral Internal fit 12 127.49 24.90 111.67 143.31 0.8254 [Normal]
Model Marginal fit 12 121.28 186.87 2.55 240.01 0.0009 [Not]
Model Internal fit 12 205.91 114.01 133.47 278.34 0.0004 [Not]
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4. Discussion
There are many studies in the literature evaluating the marginal and internal fit of

prosthetic dental restorations using different methods such as scanners, CBCT, and STL
models [16–19,26,27]. In this study, three different methods of digital model acquisition
were evaluated: intraoral scanning, model scanning, and CBCT-based STL reconstruction
using three different FOVs. The aim was to compare the marginal and internal fit of the
prosthetic restorations generated from each method. Quantitative analyses revealed that
the model scanners had the lowest marginal gap of 77 ± 36 µm and the lowest internal
gap of 117 ± 58 µm. These values emphasize that the model scanners are the most suitable
models in terms of marginal and internal fit. All tomography-based models showed lower
internal and marginal fit compared to scanner-based models, but the highest gap value
was found in the model obtained with 0.15 voxel size tomography with 580 ± 204 µm and
502 ± 106 µm at the marginal and internal, respectively. This situation was attributed to
the loss of resolution as the voxel size increases.

Specifically, the external marginal fit of restorations derived from intraoral and model
scanning was found to be superior to that of CBCT-derived models. The scanner-based
datasets demonstrated more ideal cement space dimensions, particularly in the marginal
regions. This finding is clinically significant, as adequate marginal fit is a key determinant
of long-term success in fixed prosthodontics. Marginal gaps exceeding 120 µm have been
consistently associated with increased risk of periodontal disease and secondary caries for-
mation. When cement spaces surpass this critical threshold, they require a greater volume
of luting agent, which can result in higher plaque accumulation, marginal microleakage,
and the development of microcracks within the restorative material. Such biologic and
mechanical complications have been identified as primary contributors to early prosthetic
failure. Therefore, ensuring optimal marginal fit particularly through high-resolution scan-
ning techniques plays a crucial role in improving the prognosis and longevity of fixed
dental restorations [19,28–30].

In a study conducted by Kale et al., a maxillary first molar tooth was used to create
three different digital models: a control model obtained by scanning the extracted tooth
with a 3D laboratory scanner; a virtual 3D model generated directly from CBCT data
(CBCTscan group); and another virtual model (CBCT-CAD group) produced by designing
a polyurethane model using CBCT data and CAD software, which was then rescanned. The
vertical marginal discrepancy (VMD) values of monolithic zirconia crowns fabricated on
these models were measured under a microscope. The mean VMD was reported as 41 µm
in the control group, 44 µm in the CBCTscan group, and 60 µm in the CBCT-CAD group.
No statistically significant difference was found between the control and CBCTscan groups
(p = 0.274). However, there was a statistically significant difference between the CBCT-CAD
group and both the control and CBCTscan groups (p < 0.001). These findings indicated
that the 3D laboratory scanner group demonstrated superior marginal fit compared to the
other groups. This result is in line with the findings of our study. However, in contrast to
our methodology, only the laboratory scanner was evaluated in the mentioned study, and
intraoral scanners were not utilized. Additionally, unlike our study, a prosthetic crown
restoration model was not obtained directly from the CBCT data; instead, a digital model
was created by rescanning a physical model derived from the CBCT dataset [31].

In our study, the crowns obtained using both intraoral and model scanners demon-
strated statistically significantly better fit. It was hypothesized that smaller FOV settings,
due to sharper beam collimation in upper and lower volume areas and an increased
contrast-to-noise ratio, could provide greater accuracy. Therefore, models were generated
at three different FOV settings. Nevertheless, even at the smallest FOV value of 0.75 mm,
marginal and internal fit were still found to be lower than those of the other two models.
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In relation to this topic, Belgin et al. reported a significant difference in cement gap values
between 3D model and CBCT groups in their study (p < 0.001). Similar to our findings, the
cement gaps of fixed prostheses produced using a 3D laboratory scanner were significantly
smaller than those obtained from CBCT data. Similarly, in line with our study, Şeker
et al. evaluated the marginal fit of CBCT models obtained with three different voxel sizes
and extraoral laser scanner models. They found that the marginal gap values of crowns
fabricated using the extraoral laser scanner were significantly lower than those of crowns
fabricated from CBCT images with 0.3 mm, 0.2 mm, and 0.125 mm voxel sizes—a result
that is consistent with our findings (p < 0.001). Şeker et al. emphasized in their study that
better results were obtained with lower voxel sizes. This situation is similarly supported
in our study by the fact that the highest gap values were found in the 0.15 voxel group,
which is our highest voxel group. However, as seen in our study, even the model obtained
from the lowest voxel group could not reach the success rate of scanner-based models.
These results suggest that in the context of fixed prosthetic restorations, CBCT-STL data
still require further technological advancements and time to reach the level of accuracy
provided by models acquired via laboratory scanners. However, it is important to clarify
that the marginal gap values obtained from CBCT-based models in our study (ranging
from 464 µm to 580 µm) significantly exceed the widely cited clinical threshold of 120 µm,
as reported by McLean and von Fraunhofer. These values are not clinically acceptable for
definitive restorations and highlight the current limitations of CBCT-STL workflows for
prosthodontic applications [19,32–34].

In a study by Shenoy et al., similar to our research, the marginal fit of intraoral scanners,
model scanners, and CBCT data was evaluated. However, unlike our study, they did not
find any statistically significant differences between the groups. Nevertheless, clinically
acceptable levels of marginal discrepancy were observed in all three groups [35].

In this study, marginal and internal fit of crown restorations were evaluated by micro-
CT method. This non-invasive method is considered as one of the most suitable methods for
the evaluation of marginal and internal fit because it allows repeated measurements [36,37].
Also in our study, to ensure standardization, we directly scanned the prepared tooth using
a model scanner. This approach was chosen because involving the conventional model
fabrication process would introduce dimensional changes in the dental stone, potentially
compromising the standardization of the study. In future studies, the use of conventional
impression techniques followed by standardized model fabrication, as suggested, should
be considered.

As a result of repeated measurements, a statistically significant significance was
observed between the coronal and sagittal sections. The lowest cement gap values were
obtained with the model scanner, with particularly minimal gap values at the gingival margin.

One of the main limitations of the present study is the absence of a true reference
(ground-truth) model meant that absolute deviations in fit could not be quantified. As such,
our findings are constrained to relative comparisons between scanning methods, which
limits the strength of conclusions regarding which modality most closely reproduces the
actual tooth geometry. Future studies using high-resolution industrial CT or coordinate
measuring systems as a reference could overcome this limitation. Additionally, since no
physical replica of the crown-preparation geometry was available for direct measurement,
potential distortions during virtual segmentation and STL generation—especially from
CBCT—may have contributed to observed inaccuracies. Since all datasets represent recon-
structed geometries derived from different scanning modalities, the findings are inherently
limited to relative comparisons. While the inclusion of a true reference model would have
enabled a more definitive evaluation of dimensional accuracy, our comparative approach
still provides valuable insights into the performance differences between CBCT-based and
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optical scanning methods under clinically relevant conditions. Another of the technical
limitations of this study relates to the use of the STL file format for 3D model generation
and analysis. While STL is widely supported by most dental CAD/CAM systems and
adequate for surface-based geometric evaluation, it only encodes external surface geometry
without preserving color, texture, or internal structural data. This may limit the fidelity of
complex anatomical surfaces and potentially affect the precision of modeling workflows
in more advanced applications. Future studies employing alternative file formats such
as Polygon File Format (PLY) or Non-Uniform Rational B-Splines (NURBS), which retain
richer geometric and surface detail, may offer improved accuracy for in silico modeling
and digital dentistry simulations [38,39].

5. Conclusions
As a result, the success rate in terms of marginal and internal fit was found to be higher

in fixed prosthetic restorations obtained using both intraoral and model scanners compared
to those obtained from CBCT-STL data, regardless of voxel size. Among these, restorations
obtained with the model scanner demonstrated a higher success rate in marginal and
internal fit than those obtained with the intraoral scanner. In light of all this information,
although further technological advancements are still needed, only crowns obtained using
intraoral and model scanners exhibited marginal and internal fit values within or near
the clinically acceptable range. CBCT-derived models with marginal gaps significantly
exceeded this benchmark and are not currently suitable for definitive prosthetic use.
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