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Revised: 31 March 2026 planning in dental implantology, and it is also crucial for validating the efficiency
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undermining their feasibility and reliability in clinic. In response to these
limitations, a registration apparatus composed of a transparent orthodontic retainer
and radiographic markers was developed, enabling image superimposition before
and after bone augmentation. A mandibular specimen underwent cone beam
computed tomography (CBCT) scans at baseline, three, and six months, with and
without the apparatus. Image registrations were independently performed by two
examiners using the registration apparatus and two alternative methods. Root mean
square (RMS) deviations were calculated to quantify registration accuracy.
Statistical analyses were conducted using ANOVA and paired #-tests. Significant
differences in RMS deviations were observed between the registration methods (p
= 0.002), and using the registration apparatus achieved the lowest RMS deviation
(0.055 + 0.030 mm) and consistency at different timepoints (p = 0.856) and
examiners (p = 0.441). This registration apparatus demonstrated high accuracy and
reproducibility in bone augmentation evaluation, making it a potential reliable tool
for quantitative evaluation of bone augmentation in dental implantology.
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1. Introduction

Due to the profound long-term success rate and patient comfort, dental implants are increasingly used for
edentulism repair [1]. The achieved long-term success critically depends on the adequate residual alveolar bone
surrounds the inserted implants. However, following tooth extraction, progressive alveolar bone resorption often
leads to insufficient bone volume, requiring bone augmentation procedures for successful implant placement [2—
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5]. Especially in the esthetic zone, accurate three-dimensional (3D) position of the implant is a key prerequisite
for optimal long-term functional and esthetic outcome [6].

Accurate evaluation of augmented bone is vital for subsequently placing implants in ideal 3D positions.
Conventional methods for evaluating bone augmentation, such as periodontal probing, calipers, and two-
dimensional (2D) radiographs, suffer from limited accuracy and reproducibility [7-9]. To overcome these issues,
3D digital assessments based on cone-beam computed tomography (CBCT) data have gained prominence given
their ability to visualize volumetric changes of bone. However, the accuracy of CBCT-based measurements is
strongly inflected by the accurate image registration after pre/post-operational CBCT scans.

Image registration refers to the spatial alignment of images of the same object acquired at different times,
with different modalities, or by various devices [10]. For dental image registration, internal and external strategies
are widely used. Intraoral registration is typically dependent on characteristic points on the dentition or mucosal
surface in order to achieve image overlay through intraoral scanning or the utilization of customized dental trays.
The system offers high precision but is significantly affected by scanning range limitations and soft tissue changes
[11]. Extraoral registration employs craniofacial bony structures or external markers (e.g., metal pins, zirconia
beads) for registration, rendering it suitable for extensive reconstruction and long-term follow-up [12]. Compared
to intraoral registration, the external registration usually offers higher precision as teeth are commonly employed
as external reference markers due to their anatomical stability [13]. In some specific circumstances, for instance
when orthodontic brackets or metallic prostheses produce metal artifacts or imaging noise on CBCT, tooth-based
external registration points may no longer provide accurate alignment. Nonetheless, non-invasive external markers
often fail to achieve sufficient fixation and stability in edentulous cases, thereby compromising registration
accuracy [14]. Instead, invasive markers, such as mini-screws, can address this issue, while it may cause discomfort
[15-17]. Apart from these markers perse, various factors, such as operator variability, marker placement error, and
image noise, can further reduce registration accuracy [18,19].

To address these limitations, a transparent orthodontic retainer registration device embedded with radiopaque
zirconia beads were developed. This device combines these beads and the personalized anatomical structure of
teeth, improving precision image registration that can be used for bone augmentation evaluation. The present study
aims to validate the accuracy, reproducibility of this new method. To our best knowledge, this personalized dental
template for precise 3D image registration is first documented.

2. Materials and Methods
2.1. Materials

A cadaveric adult mandibular specimen with a complete posterior dentition was prepared by replacing
missing teeth using resin material (3M ESPE Protemp™ 4; 3M) to maintain dentition integrity and stability. A
custom registration apparatus was fabricated from thermoplastic material and embedded with 11 zirconium beads
(1.0 mm diameter).

CBCT scans were acquired using standardized protocols at baseline (with and without the registration
device), three, and six-month follow-ups (registration apparatus only). The CBCT images were converted to the
STL (Standard Tessellation Language) format using Mimics software. Two independent examiners performed
manual image registrations using three methods: this reported registration device, anatomical dental landmarks,
and arbitrary points.

2.1.1. Preparation of the Dental Template for Registration

An impression of the mandibular dentition was obtained using alginate (ALG Jeltrate; Dentsply Sirona,
Charlotte, NC, USA), and a medical-grade plaster (Tropicalcin; Zhermack) to create a plaster model. A 1 mm thick
transparent thermoplastic sheet (Thermoforming Blank DV D42451; Drufosof) was then adapted to the plaster
model to fabricate the corresponding transparent registration apparatus.

Eleven semicircular grooves (1 mm diameter) were created and evenly distributed at different heights,
following previously described methods on the buccal and lingual surfaces of each register [20,21]. Zirconia beads
(1.0 mm diameter; ISO 9001 certified; density >6.0 g/cm?; Xiong Sheng, China) were positioned at the center of
each groove and fixed using a transparent cyanoacrylate-based adhesive (502 adhesive; HG/T2492-2007 standard;
Aibida, China). The adhesive exhibits low radiopacity, minimizing interference with CBCT imaging and ensuring
clear visualization of the zirconia markers. A minimal amount of adhesive was applied to avoid imaging artifacts.
The fit of each registration template on the mandibular dentition was evaluated to ensure secure and stable seating
(Figure 1).
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Figure 1. (A) The novel dental template register with zirconia beads. (B) The mandibular specimen with the dental
template register positioned on the dentition.

2.1.2. Acquisition, Reconstruction, and Registration of 3D Models

The occlusal plane of the mandible was aligned parallel to the CT table using commercially available tape.
Mandibular specimens were scanned with and without the registration apparatus using a high-resolution CBCT
system (Planmeca ProMax; Planmeca Oy) under standardized conditions. Axial multi-slice images (four slices)
were acquired at a table speed of 3.75 mm per rotation (9.0 s per rotation) with 96 kV and 7.1 mA (LightSpeed
Qx/I CT [A6.1]; General Electric Healthcare, Milwaukee, WI, USA). Two baseline datasets were obtained: (A)
mandible with the apparatus and (B) mandible without the apparatus. Scans of the mandible with the apparatus
were repeated at three (C) and six months (D) to assess potential deformation over time. The specimen was stored
under controlled conditions to prevent changes. All datasets were saved in DICOM format.

DICOM datasets (A, B, C, and D) were converted to STL format and imported into Mimics 2.1.0 (Materialise
NV, 2018). 3D models were generated using threshold segmentation, with the same threshold applied to all
datasets to ensure consistent, high-quality images (Figure 2). The STL models were subsequently imported into
Geomagic Control X (version 2020; 3D Systems, Rock Hill, SC, USA) for further processing.

Figure 2. (A) Phase I: Three-dimensional model of the mandibular specimen with the REGISTER. (B) Phase I
Three-dimensional model of the mandibular specimen without the REGISTER. (C) Three-dimensional model of
the mandibular specimen with the REGISTER after 3 months. (D) Three-dimensional model of the mandibular
specimen with the REGISTER after 6 months.
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2.1.3. Evaluation of the Accuracy of the Dental Template Register

A clinician with one year of experience (Examiner 1) performed manual registration of the two-part 3D
models (A-A) using this developed registration template (Method 1, Time 0) (Figure 3). Each registration was
repeated five times to assess the accuracy of the registration appliance. The two-part 3D models without the
apparatus(B-B) were registered using two alternative methods: Method 2, based on 11 anatomical landmarks of
the tooth cusps, and Method 3, using 11 self-selected arbitrary points (Figure 3). Each of these registrations was
also repeated five times. Examiner 2, a second clinician with one year of experience conducted the evaluation
using the same abovementioned protocol.

Different registration methods

| |
Method 1 Method 2 Method 3

\WIVAVAVAVAY,

Figure 3. Method 1: Registration of the 3D models of the mandibular specimens based on the zirconium bead

marking points; Method 2: Registration of the 3D models of the mandibular specimens based on 11 anatomical
landmarks on tooth cusps; Method 3: Registration of the 3D models of the mandibular specimens based on 11 self-
selected arbitrarily labeled points.

2.1.4. Assessment of Registration Reproducibility across Time Points

To evaluate the temporal stability of the registration device, 3D models obtained at baseline (A), 3 months
(C), and 6 months (D) were registered using zirconia bead-based alignment (Figure 3). The mandibular specimen
remained unchanged throughout the study period. This design was used to control biological variables, such that
any deviations observed across time points would primarily reflect changes in the positioning stability and
reproducibility of the registration device rather than anatomical changes. Each registration was repeated five times.
A second examiner independently performed the same procedures to assess inter-examiner consistency.

2.1.5. Analysis of Inter-Examiner Consistency of the Register

The consistency of the register between examiners was evaluated by having a second clinical resident
(Examiner 2, one year of experience) independently perform manual pairwise registration of the 3D models using
the same procedures as Methods 1-3 (Figure 3). Each registration was repeated five times for each method to
assess inter-examiner reliability.

2.1.6. Statistical Analysis

Statistical analyses were performed using SPSS software (version 23, IBM SPSS Statistics; IBM Corp). RMS
deviations of registered 3D models were first compared across groups using analysis of variance (ANOVA). Paired
t-tests were then conducted with Method 1 at Time 0 as the reference. A p-value < 0.05 was considered statistically
significant.

Inter-examiner registration results were assessed for normality using the Shapiro—Wilk test, followed by
paired #-tests. Descriptive statistics for each group, including mean, standard deviation, 95% confidence interval,
and minimum and maximum values, were calculated.

3. Results

3.1. Accuracy of the Register

The novel registration appliance demonstrated significantly higher accuracy (RMS =0.055 + 0.030 mm) than
the anatomical landmark (RMS =0.171 + 0.063 mm) and arbitrary point methods (RMS =0.491 + 0.255 mm, p =
0.002). RMS deviations after 3D model registration differed significantly among the three methods (p = 0.002).
Pairwise comparisons revealed no significant difference between Method 1 and Method 2 (p = 0.409), whereas
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Method 1 and Method 3 differed significantly (p = 0.001). Method 1 achieved the smallest RMS deviation (0.055
+ 0.030 mm), while Method 3, using 11 self-selected arbitrary points, had the largest deviation (0.491 + 0.255
mm) (Table 1).

Table 1. RMS deviation after registration using different methods.
95% Confidence Interval

Method Max Min Mean (+SD) p-Value Lower Bound Upper Bound F p-Value
1 0.089  0.022  0.055+0.030 / / /
2 0.239  0.074 0.171+0.063 0.409 % —0.126 0.357 10.921 0.002
3 0.857  0.255 0.491+0.255 0.001% 0.194 0.678

RMS, root mean square; *: comparison with Method 1.

The highest overall model overlap was observed in Method 1, with complete alignment of occlusal surfaces
and dentition (Figure 4).

Registration
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Figure 4. Three-dimensional deviation chromatograms after model registration using different registration
methods.

The lowest overlap occurred in Method 3, where partial occlusal surfaces and dentition exhibited substantial
deviations (Figure 5).
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Figure 5. Distribution map of the deviation of the three-dimensional model of the mandible obtained by using the
registration method of selecting any point randomly from 11 points. The color of each point is encoded according
to its deviation value (unit: mm). Warm colors (yellow-red) represent positive deviations, cool colors (blue-green)
represent negative deviations, and the green area indicates deviations close to 0 mm. The deviations are mainly

concentrated in partial occlusal surfaces and dentition.
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3.2. Reproducibility of the Register Over Time

RMS deviations after 3D model registration did not differ significantly across Time 0, 3, and 6 (p = 0.856).
Pairwise comparisons also revealed no significant differences between Time 0 and Time 3 (p = 0.893) or Time 0
and Time 6 (p = 0.813). The smallest RMS deviation was observed at Time 6 (0.048 + 0.017 mm) (Table 2).

Table 2. RMS deviation at different timepoints in method 1.

95% Confidence Interval

Time Max Min Mean (=SD) p-Value Lower Bound _ Upper Bound F  p-Value
0 0.089 0.022 0.055+0.030 / / /
3 0.080 0.029 0.050+0.018 0.893 —0.041 0.030 0.157 0.856
6 0.066  0.028 0.048+0.017 0.813 —0.043 0.028

RMS, root mean square.

Overall, model overlap remained high and stable across all time points, with complete alignment of occlusal
surfaces and dentition. The greatest overlap between models was observed at Time 6 (Figure 6).
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Figure 6. Three-dimensional deviation chromatograms of two model registrations performed during different
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Y

periods.

3.3. Consistency of the Register among Various Examiners

The apparatus maintained excellent reproducibility over six months (p = 0.856) and showed consistent results
between examiners (p = 0.441). The apparatus demonstrated good inter-examiner reproducibility. No significant
differences were observed between the two examiners for Method 1 (p = 0.441) and Method 3 (p = 0.243).
However, Method 2 showed a statistically significant inter-examiner difference (p = 0.018), indicating greater
operator dependency when anatomical landmarks were used (Table 3).

Table 3. RMS deviation of Methods 1, 2, and 3 from two examiners.

Method Examiner Max Min Mean (£SD) t p-Value
1 : 00 om0 oowsoos 085 ol
> Do omn  odedsot S0 oo
3 ) 080 0255 0MTE0DS 36 02w

RMS, root mean square.
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Overall, Method 1 produced high overlap between models for both examiners, with complete alignment of
occlusal surfaces and dentition. In contrast, Methods 2 and 3 resulted in lower overall overlap, with substantial
deviations observed in occlusal surfaces and dentition (Figure 7).

Registration
methods

Measurer 1 2 3 4 5
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beads marking
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Figure 7. Three-dimensional deviation chromatograms after model registration using three registration methods by
two examiners.

4. Discussion

In dental implantology, bone augmentation is an essential procedure for repairing alveolar bone defects, and
accurate 3D assessment of postoperative bone changes is crucial for implant planning and outcome evaluation.
However, current image registration methods in clinical practice still face challenges, such as image noise,
artifacts, and operator-dependent variability. To address these issues, this study developed a non-destructive
registration device that integrates zirconia beads into a customized dental template, enabling precise, repeatable,
and user-friendly 3D measurements. In recent years, spherical zirconia beads have been demonstrated to exhibit
high radiodensity and excellent imaging contrast, allowing clear visualization and differentiation from bone tissue
on CBCT image [22,23]. Compared with conventional registration methods based on anatomical landmarks or
arbitrarily selected points, this register achieves higher registration accuracy, mainly due to its individualized design,
stable fixation on the dentition, and high radiographic visibility of the zirconia markers. Repeated measurements at
different time points confirmed the temporal stability and inter-operator consistency of the register.

The main advantage of register lies in its ability to minimize systematic errors inherent in traditional image
registration. Image quality is a critical factor that influences registration accuracy. Ketcha et al. reported that a low
signal-to-noise ratio (SNR) and large voxel size markedly increase registration errors, especially in fine or marginal
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structures [24]. Under low-dose CT or suboptimal CBCT scanning conditions, registration stability tends to
decrease. In contrast, the high-contrast zirconia markers used in register remain clearly identifiable under various
scanning parameters, thereby enhancing robustness in low-SNR environments.

Patient-related factors also have a considerable impact on registration performance. Variations in patient
positioning, respiration, or soft-tissue movement during CT acquisition can cause inter-scan misalignment [25]. In
addition, metal artifacts frequently occur in dental imaging. Orthodontic attachments, restorations, implants, and
metallic fillings may cause beam hardening, photon starvation, and scattering, resulting in streak artifacts that
markedly reduce the accuracy of registration [26]. This registration approach overcomes these limitations by
locating the registration points on the external dental surface, away from high-density metallic structures, thereby
effectively minimizing artifact interference. In contrast, registration methods that rely on dental anatomical
landmarks—such as cusp tips—are often unusable in edentulous patients or in cases of severe occlusal wear, which
considerably limits their clinical applicability.

Furthermore, discrepancies in scanning parameters and operator performance represent additional sources of
error. Variations in the field of view (FOV) or scanning angle between two CT scans reduce the overlapping
registration region, compromising stability [27]. Manual landmark identification and boundary delineation may
also introduce subjective bias [25]. Moreover, inconsistencies in evaluation metrics—such as target registration
error (TRE), Hausdorff distance, and Dice coefficient—make cross-study comparisons difficult [28]. In the present
study, the use of a fixed, individualized template minimized operator dependency, achieving consistent registration
results across different observers and time points.

In experimental validation, two identical 3D datasets were repeatedly registered using various methods, and
RMS deviation values were compared to evaluate accuracy. This device with zirconia markers achieved
significantly higher registration precision than internal feature-based methods, with lower registration errors than
those reported in previous studies [20,21,29-31]. This superior performance can be attributed to the stable and
well-defined physical markers and the rigid coupling between the customized template and the dental arch.
Additionally, the transparent resin material used for the template introduced no imaging artifacts, providing an
optimal support medium for zirconia beads.

Beyond accuracy, time efficiency and clinical applicability are also important considerations for registration
techniques. Although advanced non-rigid algorithms theoretically achieve higher accuracy, they are
computationally complex and time-consuming, making them unsuitable for intraoperative or real-time applications
[32]. Traditional manual correction or landmark-based methods also increase operator workload and subjectivity
[25]. This registration device achieves physical alignment through mechanical fixation and radiopaque markers,
combining high precision with superior efficiency and clinical feasibility.

From a clinical perspective, the primary value of this registration method lies in enabling accurate three-
dimensional comparison of bone morphology before and after augmentation procedures. This allows clinicians to
quantitatively assess bone gain in both horizontal and vertical dimensions, thereby supporting implant planning
and outcome evaluation.

In particular, this method may be applied in scenarios such as evaluating the outcomes of alveolar ridge
preservation or guided bone regeneration, assessing augmented bone volume prior to implant placement, and
longitudinal monitoring of peri-implant bone changes.

In the present study, we focused on validating the accuracy and reproducibility of the registration method
using controlled datasets. Although direct comparison of pre- and post-augmentation clinical data was not
performed, this methodological validation is a necessary prerequisite to ensure that future measurements reflect
true biological changes rather than registration errors. Future clinical studies will apply this method to longitudinal
patient data to further establish its clinical utility.

Nevertheless, the accuracy of this registration device may still be influenced by CBCT imaging parameters,
algorithmic performance, and marker quality [33]. The present study was conducted on cadaveric specimens, which
do not fully represent the dynamic conditions of living patients. Future clinical trials with larger sample sizes are
needed to further validate its stability and applicability, especially in complex oral conditions such as edentulous jaws
or severe periodontal bone loss. In addition, the precise seating and stability of this device depend on the morphology
of the dentition and the number of the remained teeth. In edentulous patients or those with extensive tooth loss and
insufficient occlusal support, it is hardly to install the device precisely and fix it, thereby limiting its clinical
applicability. The long-term mechanical and material stability of the customized template also warrant further
investigation. In particular, the material must withstand continuous masticatory forces, temperature fluctuations, and
moisture in the oral environment, which may affect their physical properties and dimensional stability.

In addition, the dimensional stability of the thermoplastic material and the durability of the adhesive used to
fix zirconia beads should be considered when translating this device into clinical practice. In an intraoral
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environment, thermoplastic materials may be affected by temperature fluctuations, moisture absorption, and
repeated masticatory loading, which could lead to creep deformation or minor dimensional changes over time.
Similarly, the adhesive interface may be susceptible to hydrolytic degradation, potentially influencing long-term
bonding stability.

Although no significant differences in registration accuracy were observed across the 6-month period in this
study, the experimental conditions did not fully simulate intraoral aging. Therefore, future studies incorporating
artificial aging protocols, such as thermal cycling and mechanical loading, as well as long-term clinical validation,
are necessary to further assess the durability and stability of the device.

5. Conclusions

The registration device provides high accuracy, stability, and reproducibility for assessing bone augmentation
in implant dentistry. The device demonstrated consistent performance over time and reliable inter-examiner
measurements, supporting its repeatability and robustness. These findings suggest that this device is a practical
and reliable tool for precise 3D image registration, with potential applications in evaluating bone volume changes
following various augmentation procedures or over different time intervals.

6. Clinical Implications

This study introduces a novel approach utilizing transparent orthodontic retainers with radiopaque zirconia
beads to evaluate bone augmentation. The method’s exceptional accuracy, evidenced by high reproducibility and
low root mean square (RMS) deviations, allows for the precise quantification of bone volume changes throughout
implant treatment. By optimizing 3D image registration, this technique enhances the reliability of surgical planning
and long-term implant prognosis. The current design is particularly suitable for partially dentate patients with
sufficient remaining teeth to ensure stable fixation. Its application in fully edentulous patients remains limited and
requires further design modifications.
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