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Abstract

A limitation of widely used intraoral scanners (I0Ss) is their inability to capture

finish lines at the subgingival marginal area, as they only extract surface informa-
tion. Swept-source optical coherence tomography (SS-OCT) captures high-speed,
high-resolution cross-sectional images of soft and hard tissues. Integrating this
technology can overcome clinical 10S limitations. Therefore, this study was con-
ducted to fabricate crowns from three-dimensional images scanned with SS-OCT as
a proof-of-principle for its application in I0Ss and to evaluate fit accuracy. TRIOS3
was used for comparison, with both SS-OCT and TRIOS3 scanned three times, and
crowns were fabricated using the same digital workflow. Internal gaps were mea-
sured using scanning electron microscopy, and marginal fit was evaluated via micros-
copy. Results showed that TRIOS3 had superior accuracy. SS-OCT can image solely
in the occlusal direction, with accuracy decreasing at greater depths, which reduces
precision around the margin. Additionally, SS-OCT lacks automatic correction of
surface information in computer-aided design (CAD) software. To improve SS-OCT
accuracy for abutment tooth measurements, automatic margin correction, improved
CAD compatibility, and specialized probes for capturing tooth features are needed.
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Introduction

Digital technology is advancing rapidly in the dental field, with intraoral scanners
(IOSs) increasingly integrated into routine clinical practice. I0Ss construct three-
dimensional (3D) images of the dentition and occlusion without requiring impression
materials or plaster models, reducing material usage and procedural time [1]. Addi-
tionally, IOSs minimize patient discomfort from impression materials and lower the
risk of accidental ingestion or aspiration [2-5].

IOSs optically measure the surfaces of the target teeth and gingiva directly in the
patient’s oral cavity [6], integrating the data in real-time. Accompanying software is
then used to perform 3D reconstructions of the captured images [7]. However, |OSs
can only capture target surface images, making it difficult to image the subgingival
margin of abutment teeth. Capturing accurate impressions is also challenging when
the surface is covered by saliva or blood [8]. Techniques such as gingival retraction
before subgingival scanning [8,9] can mitigate these challenges but counter the
advantages of 10Ss, e.g., reduced procedure time and patient discomfort. Addressing
these limitations could minimize the burden on patients and clinicians, broaden IOS
applications, expand market demand.

To overcome these challenges, we focused on swept-source optical coherence
tomography (SS-OCT), a noninvasive method that uses a micro-electromechanical
systems (MEMS)—vertical-cavity surface-emitting laser as a light source and cap-
tures high-speed, high-resolution cross-sectional images of soft and hard tissues. It
generates detailed images by measuring the intensity and time delay of reflected or
backscattered near-infrared light using low-coherence interferometry [10]. Traditional
OCT employs a super luminescent diode as a light source to obtain noninvasive
tomographic images at depths of approximately 1-2 mm from tissue surfaces [11],
whereas SS-OCT uses a laser to sweep oscillation frequencies linearly, calculating
the reflected light intensity distribution by Fourier-transforming the interferometer’s
detection signal. SS-OCT can acquire over 25 images per second with a spatial
resolution of 12 um and sweeping laser wavelengths by 100 nm [12], with OCT pen-
etrating tissue to capture high-resolution submucosal images [13]. These capabilities
suggest that SS-OCT could enable IOS to capture high-resolution subgingival margin
data for abutment teeth.

SS-OCT has been researched in dentistry for caries detection [14—18], periodontal
tissue observation, calculus detection [19—24], and oral cancer diagnosis [25,26].
Studies have also explored its use for 3D tooth measurements [27,28]. However, sev-
eral challenges remain in applying SS-OCT to 10Ss. Although 3D imaging methods
using SS-OCT have been reported, no studies have evaluated dimensional accu-
racy. Furthermore, no research has addressed whether 3D images constructed via
SS-OCT can be integrated into dental digital workflows. Therefore, a basic evaluation
is essential for integrating SS-OCT into IOSs.

In this study, as a proof of concept for the application of SS-OCT to IOS, we
evaluated the fabricated crown marginal and internal fit accuracy, assessing the
new three-dimensional image construction method of OCT, stitching using the fea-
ture points of segmented data, which could be integrated into digital workflows by
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referring to prior studies [29-34]. Single abutment teeth were scanned, and crowns were fabricated using the same digital
workflow with data from the SS-OCT and 10Ss. The fit accuracy of the abutment teeth was then compared.

Materials and methods
Fig 1 shows the overall flow of the study.

OCT device and probe

SS-OCT with a 1310-nm wavelength and a 100-kHz scanning rate (IVS-200, Santec Holdings Corporation, Japan; Fig 2)
was used as the light source. A small probe (Thorlabs Inc, USA) was used to facilitate tooth imaging. The imaging range
was 7 x7mm, and the depth resolution was 85 pm.

Subject

A standardized dental model for abutment teeth (A55A-371 Nissin Co., Ltd., Japan) was used in this study. Only one
abutment-tooth model was used to account for the effect of size differences during fabrication.

Control

The TRIOS3 (3Shape, Denmark) system served as the control. A clinician with over 5 years of experience performed the
scanning. The resulting 3D image was converted into an STL file for comparison.

SS-0OCT scanning methods

The method involved stitching based on the feature points of the segmented data. Imaging was performed at four perpen-
dicular locations relative to the occlusal surface. Data were stitched twice using Imaged’s stitching function, with a field

Study workflow

3D Image Acquisition (STL Data)

. (3) Crown Measurement
Measurement target: Mandibular left first molar

abutment tooth model (Nissin Co., Ltd., AS5A-371) Internal space Marginal gap
Imaging with SS-OCT: Occlusal surface divided into F
four parts; continuous cross-sectional images with 2-mm /

overlap were corrected, tooth surface clusters extracted,
and converted to STL data.
Imaging with TRIOS 3: STL data were generated using

the dedicated software.
—Each measurement was performed three times
(1) CAD Data Fabrication
*CAD/CAM software: exocad
*Margin area: Automatic detection function
*Cement space: 34 um (default value)
(2) CAM
*Milling machine: GC Aadva LW-1
*Block: GC Cerasmart 300 A3 LT 16

—Three crowns were fabricated in the SS-OCT group
and three in the TRIOS 3 group, for a total of six crowns.

® o o

SS-OCT group TRIOS3 group

With the crown seated on the
abutment tooth, the internal space was
measured using micro-CT (Rigaku
Corp., CTLab HX, Japan) and scale
analysis in Imagel.

With the crown seated on the abutment
tooth, the marginal fit between the
crown margin and the abutment tooth
finish line was measured using a
microscope (Hirox HRX-01, Japan).

(4) Analysis

From a total of six samples, eight sites with the largest
mternal space and marginal gap were selected in order, and
mean values were calculated. After confirming data
normality using the Shapiro-Wilk test, one-way analysis of
variance was performed to compare group means.

Fig 1. Workflow of this study.

https://doi.org/10.1371/journal.pone.0333917.9001
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Fig 2. Photographs of the OCT system. The I1VS-2000 served as the light source, connected to a small galvano-mirror probe.

https://doi.org/10.1371/journal.pone.0333917.9002

of view comprising 400 %400 pixels (7 x7mm) and a 2-mm overlap (within £ 29%). The Fourier transform—based phase
correlation method [35] was applied for stitching. A density-based spatial clustering of applications with noise algorithm
[36] was used to set thresholds for isolating tooth surface clusters (within +1.20 pixels), with data converted into STL files.

3D image acquisition

The SS-OCT method that demonstrated the best accuracy was adopted. A single operator performed three SS-OCT
measurements to obtain three 3D datasets, which were converted to STL format. For comparison, a clinician with over five
years of experience performed three 10-s TRIOS 3 scans (buccal, occlusal, and lingual directions) to generate three 3D
datasets [6,37,38], which were also converted STL format.

Crown fabrication

Exocad (Exocad Co., Lid.) was used for crown data. Default settings included a 34-um cement space and a 0-mm margin line.
The software’s autodetect function identified the margin area. Computer-aided design (CAD) data were exported to a milling
machine (Aadva LW-1, GC) and used with GC Cerasmart 300 A3 LT 16 (GC) CAD/computer-aided manufacturing (CAM) blocks.

Accuracy evaluation

Crowns were attached to abutment teeth, and computed tomography (CT) images were captured using a CT scanner
(CT Lab HX, Rigaku Co., Ltd., Japan) to measure the inner space (Figs 3 and 4). Marginal fit was also evaluated using
a microscope (Hirox HRX-01, Japan). For each sample, eight points with the largest inner space and margin gaps were
selected. The average of these eight points was calculated to define the fit accuracy [21].

Statistical analysis

Mean values for the eight largest inner surface spaces and margin gaps were calculated [39]. After confirming data
normality using the Shapiro—Wilk test, one-way ANOVA was performed to compare group means. If the assumption
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TRIOS3

SS-OCT

Fig 3. CT images showing inner spaces. Results are shown for three samples per method.

https://doi.org/10.1371/journal.pone.0333917.9003

Fig 4. Margin gap measurement methods. Microscope Images of margin gaps. Measurements were performed using the microscope’s onboard
measurement function.

https://doi.org/10.1371/journal.pone.0333917.9004

of normality was met, Tukey’s post hoc test was applied for multiple comparisons. Statistical significance was set at
p<0.05.

Results

The fabricated crowns are shown in the Fig 5. According to the Shapiro—Wilk test, the measurements of each sample fol-
lowed a normal distribution. The average internal spaces for the TRIOS3 group samples were 87 +19, 97+14, and 76+ 21
pMm, compared with 1123 £265, 884 +64, and 618 +255 pum for the SS-OCT group (Table 1). The mean margin gaps for
these samples were 42+ 19, 68+ 39, and 70+ 39 um for the TRIOS3 group, and 1242+ 381, 570+ 682, and 414 £446 um
for the SS-OCT group, respectively (Table 2).

Regarding occlusal inner spaces, samples scanned with TRIOS3 exhibited significantly smaller spaces compared to
all three SS-OCT samples (samples 1-3, p<0.01). For margin gaps, TRIOS3 samples showed significantly smaller gaps
compared with three SS-OCT samples (samples 1-3, p<0.01). There was no significant variation within the TRIOS3
group, whereas the SS-OCT samples tended to have larger margin gaps compared with the TRIOS3 group.
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(a)
(b)

Fig 5. Fabricated crown. Crowns fabricated from (a) SS-OCT data and (b) TRIOS3 data.

https://doi.org/10.1371/journal.pone.0333917.9005

Table 1. Mean internal space gap.

Mean internal space gap (pm)

Sample1 Sample2 Sample3
TRIOS3 87+19 97+14 76+21
SS-OCT 1123 +265%* 884 +64** 618 £255**

For occlusal inner space, samples scanned with TRIOS3 had significantly smaller spaces than Sample1, Sample2 and Sample3 scanned with SS-OCT
("p<0.01). There was no significant difference within the TRIOS3. However, in SS-OCT group, Sample3 had significantly smaller space than Sample1
and Sample2 (*p<0.01).

https://doi.org/10.1371/journal.pone.0333917.t001

Table 2. Mean margin gap.

Mean margin gap (um)

Sample1 Sample2 Sample3
TRIOS3 42+19 68+39 70+39
SS-OCT 1242+381** 570+ 682** 417 £446%*

Regarding margin gaps, samples scanned with TRIOS3 had small spaces than Sample1 scanned with SS-OCT (“p<0.07). There was no significant

difference within the TRIOS3 and SS-OCT group.

https://doi.org/10.1371/journal.pone.0333917.t002

Discussion

This is the first study to fabricate crowns from SS-OCT scanning data and evaluate their accuracy. We used new 3D
image construction methods and STL data conversion. Stitching using feature points relies on the Fourier transform—
based phase correlation method [35]. This method estimates relative translational offsets between multiple images or
datasets in the frequency domain via fast Fourier transform calculations. To mitigate global error accumulation as the
number of tiles increased, enhancements were employed, including comparisons of maximum and average displacements
to filter outliers and nonlinear brightness correction to adjust for tile brightness variations. These measures minimized
noise and ensured greater accuracy.
Improvements in surface position extraction for STL file comparison also played a key role in enhancing accuracy.
Surface noise was reduced, and clustering of point cloud data retained only clusters representing the tooth surface. This
process employed the density-based spatial clustering of applications with noise algorithm [40], which identifies clusters
based on two adjustable parameters: the distance to neighboring points and the minimum number of points required to
define a cluster. By tuning these parameters to fit the OCT tooth images, accurate surface information was extracted and

preserved.
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Overall, employing feature point—based stitching combined with refined 3D image construction and surface extraction
methods markedly improved imaging accuracy. This approach shows promise for producing high-quality 3D images of
teeth and converting them into STL images.

Although previous studies on the assessment of crown fit to abutment teeth have evaluated the precision of intraoral
3D data by sectioning crowns and abutment teeth [32,33], the current study used a noninvasive measurement method.
This approach was chosen to avoid potential distortions during section preparation and to allow for repeated measure-
ments, ensuring reproducibility. Ferrini et al. [31] reported that the average margin error of prosthetics fabricated using
TRIOS3 was 67.95 uym. Despite differences in the scanned abutment materials, our findings showed similar values,
suggesting that the scanning, CAD, and CAM workflows were accurate. The margin gaps in TRIOS3-scanned samples
fell within the clinically acceptable range of 120 ym defined by McLean and von Fraunhofer [41]; however, the SS-OCT-
scanned samples markedly exceeded this threshold.

One likely cause of this observed discrepancy is the imaging method. IOS devices, such as TRIOS3, create 3D
images by overlaying scans captured from multiple directions (e.g., occlusal, buccal, and lingual directions) [38].
Various factors, such as the probe head size, influence the imaging range, with excessive overlays potentially reduc-
ing image construction accuracy [42]. In our SS-OCT method, the 3D image was built using only occlusal images to
minimize overlays. A previous study demonstrated the feasibility of constructing a 3D tooth image using only vertical
SS-OCT imaging [39]. The vertical imaging range of 7 x 7 mm could theoretically capture axial surfaces, including
their height. However, OCT’s lower depth resolution likely compromised imaging accuracy at the margin areas [43].
This limitation, along with vertical-only imaging, may have caused crown size differences during automatic design
relative to the data obtained from TRIOS3 imaging. In our previous study, the STL files obtained from SS-OCT and
TRIOS3 data were superimposed using the best-fit method and Geomagic Control X (3D Systems, USA). TRIOS3
data was used as the control. The difference from the control was calculated using the root mean square (RMS).
Mean errors at four abutment corners and four margin points were also calculated [29]. The average error was 81.1
pm, which was considered to have contributed to the reduction in imaging accuracy in the margin area. To address
this issue, a probe with an expanded imaging range is needed. Current SS-OCT probes differ markedly in shape
from 10S probes and are unsuitable for digital impressions. Mimicking the design of existing 10S probes and down-
sizing them with an MEMS mirror would enhance their usability and operability in clinical practice. Additionally,
SS-OCT’s sensitivity to camera shake necessitates exploring new imaging methods. Considering the success of
OCT in constructing 3D images for vascular catheters [44,45], applying similar methods may improve the accuracy of
SS-OCT images of teeth.

The role of the scanning software also warrants consideration. I0S devices are designed to process images based on
the optical properties of the tooth structure and materials, automatically correcting and outputting margin shapes through
proprietary algorithms [46]. These systems often reduce data density in noncritical areas while increasing density in
marginal regions to facilitate CAD workflows [6]. In the present study, SS-OCT data was processed using general-purpose
software rather than dental software. As a result, data density in the margin areas was not prioritized during STL conver-
sion, potentially affecting accuracy. Furthermore, the performance of commercially available 10S devices has been shown
to vary with software updates [46—49], suggesting that the scanning software itself could have influenced the accuracy
outcomes.

Discrepancies between the software’s 3D shape accuracy verification and crown accuracy evaluations further high-
light the need to consider how measurement software processes margins for STL file construction from 3D OCT images.
Additionally, CAD software limitations may have contributed to inaccuracies. Automatic detection and design were used in
this study, but these have previously been reported to lack precision [50]. The automated margin processing mechanism,
although convenient, could represent a limitation of current CAD systems, and improved accuracy may be achievable by
involving an experienced dental technician to manually define the margin line.
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In recent years, I0S devices with OCT for subgingival margin detection have been developed, and their utility has been
evaluated [51]. However, as image processing is performed using edge extraction (automated processing) along with
Canny edge detection, followed by manual segmentation and merging using Amira and Geomagic, fully automated detec-
tion is assumed to be difficult. Meanwhile, as margin areas are still manually adjusted at the laboratory end, it is desirable
that OCT-IOS systems also undergo similar manual adjustments in the laboratory.

The milling process should be examined as a contributing factor. Following crown design using the CAD software, the
block placement and milling process were planned to use the milling machine’s proprietary software. Multiple factors,
such as the size of available CAD/CAM blocks, disks positioning, automatic design of crown, and the milling bur’s cutting
capability, can influence crown placement during fabrication. Moreover, limitations in the placement of crowns within the
block [52] often complicate the milling of fine features, such as the margins and inner surfaces of the crown and size of
fabricated crown, potentially affecting accuracy.

The significant differences in inner surface gap and margin gaps between TRIOSS3 and OCT may be attributed to the statisti-
cal approach and measurement variability. In addition to the small sample size, the differences were large depending on the mea-
surement site; therefore, a normal distribution could not be assumed, and a nonparametric method was used for the test. Further
validation with a larger sample size and a standardized measurement method is essential to improve accuracy and reliability.

Challenges also remain in capturing subgingival margins, the primary goal of the developed device. First, full-arch
scanning accuracy must be validated, as current validation is limited to a single tooth. Existing IOS data show that full-
arch scanning accuracy is lower than that of traditional impression materials [53—55]. Therefore, further research is neces-
sary on stitching methods for full-arch imaging.

As OCT is partially absorbed by biological tissues, it is also crucial to consider the effects of blood and bodily fluids.
The refractive index of human gingiva must also be evaluated, as SS-OCT is affected by gingival refraction. The refrac-
tive index of human oral gingiva is 1.41 [51], and in vitro evaluation is possible by using silicone, which exhibits a similar
refractive index. However, values for molars and inflamed gingiva remain unknown. Animal or clinical studies are needed
to collect these data. Addressing these issues could lead to valuable clinical applications.

In clinical practice, one of the constraints to consider is that SS-OCT is expensive. To overcome this limitation, funda-
mental developments, such as the creation of low-cost light sources, are necessary. Addressing this issue could lead to
the commercialization of this technology.

Conclusions

In conclusion, it was possible to fabricate crowns from 3D images acquired with SS-OCT. However, for clinical application,
further improvements are needed in the stitching method for constructing 3D images to increase dimensionality. Addition-
ally, from a software perspective, it is necessary to sharpen the information in critical areas of dental prosthesis design
and to improve the compatibility of these areas with CAD/CAM workflows. From a hardware perspective, downsized
probes that can be adapted to the oral cavity are needed. These advancements would enable the creation of a new gen-
eration of |IOS systems capable of capturing highly accurate measurements of the full arch of the dentition, including those
of the gingival margin, and in a challenging oral environment, including the presence of blood and saliva.
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