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KEYWORDS Abstract Background/purpose: ldentifying crestal bone level (CBL) on the buccal and lingual

Diagnostic imaging; aspects poses challenges in conventional dental radiographs. Given that optical coherence to-

Optical coherence mography (OCT) has the capability to non-invasively provide in-depth information about the
tomography; periodontium, this in vitro study aimed to assess whether OCT can effectively identify peri-

Periodontium; odontal landmarks and measure CBL in the presence of gingiva.

Crestal bone level Materials and methods: An in-house handheld scanning probe connected to a 1310-nm swept-

source OCT (SS-OCT) system, along with self-developed algorithms were employed to measure
the CBL in dental models with artificial gingiva. Markers were positioned 0.5 mm above the
artificial gingival margin (SG) and the crestal bone (SC) on both the mid-buccal and mid-
lingual sides of 28 plastic teeth. The distances between the paired SG and SC were measured
in the OCT images after correcting for the optical path through the covering artificial gingiva.
These measurements were subsequently compared to the ground truth values obtained using a
2.5D inspection system.

Results: The mean difference in CBL measured by SS-OCT and 2.5D was 0.008 mm (95 % Cl:
—0.092 to 0.108 mm). Statistical analysis using a three-way ANOVA indicated that the measure-
ment differences were not significant across maxillary/mandible, anterior/posterior, and
buccal/lingual dimensions. Furthermore, these differences were not associated with gingival
thickness (o = 0.05).

Conclusion: The proposed SS-OCT system demonstrated its capability to accurately and non-
invasively assess CBL through artificial gingiva. Moreover, it facilitated the semi-automatic
delineation of critical periodontal landmarks on OCT en face images, highlighting its potential
for clinical applications.
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Introduction

Accurate and non-invasive measurement of crestal bone
level (CBL) is essential for all dental treatments. Stan-
dardized periapical radiographs can reliably identify inter-
proximal bone defects." However, they encounter
challenges when applied to the buccal and lingual aspects.?
Transgingival probing could effectively detect bone levels
by allowing the probe tip to penetrate through the gingival
sulcus to the crestal bone,®> however, its invasive nature
limits its applicability. Recently, cone beam computed to-
mography (CBCT) has provided valuable information about
bone in all directions around the teeth,*° yet the high ra-
diation dose makes it unsuitable for routine periodontal
examinations.®

Currently, several innovative technologies have been
proposed for assessing oral tissues at specific depths.
Among these, optical coherence tomography (OCT) and
ultrasonography stand out as the notable contenders.
OCT, in particular, distinguishes itself as a promising tool
for non-invasive, high-quality imaging in the field of oral
diagnostics. It employs low-coherence interferometry to
generate three-dimensional (3D) volumetric images of the
internal microstructure of tissues.”’® This imaging tech-
nique has been applied to investigate dental caries,’
tooth cracks,'® and soft tissue cancers."" In periodontal
diagnosis, it has revealed detailed structures such as the
gingival epithelium, connective tissue, dental calculus,
and alveolar bone.®'>~"7 Prior studies have validated the
accuracy of OCT in measuring soft tissue thickness and
gingival sulcus depth.'®'® Notably, these studies imple-
mented optical path correction to enhance measurement
precision. Given that light deviates when transitioning
between different media, optical path length discrep-
ancies can be rectified by employing the refractive index
of gingival tissue,'? 41821

While earlier OCT studies have demonstrated promising
results in exploring delicate periodontal substructures,
many of these investigations primarily offered conceptual
information regarding periodontal assessment and often
lacked well-controlled measurements.'>'*'82" Conse-
quently, the true accuracy of using OCT to measure CBL
remains unverified. Moreover, most studies have only
presented single longitudinal image (B scans), which
curtails the advantages of OCT for 3D volumetric imaging
in clinical applications. Therefore, the purposes of this
in vitro study were to validate the accuracy of OCT in
measuring CBL using artificial models and to demonstrate
the integration of OCT images to visualize CBL in peri-
odontal topography. We hypothesized that OCT could
effectively detect the subgingival profile through artificial
gingiva and use optical path correction for precise
measurements.
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Materials and methods
In-house dental OCT system

The in-house OCT system used in this study was specifically
designed for dental applications and comprised four main
components: a swept-source OCT (SS-OCT), a handheld
probe, a signal processing unit, and algorithms tailored for
periodontal use (Fig. 1A). The SS-OCT was equipped with a
swept laser light source (HSL-2100, Santec, Komaki, Aichi,
Japan) that featured a central wavelength of 1310 nm and a
bandwidth of 100 nm, operating at a scan rate of 20 kHz. The
average output power of the system was 25.5 mW. The
handheld probe featured an integrated sleeve and lens sys-
tem designed for lateral viewing during intraoral data acqui-
sition (Fig. 1B). The images produced illustrated the
relationship between intensity and penetration depth, known
as axial scans or A scans. A compilation of multiple A scans
generated a longitudinal tomographic image, referred to as a
B scan. The resolution of the B scan images was 0.03 mm per
pixel for both the X and Y axes. This real-time OCT system was
capable of capturing a series of 250 B scans in 1.25 s to create
a region of interest measuring 7.2 x 7.2 mm. The developed
algorithms facilitated image reading, noise reduction, and
optical distortion correction in OCT images. Additionally, the
software could generate 3D information from B scans and
compile transverse and integrated images (C scans or en face)
for interpretation and measurement.

Study model preparation

To ensure precise measurement with fixed markers, a set of
Nissin dental models (PRO2002, Nissin Dental Products Inc.,
Kyoto, Japan) equipped with removable gingiva analogs and
28 artificial teeth was employed. Hexagonal metal-coated
glitters (Gold 1502—1, I-Cheng, Taipei, Taiwan), measuring
200—250 pm in size, were affixed to the model as reference
markers using dental adhesive (Scotchbond™ Universal
Adhesive, 3 M ESPE, St. Paul, MN, USA). These markers were
positioned 0.5 mm above the gingival margin (supragingival,
SG) and 0.5 mm above the crestal bone (supracrestal, SC)
on the mid-buccal and mid-lingual surfaces of each tooth.
The markers were easily identifiable in both visual exami-
nations and OCT images (Fig. 2).

Optical path correction

To determine the refractive index of artificial gingiva, a flat
stainless-steel stick was partially inserted into the artificial
gingival sulcus. By aligning the deflected shape of the
subgingival part with the supragingival part on the B scan,
the refractive index of artificial gingiva (1.40) was
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system, including a swept source laser with a central wavelength of 1310 nm, Mach-Zehnder interferometer, a signal processing set,
and self-developed software for periodontal application. B) The handheld probe (1) without a sleeve and (2) with a sleeve, which

contains a lens system for side-viewing.

Measurement by OCT

Figure 2

Illustrations of measurement markers and study design. The distances between SG and SC were measured by using both

a 2.5D automatic vision measuring machine and OCT. SG = supragingival marker, SC = supracrestal marker.

extracted using a self-developed algorithm (Fig. 3).
Thereafter, the algorithm was able to semi-automatically
delineate the gingival region by detecting changes in
signal intensity (Fig. 4B) and calibrating all B scans based on
the provided refractive index.

Crestal bone level assessment

OCT images were captured from both the mid-buccal and
mid-lingual sides of the artificial teeth in the presence of
artificial gingiva. The distance between the crestal bone
(SC) and the gingiva (SG), referred to as bone sounding
depth, was measured on the calibrated B scans to evaluate
the accuracy of OCT in assessing of CBL. The marker center
was identified on the calibrated B scan and transverse im-
ages of OCT (Fig. 4A), and its spatial coordinates were used
for distance calculations. To gain a better understanding of
how the thickness of artificial gingiva affects the accuracy
of CBL measurement, the gingival thickness at the SC level
on each B scan was also measured (Fig. 4C).

For the intra-rater examination, 10 out of 56 sites on the
models were randomly selected and measured three times by
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a single examiner (WT). For the inter-rater examination, a
second examiner (DY) independently conducted measure-
ments of the same sites, and the results were subsequently
compared with those of the first examiner. Both intra- and
inter-operator reliability of the measurements were assessed
by calculating the intraclass correlation coefficient (ICC).

To verify the accuracy of measurements obtained with
OCT, the distance between paired SG and SC at each site
was directly measured using a 2.5D automatic vision
measuring machine (AF3020, Nan Jie Co., Taichung,
Taiwan), without the presence of artificial gingiva. This
2.5D machine featured an autofocus capability, ensuring a
high measurement precision of 3 um.

Clinical application

The clinical test was conducted in accordance with the
Helsinki Declaration and received approval from the Insti-
tutional Review Board of National Yang Ming Chiao Tung
University (YM110011F). To verify the applicability of the
OCT system in a clinical setting, a buccal scan was per-
formed on the left maxillary first molar of the author (WT).
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Figure 3  Optical path correction of artificial gingiva. A) The calibration metal stick partially inserted into the artificial gingival
sulcus. B) The calibration stick in C scan. The B scan cut along the flat surface of the stick (blue line) was used for calibration. C)
The calibration stick in the original B scan, where the metal surface beneath the artificial gingiva appeared distorted. D) The
calibration stick in corrected B scan. The refractive index of the gingiva was determined when the metal surface beneath the
artificial gingiva was realigned by applying 1.40 in the algorithm for optical path length correction.
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Figure 4 Measurement of crestal bone level and artificial gingival thickness. A) SG and SC in OCT images. The coordinates of the
markers were identified in both B scan and transverse images. B) Calibrated B scan. The superficial border of the original B scan was
semiautomatically detected by the algorithm, and optical path correction of artificial gingiva was performed by applying the
refractive index of 1.40. C) Calibrated B scan displaying corresponding signal intensity of SC, GS, and GT in A scan.
SG = supragingival marker; SC = supracrestal marker; GS = artificial gingival sulcus; GT = artificial gingival thickness.

Statistical analyses A total of 56 sites were examined for 28 artificial teeth.
The mean distances between the SC and SG, as measured by

All data analyses were conducted using IBM SPSS Statistics ~ the dental OCT system and the 2.5D machine, were 1.896 mm
24 (SPSS Inc., Chicago, IL, USA). The normal distribution (95 % Cl: 1.126 to 2.666) and 1.904 mm (95 % ClI: 1.163 to
and homogeneity of variance were assessed using the 2.645), respectively. Both two measurement methods did not
Shapiro—Wilk and Levene tests, respectively. Paired t-tests ~ show a significant difference (P > 0.05) and exhibited a high
were employed to compare the CBL measurements ob- correlation (0.992, P < 0.05) for each site. Compared to the
tained from OCT and the 2.5D machine. A three-way anal- reference value, the mean measurement error of the dental
ysis of variance (ANOVA) was performed to evaluate the =~ OCTsystemwas0.008 mm (95% Cl: —0.092t00.108) (Table 1).
deviation of CBL measurements by the dental OCT system A three-way ANOVA indicated that different positional factors

and the thickness of artificial gingiva across different ex-  regarding maxillary/mandibular, buccal/lingual, and ante-
amination sites (buccal/lingual, maxilla/mandible, ante-  rior/posterior did not have a significant effect on measure-
rior/posterior teeth). Additionally, the influence of gingival ~ ment errors (P > 0.05).

thickness on CBL measurements was assessed. The mean thickness of the artificial gingiva at the SC

level was 1.599 mm (95 % Cl: 1.488 to 1.711). A statistically
significant difference in artificial gingival thickness was

Results observed between the anterior and posterior teeth
(P < 0.05) (Table 1). However, the deviation of CBL mea-
Both the intra-rater and inter-rater assessments demon- surement was not influenced by the gingival thickness.
strated excellent agreement, with high ICC scores of 0.986 Fig. 5 illustrates the periodontal profile of the left
and 0.952, respectively. maxillary first molar, demonstrating the clinical
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Table 1  Deviation of crestal bone level and gingival thickness measured by OCT at different locations.
n Deviation of crestal bone (mm) Gingival thickness (mm)
Mean 95 % ClI P Mean 95 % CI P
Maxilla 28 —0.012 —0.110—0.086 0.984 1.564 1.066—2.062 0.616
Mandible 28 —0.004 —0.108—0.100 1.635 0.946—2.323
Buccal 28 0.002 —0.093-0.096 0.085 1.638 1.009—-2.267 0.270
Lingual 28 —0.019 —0.123—-0.086 1.561 0.992—2.131
Anterior 24 —0.008 —0.115—-0.098 0.625 1.476 0.910—2.042 0.004°
Posterior 32 —0.009 —0.106—0.089 1.692 1.126—2.258
Total 56 0.008 —0.092—0.108 1.599 1.488—1.711
Cl: confidence of interval.
@ P <0.05.
) ® (6]
Figure 5 Establishing periodontal profiles of natural teeth in OCT. A) & B) Images of a human left maxillary first molar. C) Human

maxillary first molar in C scan of OCT. D) Periodontal landmarks illustrated in C scan. E &F) The B scan from the plane of the blue
line. Optical path correction was performed by the algorithm using a gingival refractive index of 1.40. CEJ = cervicoenamel
junction; CB = crestal bone; green area: alveolar bone; yellow area: enamel.

applicability of the OCT system. In the presented B scan,
optical path correction was implemented through artificial
gingiva by applying a refractive index of 1.40. The en face
image from the OCT, compiled from multiple B scans,
highlights the identification of the cervicoenamel junction
and crestal bone (Fig. 5).

Discussion

The applications of OCT in periodontal research have
garnered significant attention. However, most studies have
primarily focused on the conceptual advantages of OCT and
have conducted measurements exclusively using two-
dimensional B scan images.'>'*"® In this study, we devel-
oped SS-OCT system that includes a handheld probe, enabling
intraoral examinations. To our knowledge, this is the first
study to demonstrate the accuracy of CBL measurements
using OCT in a simulated full-mouth examination. Our results
indicated that the mean deviation of the CBL measurements
obtained from the proposed OCT system was only 0.008 mm,
and this deviation was not affected by varying locations or
gingival thicknesses in the study model. Furthermore, the
system facilitated the visualization of periodontal landmarks
through an algorithm applied to the en face OCT images
(Fig. 5). These findings highlight the potential of the devel-
oped OCT system for future clinical studies.

Precise measurement of changes in bone level is
crucial for the early diagnosis of periodontal and peri-
implant diseases. The early stage of the disease, known
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as stage | periodontitis, is characterized by 1—2 mm of
attachment loss. When assessing the rate of disease
progression, periodontitis with rapid progression is
defined as at least 2 mm of bone loss over a period of
five years.?? Detecting such difference in bone changes
within a shorter observation period could be challenging
with traditional tools. The average measurement errors
for transgingival probing have been reported as 0.02
(£0.96 SD) mm and 0.12 (+0.92 SD) mm.*?%* For radio-
graphic tools, periapical radiographs have been reported
to have a mean error of 0.27 (£1.26 SD) mm in bone
level measurement, while the CBCT has an average error
of 0.41 (+1.19 SD) mm.> Currently, the measurement
deviation of CBL wusing ultrasonography can reach
0.078 mm (95 % Cl: —0.952 to 0.797 mm).?* In contrast,
OCT emerges as an excellent candidate for detecting
incipient bone defects and monitoring subtle bone
changes. In the current study, the accuracy and precision
of OCT were nearly 10-fold improved, enabling the
detection of early and incipient lesions on both the
buccal and lingual aspects.

The primary challenge in employing OCT for spatial
distance measurements is in the deflection of light as it
passes through different media. Consequently, a critical
step in accurately measuring periodontal tissue with OCT is
optical path correction. Variations in gingival thickness can
result in varying degrees of distortion in OCT images,
leading to errors in the assessment of crestal bone levels
and gingival thickness. The refractive index of human
gingiva has typically been determined using the extraoral
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method, which involves measuring the optical path length
of the gingiva in OCT images and dividing it by the actual
thickness of the sectioned tissue.?”> Reports indicated that
the gingival refractive indices obtained through the
extraoral method are 1.39' and 1.40 for humans.'>?" In
contrast, the present study employed a non-invasive
intraoral method?® to retrieve the refractive index of arti-
ficial gingiva by correcting the shape deformation of a
calibration stick on a B scan, yielding a value of 1.40, which
is comparable to that of human gingiva (Fig. 4).

Theoretically, OCT can provide high-precision measure-
ments. However, prior studies have shown inferior accuracy
of OCT in measuring periodontal tissue, which might be due
to the limitations of the comparison tools used.'>?" While
in this study, with the assistance of well-defined markers,
OCT proved to be a highly precise and reliable modality for
subgingival measurements, achieving high ICC scores for
both intra-rater and inter-rater examinations. The mean
deviation of 8 um in this SS-OCT system is not only suitable
for periodontal examinations, but also has the potential to
be used for digital impressions of fixed dental prostheses
with subgingival margins.

The identification of periodontal landmarks in the 3D
reconstruction of OCT images can assist clinicians in visu-
alizing tissue profiles.'*'%%¢ |n the present study, the al-
gorithms employed were able to semiautomatically outline
the gingival area across a series of B scans, and subse-
quently perform optical path correction for each scan.
Furthermore, the spatial coordinates of the substructures
could be virtually integrated for volumetric 3D recon-
struction, significantly expanding the clinical applications
of this technology (Fig. 5). Recent advancements have
introduced convolutional neural network models and class
activation maps for the automatic tracking of subgingival
dental calculus.'®"” These approaches hold promise for the
automatic identification of periodontal landmarks in future
studies.

The penetration depth of OCT may limit its clinical ap-
plications. In this study, the maximum penetration depth of
the current OCT system in the artificial models was found to
be 2.8 mm, whereas in human periodontium, it was
decreased to 1.4 mm. Similar findings have indicated that
the maximum penetration depths of OCT in human gingiva
ranged from 1.2 to 1.5 mm, depending on factors such as
central wavelength, incident light power, and the numeri-
cal aperture of the OCT system.'®"'%?7:2% (Clearly, the
composition and condition of the target gingival tissue also
significantly affect the penetration depth of the light.
Central wavelengths of OCT between 1310 and 1330 nm are
commonly used in dental applications.'?'*1%27:28 Although
the optical window between 1300 and 1400 nm is regarded
as one of the most sensitive regions for biological imaging,
the optimal wavelengths for periodontal examination have
not yet been definitively established. Moreover, due to
variations in tissue composition and condition, the wave-
length required to achieved maximum penetration depth
differs,” warranting further investigation.

In addition to the OCT technique, ultrasonography pro-
vides a non-invasive methods for observing the internal
structure and measuring the thickness of the gingiva.?*3%
Ultrasonography has been utilized to assess gingival thick-
ness during nonsurgical periodontal therapy,*? guided tissue
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regeneration,®* mucogingival therapy,*** and implant

treatment.>® Although the signal penetration depth of ul-
trasonography surpasses that of OCT, its image resolution is
inferior. Direct contact between the ultrasonic probe and
the tissue may result in tissue compression, making the
procedure more technique-sensitive and potentially
causing discomfort for the patient.

The current investigation has demonstrated that OCT
can be utilized for precise measurements. When conducting
intraoral measurements with OCT, it is crucial to consider
both the stability of the scanning head and the detection
depth of OCT within the periodontal tissue. A stabilizer can
be employed to ensure that the probe maintains close
contact with the tissue during imaging. However, in pa-
tients with thicker gingival tissue, measuring the crestal
bone level can pose challenges. A recent study reported
that the average buccal gingival thickness among subjects
from the Chinese population was 1.03 + 0.31 mm,*” as
measured by transgingival probing. Based on previous OCT
studies on human gingiva, its penetration depth can reach
1.2—1.5 mm,'®'%27:28 s ggesting that measuring CBL on the
buccal aspect is generally feasible in most cases within this
demographic.

In summary, within the constraints of this research, the
1310-nm dental SS-OCT system exhibited considerable ac-
curacy in measuring CBL in vitro. Furthermore, it facilitated
the visualization of intricate periodontal profiles through en
face OCT imaging. The level of precision attained was
submillimeter, underscoring its substantial potential for
monitoring subtle alterations in bone surrounding teeth or
implants. As an adjunct to conventional clinical and
radiographic assessments, this pioneering noninvasive
technology can furnish clinicians with critical insights to
improve periodontal management. Consequently, further
studies are highly recommended to elucidate the influence
of oral conditions on the in vivo reliability of dental OCT.
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