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Abstract: Background: Optical coherence tomography (OCT) is an emerging, radiation-free diagnostic
tool in dentistry, providing high-resolution, real-time imaging of both hard and soft tissues, including
periodontal areas, for more accurate postoperative evaluations. This study aims to investigate the
efficacy of OCT on periodontal tissues in animals by comparing the healing effects of laser therapy
with those of conventional surgical instruments. Methods: Six rabbits underwent periodontal surgery
using a laser, scalpel, and punch to perform an apically positioned flap on the mandibular anterior
incisors and to create a tongue ulcer on the dorsal surface of the tongue. Visual and OCT evaluations
were conducted on days 1, 2, 3, 7, and 14. Results: In periodontal surgery, the laser exhibited slightly
faster healing compared to other methods. In tongue ulcer formation, the scalpel and punch groups
demonstrated slightly faster healing than that of the laser. However, both methods ultimately showed
similar healing outcomes. Conclusions: In the dental field, OCT is emerging as a valuable tool for
assessing healing, including early stages of healing, in periodontal therapy.

Keywords: dental laser system; optical coherence tomography; periodontal healing

1. Introduction

Several periodontal surgical methods have been proposed to treat periodontitis, but
further evaluation of these treatments remains crucial. Postoperative evaluations typically
rely on the symptoms of the patient, radiographic imaging, and clinical examinations.
However, superficial assessments and indirect radiographic evaluations make it challenging
to accurately assess changes in soft tissue healing. Histological evaluation is currently the
most accurate method for assessing soft tissue healing patterns [1,2]. However, performing
histological evaluation on all patients is impractical, highlighting the need for a more
convenient method.

The use of laser systems in periodontal treatment is becoming more common. Various
positive results indicate that lasers can facilitate easier and faster removal of granulation

Appl. Sci. 2024, 14, 8854. https:/ /doi.org/10.3390/app14198854

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14198854
https://doi.org/10.3390/app14198854
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-3177-8005
https://orcid.org/0000-0001-8893-5369
https://orcid.org/0000-0002-2793-7667
https://orcid.org/0000-0002-2701-4854
https://orcid.org/0000-0003-4184-3656
https://orcid.org/0000-0002-1838-7229
https://doi.org/10.3390/app14198854
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14198854?type=check_update&version=1

Appl. Sci. 2024, 14, 8854

20f12

tissue compared to traditional methods using a blade [3,4]. Lasers are also effective in
treating peri-implantitis [5,6], making this an emerging field of research. Evaluating the
healing outcomes of periodontal surgery with laser systems is crucial for their effectiveness.

Optical coherence tomography (OCT) is a valuable imaging device that provides
optical cross-sectional images of biological tissues. Initially used in ophthalmology to
examine microstructures, including the retina [7], OCT has also been applied to study
skin regeneration and re-epithelialization [8,9]. Ongoing efforts were observed to extend
its use to various other fields [10,11]. In dentistry, OCT is now used to measure hard
tissues such as dental caries, cracks, and calculus [12-15]. Efforts are being made to
apply OCT in periodontal areas, including gingival sulcus, tissue thickness, and biological
width [16-20]. Based on these efforts, OCT is also being introduced as a diagnostic tool
in dentistry, emerging as a highly useful evaluation method. This imaging system uses
near-infrared laser light, eliminating the risk of radiation exposure. Furthermore, this
modality can create high-resolution, real-time cross-sectional images chair-side. Therefore,
OCT is proposed as a tool that can perform postoperative evaluations more simply and
accurately than histological and radiographic methods. To properly evaluate periodontal
treatments, supplementary examination methods are needed alongside radiographic and
clinical evaluations.

Therefore, with the hypothesis that using OCT to assess periodontal tissue provides a
more direct indication of healing in real time, this study aims to investigate the effectiveness
of OCT by comparing the healing patterns of laser treatment and general surgical tools in
the periodontal tissue of animal models.

2. Materials and Methods
2.1. Materials

A laser device (Kyungpook National University, SaeshinJeongmil, Daegu, Republic
of Korea), scalpel (#15 blade, Carl Martin, Solingen, Nordrhein-Westfalen, Germany), and
tissue punch (Disposable Biopsy dermal punches, KAI Medical, Honolulu, HI, USA) were
sealed in 15 mL tubes and stored in a refrigerator after UV disinfection (Figure 1).

Figure 1. (a) Laser device, (b) Scalpel, and (c) Tissue punch.

The optical coherence tomography (OCT) equipment was brought into the operating
room after alcohol disinfection and retained until the end of the experiment (Figure 2).

Figure 2. OCT equipment.

The animals used for the experiment were rabbits of the New Zealand White (NZW)
strain and consisted of six males over 3 kg. The animals were acclimatized for at least
7 days after acquisition, observed for general symptoms, and confirmed to be healthy
before use. All experiments were conducted at the K-MEDI Hub Preclinic Center by the
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Kyungpook National University Industry-Academic Cooperation Foundation. The experi-
mental procedures were approved by the Institutional Animal Care and Use Committee
(Approval number: KMEDI-22090202-00).

2.2. Methods
2.2.1. Apically Positioned Flap

The experiments were conducted using six rabbits (numbers #1101 to #1106). After
measuring their body weight, anesthesia was administered with Ketamine (35 mg/kg,
IM)/Rompun (5 mg/kg/IM). Furthermore, an apically positioned flap (APF) was created
on the left side of the lower anterior teeth of the rabbit using a scalpel and on the right
side using a laser in a contralateral manner (Emission Mode: CW (Continuous Wave) Pulse
10 Hz, Pulse 100 Hz, Pulse 8 kHz). A scalloping incision was made from the gingival
margin to the alveolar crest, and a vertical incision was made to the mucogingival junction
from the gingival margin at the line angle of the lower anterior teeth. Subsequently, a
partial-thickness flap was elevated using a periosteal elevator for blunt dissection. Once
the flap was sufficiently mobile to be moved apically, it was sutured and secured to the
periosteum. After suturing, meloxicam (0.2 mg/kg, SC) and gentamicin (5 mg/kg, SC)
were administered for 3 days (Figure 3).

Figure 3. (a,b,e) Apically positioned flap using a scalpel and (c,d,f) laser.
2.2.2. Tongue Ulcer

The same rabbits were used for additional experiments. After measuring their
body weights, anesthesia was administered using Ketamine (35 mg/kg, IM)/Rompun
(5 mg/kg/IM). Two ulcers were created on the dorsal surface of the tongue using a tis-
sue punch and laser with 6 mm diameter and 1 mm depth. Without additional sutures,
meloxicam (0.2 mg/kg, SC) and gentamicin (5 mg/kg, SC) were administered for 3 days
(Figure 4).

wk '-
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Figure 4. (g,h) Tongue ulcer formation using tissue punch and (i,j) laser. (k) Two ulcer formations
and (1) OCT scanning.
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2.3. Evaluation

Daily observations were conducted to monitor specific symptoms and check for
mortality, with any abnormalities recorded separately. Photographs of the application area
were taken and documented on days 1, 2, 3, 7, and 14 after the procedure. Two experienced
practitioners used the Early Healing Score (EHS) to visually assess the initial healing process
of the APF (Figure 5) [21,22]. The EHS consists of three parameters: clinical signs of re-
epithelization (CSR), clinical signs of hemostasis (CSH), and clinical signs of inflammation
(CSI). For tongue ulcers, the Healing index of Landry, Turnbull, and Howley (LTH) was
used for assessment [23]. Moreover, OCT scans were performed on days 0, 1,2, 3,7, and 14
after the procedure. The OCT images were captured using Swept Source-OCT equipment
(Thorlabs, Newton, NJ, USA) with a central wavelength of 1300 nm, A-scan Rate of 100 kHz,
depth resolution of 7 um, and lateral resolution of 14 um. The region of interest (ROI) was
8§ mm x 8 mm.

Parameter Description Points
CSR Merged incision margins 6
Incision margins in contact 3
Visible distance between incision margins 0
CSH Absence of fibrin on the incision margins 2
Presence of fibrin on the incision margins 1
Bleeding at the incision margins 0
csl Absence of redness along the incision length 2
Redness involving <50% of the incision length 1
Redness involving >50% of the incision length and/or pronounced swelling 0

Maximum total score: 10

EHS: Early Wound Healing Score, CSR: clinical signs of re-epithelialization, CSH: clinical signs of haemostasis, CSI: clinical signs of inflammation.

Figure 5. EHS used for the assessments.

2.4. Statistical Analysis

All data were analyzed using statistical software (SPSS ver. 25.0; IBM, Chicago, IL,
USA) (e = 0.05). To analyze the agreement between the two raters, intraclass correlation
coefficient (ICC) values were calculated, and Cohen’s Kappa test was used to assess the
reliability. The normal distribution of the data was investigated through the Shapiro-Wilk
test. As the data were normal, the differences between the groups were analyzed using a
paired t-test and a one-way ANOVA test.

3. Results
3.1. Visual Evaluation

One rabbit died on the 8th day after surgery. On day 1 after the APF procedure, the
left and right sides showed clear scarring, with no differences observed between the laser
and other surgical tools. Starting at day 2, all scalpel-treated rabbits exhibited relatively
rapid healing. By the 7th day, the scalpel-treated sites were mostly healed. The laser-treated
ulcerated area achieved hemostasis immediately after application; however, the wound
remained significantly larger than the tissue punch-treated sites. On the 7th day of ulcer
formation, the tissue punch-treated sites were mostly healed, while the laser-treated site
had a large scar. On the 14th day after ulcer formation, partial healing was observed at the
laser-treated sites, but scars remained (Figure 6).
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Figure 6. (A) On day 1 after APF, carbonization was observed through laser treatment under the
right incisor. (B) On day 7, scalpel-applied sites were mostly healed. (C) At day 7, a difference
in healing speed was observed between the laser and punch treatments for tongue ulcers (black
circle: punch-treated, red circle: laser-treated) (D) On day 14, punch-treated sites were healed with
small scars, whereas laser-treated sites showed large scars (black circle: punch-treated, red circle:
laser-treated).

3.2. EHS and LTH Score

First, the intraclass correlation coefficient (ICC) values were evaluated to analyze
the agreement of results between two evaluators using Cohen’s Kappa test [24,25]. The
ICC value was 0.936, indicating excellent agreement between the evaluators (p < 0.001).
Regarding the difference in the initial healing response of the two methods for APF, the
laser showed a higher healing score than that of the scalpel in the first 3 days, with statistical
significance (). However, after 7 and 14 days, no significant differences were observed
between the two methods. Additionally, no statistical difference was observed in the overall
effectiveness of the two methods (1), while statistical significance was found in healing
changes over time within both methods (tt1) (Table 1).

Table 1. Comparison of early wound healing scores between two treatment methods for apically
positioned flap operation.

95% Confidence

Day Treatment Mean SD Interval Minimum Maximum t pt ptt
Lower Upper
Laser 4.75 1.21 3.9778 5.5222 3 6
D1 2.932 0.014*
Scalpel 3.08 1.83 1.9194 4.2473 1 7
Laser 6.25 1.54 5.2685 7.2315 4 9
D2 3.026 0.012 *
Scalpel 5.16 1.46 4.2347 6.0986 3 9
Laser 791 1.72 6.8176 9.0158 4 9
D3 2.31 0.041 * 0.178
Scalpel 6.75 2.26 5.3132 8.1868 3 10
Laser 8.33 2.05 7.0247 9.642 4 10
D7 2 0.071
Scalpel 7.66 1.87 6.4754 8.8579 4 10
Laser 9 1.56 7.8816 10.1184 5 10
D14 —-1.152 0279
Scalpel 9.3 1.56 8.179 10.421 5 10
Laser <0.001 *
pttt
Scalpel <0.001 *

* Significant difference between two treatment methods determined by a paired f-test, p < 0.05. t Indicates
statistical significance using a paired t-test comparing the two treatment methods on specific days. tt Indicates
statistical significance using repeated measures ANOVA evaluating the overall effect of the two treatment methods
across the entire period. 11 Indicates statistical significance using repeated measures ANOVA analyzing changes
over time within each treatment method.

For tongue ulcer operation, no significant difference was observed between the meth-
ods during the first 2 days. However, from day 3 onward, a significant difference emerged
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between the methods (t). Overall, the healing response with the punch method was signifi-
cantly better than that of the laser method (t1). Additionally, significant differences were
found in healing changes over time within both methods (+11) (Table 2).

Table 2. Comparison of early wound healing scores between two treatment methods for tongue
ulcer operation.

95% Confidence

Day Treatment Mean SD Interval Minimum Maximum t pt ptt
Lower Upper
Laser 2.08 0.28 1.8999 2.2667 2 3
D1 —0432 0.674
Punch 2.16 0.57 1.7998 2.5335 1 3
Laser 2.58 0.66 2.1586 3.0081 2 4
D2 —0321 0.754
Punch 2.66 0.88 2.1027 3.2306 1 4
Laser 2.83 0.57 24665 3.2002 2 4 0.006 *
D3 —2.569 0.026*  (Laser<
Punch 3.33 0.65 29195 37472 2 4 Punch)
Laser 325 0.45 2.9626 3.5374 3 4
D7 —7.091 <0.001*
Punch 4.58 0.51 4.2562 4.9105 4 5
Laser 3.7 0.48 3.3544 4.0456 3 4
D14 —8.315 <0.001 *
Punch 5 0 5 5 5 5
Laser <0.001 *
p T
Punch <0.001 *

* Significant difference between two treatment methods determined by a paired t-test, p < 0.05. t Indicates
statistical significance using a paired ¢-test to compare the two treatment methods on specific days. tt Indicates
statistical significance using repeated measures ANOVA to evaluate the overall effect of the two treatment methods
across the entire period. t11 Indicates statistical significance using repeated measures ANOVA to analyze changes
over time within each treatment method.

3.3. OCT Analysis
3.3.1. Apically Positioned Flap

Three observation areas were selected and monitored: the area of the vertical incision,
the open wound area above the sutured line after the APF, and the junction area of the flap
after the APF procedure (Figure 7).

Figure 7. Components of OCT analysis include (1) the area of the vertical incision, (2) the area of the
open wound above the sutured line (red arrows) after the apically positioned flap (yellow arrows),
and (3) the area of the flap junction after the apically positioned flap (blue arrows).

In OCT images, periodontal structures were clearly depicted. The oral epithelium
emerged darker than the underlying connective tissue owing to lower scattering and signal
intensity. The connective tissue is characterized by its brighter structure and high signal
intensity. Similarly, the alveolar bone appeared darker owing to its lower signal intensity.
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Laser

On days 0 and 1 after surgery, inflammatory tissues were observed. These tissues
could be distinguished by the absence of the normal internal structures found in healthy
gingival tissue. By days 2 and 3, the gingival tissue began to recover, showing the formation
of normal tissue structures and regaining its thickness. By day 7, mild inflammation tissues
were observed. By day 14, the gingival tissue showed almost complete recovery (Figure 8).

Figure 8. (A) OCT image on day 1 after apically positioned flap with laser. Inflammatory tissues
were dominant at the gingival level below the teeth (white arrows). (B) OCT image on day 3 shows
the inflammatory response and recovery phase. (C) OCT image on day 14 shows the normal gingival
tissue structure [19]. (En: Enamel, JE: Junctional epithelium, Ep: Gingival epithelium, CT: Connective
tissue, AB: Alveolar bone).

Scalpel

On days 0 and 1, inflammatory tissues were present; however, the original structure
showed minimal abnormalities. By days 2 and 3, gingival recovery was progressing
rapidly. By days 7 and 14, the healing of the gingival tissue was comparable to that of the
laser-treated models (Figure 9).

Figure 9. (A) OCT image on day 1 after apically positioned flap with a scalpel. Inflammatory tissues
were observed in the gingival area while maintaining its shape (white arrow). (B) OCT image taken
on day 3 shows an inflammatory response, with the recovery phase beginning rapidly. (C) OCT
image taken on day 14 reveals the restoration of normal gingival tissue structure (En: Enamel, JE:
Junctional epithelium, Ep: Gingival epithelium, CT: Connective tissue, AB: Alveolar bone).
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3.3.2. Tongue Ulcer
Laser

On days 0 and 1 after ulcer formation, large surgical defects with reduced soft tissue
thickness were observed.

By days 2 and 3, inflammation was present, along with rapid healing. By days 7 and
14, the tissue showed nearly complete healing (Figure 10).

-,
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Figure 10. OCT image with en face view of the ulcer by laser (orange line: the side where the OCT
image acquired): (A) On day 0, a few amounts of blood with ulcerative wounds were found (white
circle). (B) On day 3, rapid healing and tissue volume recovery are observed (green circle). (C) By
day 14, the tissue shows nearly complete healing with a visible scar.

Tissue Punch

On days 0 and 1 after ulcer formation, blood was present in the ulcerative wound,
resulting in a shallower penetration depth compared to those in other areas. On days 2 and
3, minimal blood remained, and the healing phase progressed rapidly. By days 7 and 14,
the wound had completely healed (Figure 11).

Figure 11. OCT image with en face view of the ulcer by scalpel (orange line: the side where the OCT
image acquired): (A) On day 0, blood was present at the ulcerative wound (white circle). (B) By day 2,
rapid healing was observed. (C) By day 14, the wound had completely healed without any scarring
(green circle).
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4. Discussion

Based on visual assessments, including EHS and LTH scores, rapid healing was
observed in all the groups. The conventional surgical tool group exhibited a more aesthetic
healing pattern and was slightly faster than that of the laser group. However, statistical
analysis revealed that while the laser group demonstrated good initial hemostasis in
periodontal surgical procedures, it also resulted in carbonization and unaesthetic scarring,
particularly in the tongue ulcer sites. This may be owing to the laser intensity or other
conditions not being perfectly suited to the animal or thin biotype. Additionally, the heat
generated during the procedure may have deformed the surrounding tissue, affecting the
healing rate [26-28]. In periodontal surgery and tongue ulcer formation, differences in
healing patterns were observed owing to variations in laser intensity and application time,
which affected different tissue depths.

Histological observation is generally the standard method for observing and evalu-
ating healing patterns in dental research [29]. However, collecting and storing samples is
technically challenging and time-consuming. Additionally, sample deformation and size
limitations can lead to inaccurate evaluations, as they do not allow for the assessment of
the entire soft tissues. Moreover, radiographical evaluation, which is commonly used in
clinical practice, has limitations, including difficulty in observing soft tissue, exposure to
radiation, and variability in results.

OCT, originally used for ophthalmological and dermatological evaluations, is now
emerging as a valuable tool in dental field applications. Beyond assessing hard tissues,
OCT is increasingly being used to evaluate soft tissues, including biologic width or wound
epithelization. In periodontal treatments, evaluating the structure of periodontal tissue is
crucial. Factors such as gingival contour and thickness, gingival and sulcular epithelium,
free and attached gingiva, inner connective tissue attachments, and alveolar bone should
be assessed before any treatment [16-18]. Unlike histological and radiographical methods,
OCT has the advantage of using only infrared lights, which prevents data distortion and
allows for comprehensive observation of tissue changes. High-resolution OCT imaging en-
ables detailed assessment of initial conditions, presence of inflammation, lesion progression,
healing extent, and long-term follow-up.

Controlling inflammation is crucial for evaluating the outcome of periodontal therapy.
Conventional methods for detecting inflammation include visual assessments of redness,
edema, and suppuration, bleeding on probing, calculus detection with exploratory devices,
and radiographs [30]. However, visual and manual assessments are subjective and limited
in their ability to detect detailed changes. Furthermore, radiographic evaluation focuses on
detecting bone loss rather than assessing soft tissue, making it challenging to evaluate early
inflammation or healing. This study demonstrated changes in the extent of inflammation
during the early healing period. In APF cases, both laser-treated and scalpel-treated groups
showed an immediate increase in inflammatory tissues lacking normal basement structure.
By day 3, the scalpel-treated group exhibited significant inflammation resolution and
restoration of normal tissue structure. In the laser-treated groups, remnants of inflammatory
tissues were still present on days 3 and 7 in some cases; however, by day 14, healing
occurred to a similar extent as in the scalpel-treated groups, although at a faster rate. In
the tongue ulcer cases, both laser-treated and punch-treated groups exhibited bleeding in
response to ulcer formation. However, the laser-treated groups experienced less bleeding,
indicating the hemostasis ability of the laser. By day 7, the punch-treated groups showed
significant healing with small scars, whereas the laser-treated groups showed slower
healing and larger scars. Based on these results, conventional surgical tools promote a
faster healing process compared to laser treatment. Moreover, laser treatment can cause
large scars, likely owing to carbonization, although its early hemostatic ability is also
related to this process. Additionally, real-time cross-sectional images of the OCT enable the
estimation of inflammatory conditions at each stage of healing.

Additionally, gingival thickness is also assessed in the periodontal area. At inflamma-
tion sites, the immune response increases blood flow with angiogenesis [31,32], leading
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to increased volume, structural changes, and altered texture [33]. Another challenge is
recognizing these changes and determining in real time whether they are resolving. In this
study, all the groups showed recovery of gingival thickness to normal structure during the
early healing period. Initially, volume defects with rough texture indicated abnormalities.
In APF cases, significant volume recovery was observed on day 7 in the scalpel-treated
groups, while the laser-treated groups showed similar recovery by day 14. In tongue ulcer
cases, both groups exhibited significant volume recovery by day 7. However, a reduction
in inflamed gingival thickness was discovered in all the groups across both types of cases.
Variations in gingival thickness should be considered as an important factor in early healing
evaluation [34-36].

Gingival thickness is crucial not only for healing but also for aesthetic periodontal
treatments, such as gingival augmentation and root flap surgery. A three-dimensional
assessment of the gingival phenotype is essential in these contexts [37]. To achieve pre-
dictable outcomes, differentiating between the epithelial and connective tissue layers and
accurately measuring their thickness is necessary. Additionally, bleeding control at the
donor site can be improved by identifying the locations of palatal vessels.

Observing blood vessels around periodontal tissues is also important. When the
inflammatory-immune system activates, one of the most noticeable phenomena is angio-
genesis, which can influence the healing process. Blood vessels are typically distinguished
from connective tissue by their round or oval shape and lower signal intensity [20]. How-
ever, more advanced techniques are available to verify this component, such as OCT with
functional angiography (OCT-A) [38,39]. OCT-A can quantify vessel density and the num-
ber of blood vessels, aiding in the assessment of inflammation resolution. Additionally, as
previously mentioned, it can be particularly useful in delicate surgeries with bleeding risks
by visualizing blood vessels.

As mentioned above, the use of OCT is a simple and harmless way to observe the
presence of inflammation, soft tissue thickness, and vascularization during the early healing
process of periodontal tissue. However, OCT also has limitations that need to be addressed.
OCT images became unclear beyond an approximate depth of 1.5 mm [20]. For biological
depth measurements, OCT images were approximately 0.41 mm shallower than those
obtained from histological calculations [40]. Additionally, the OCT system is less effective
at detecting the sulcus anatomy within the furcation, likely owing to its limited penetration
depth. To overcome these obstacles, increasing the center wavelength can enhance pene-
tration depth [41]. However, this approach may decrease the resolution of OCT images,
necessitating further developments to balance both the imaging depth and quality.

5. Conclusions

OCT is increasingly being adopted in the dental field as a safe, high-resolution, fast,
and accessible evaluation tool for periodontal conditions. It offers a simple but precise
method for assessing healing and it is expected to become even more valuable as it advances
to address its current limitations.
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