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Biofluorescence imaging as a valid alternative for dental calculus detection
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A B S T R A C T

Background: Dental calculus is a major contributor to periodontal disease, and its effective removal depends on 
accurate detection. This study aimed to evaluate the detectability of dental calculus using quantitative bio
fluorescence imaging (BFI) and to assess its diagnostic accuracy compared to white-light imaging (WLI) and 
conventional visual-tactile (VT) examination.
Methods: Ten adults were enrolled, and 100 tooth surfaces from the buccal side of maxillary molars and the ligual 
side of mandibular anterior teeth were examined at three sites (mesial, central, distal), yielding 300 sites. After 
excluding 15 unsuitable sites, 285 were analyzed. Each site was imaged using WLI and BFI with a 
biofluorescence-enabled intraoral camera (Qraypen CⓇ, AIOBIO, Korea). VT examination served as the reference 
standard, and sites were categorized as No calculus, Initial calculus, or Advanced calculus. Color difference (ΔE) 
and red biofluorescence intensity (ΔR) were measured. Diagnostic accuracy, including sensitivity, specificity, 
false-positive, and false-negative rates, was compared between imaging modalities.
Results: BFI showed significantly higher ΔE values than WLI, with values increasing by calculus severity (p <
0.001). ΔR also rose with accumulation: 2.75% (No calculus), 6.06% (Initial), 15.58% (Advanced). Detection 
accuracy improved with WLI + BFI versus WLI alone: sensitivity (0.84 vs. 0.61), specificity (1.00 vs. 0.91), and 
false-negative rate (16.1% vs. 38.7%).
Conclusion: Biofluorescence imaging enables more distinct detection of dental calculus than white-light imaging, 
with higher sensitivity and specificity. This method not only identifies calculus presence but also allows quan
titative assessment of its accumulation, enhancing diagnostic accuracy.

1. Introduction

Dental calculus is a calcified dental biofilm that forms within the oral 
cavity and adheres firmly to the surfaces of natural teeth and dental 
prostheses [1]. Its formation begins with bacterial attachment to the 
acquired pellicle, followed by biofilm maturation and subsequent 
mineralization through the deposition of calcium and phosphate ions 
present in saliva [2]. During this process, various calcium phosphate 
crystals, including hydroxyapatite, are formed, and the calculus struc
ture becomes porous, incorporating pathogenic bacteria and endotoxins 
[1,3,4]. Due to these biological characteristics, dental calculus is not 
merely a mineralized deposit but serves as a reservoir of pathogenic 
microorganisms and inflammatory mediators. It acts as a significant 
secondary etiological factor that continuously irritates the gingival tis
sues and contributes to the onset and progression of periodontal disease 

[5].
Traditionally, dental calculus has been detected through visual in

spection, tactile examination, and radiographic imaging [6]. Among 
these, visual inspection is a simple method relying on the examiner’s 
observation of color and morphology with the naked eye. However, its 
accuracy is limited due to the subjective nature of the assessment and 
strong dependence on the examiner’s experience and skill level [7]. 
Additionally, the appearance of calculus varies depending on factors 
such as deposition duration, dietary habits, and oral hygiene, making it 
difficult to distinguish from sound tooth surfaces of similar color. It may 
also be confused with surface gloss or other deposits, further compli
cating accurate identification [2,6]. Tactile examination involves the 
use of a periodontal probe to physically detect the rough surface of 
calculus and is useful for identifying subgingival deposits not visible to 
the eye [8]. However, this method depends on the clinician’s tactile 
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sensitivity, which can lead to variability and inconsistency in results [8,
9]. Radiographic examination is effective for detecting calculus in 
non-visible areas, but is limited in identifying fine deposits, cannot 
detect calculus on buccal or lingual surfaces, and requires a high level of 
interpretative skill for accurate diagnosis [9,10]. Despite their clinical 
utility, these conventional methods are primarily qualitative and limited 
in objectivity and in quantitatively assessing calculus accumulation. 
Early detection and quantitative evaluation are essential for preventing 
periodontal disease; however, existing methods are particularly inade
quate for detecting early-stage calculus.

To overcome the limitations of conventional detection methods, 
biofluorescence technology has recently been introduced in dentistry as 
a noninvasive imaging tool to improve diagnostic accuracy and monitor 
treatment progress [11]. This technique is based on the principle that 
oral tissues absorb blue visible light in the wavelength range of 
approximately 400–450 nm and subsequently emit fluorescence at 
longer wavelengths (green or red) as the energy decreases [12–14]. 
Dental calculus, in particular, is not merely a mineralized structure but 
also contains bacterial metabolites such as porphyrins, which emit red 
biofluorescence in the 600–700 nm [15]. This biofluorescence behavior 
was previously reported in a spectroscopic study, which confirmed 
strong emission from dental calculus under short-wavelength excitation 
[16]. In contrast, sound tooth structures exhibit green biofluorescence 
between 460 and 560 nm, allowing for clear differentiation between the 
calculus and surrounding tissues. Therefore, calculi that may be difficult 
to identify visually or through tactile examination can be objectively 
detected using red biofluorescence patterns. Biofluorescence technology 
has the potential to reduce the examiner-dependent variability associ
ated with conventional methods and compensate for the challenges of 
detecting early-stage calculus. Because the biofluorescence character
istics of dental calculus allow visualization of its distribution and 
accumulation in a quantifiable manner, this technique may enhance the 
diagnostic accuracy of calculus detection compared to traditional 
methods [17].

However, existing studies have primarily focused on analyzing the 
red biofluorescence characteristics of dental biofilm [18,19], while 
quantitative evaluations of the biofluorescence intensity or distribution 
of dental calculus itself remain limited [15,18,20]. In addition, most 
previous studies on calculus detection have relied on qualitative as
sessments of its presence or absence, resulting in diagnostic outcomes 
still largely dependent on the clinician’s subjective judgment [21,22]. 
Therefore, it is necessary to objectively and quantitatively analyze the 
inherent biofluorescence characteristics of dental calculus and to 
develop a new detection method applicable in clinical practice based on 
these findings [23,24]. This approach may enable more objective and 
intuitive detection of calculus, helping minimize unnecessary in
terventions and facilitating efficient deposit removal—ultimately 
improving the efficiency of scaling procedures and the overall quality of 
periodontal treatment.

Therefore, this study aimed to investigate whether biofluorescence 
technology can be used to assess both the presence and accumulation 
level of dental calculus. Accordingly, color differences between calculus 
and sound tooth structures were analyzed and compared between white- 
light and biofluorescence images. In addition, based on visual-tactile 
examination results, the diagnostic accuracy of calculus detection was 
compared between assessments using white-light images and those 
based on biofluorescence evaluation.

2. Materials and methods

2.1. Study design

This study was conducted to quantitatively analyze the color char
acteristics and biofluorescence response of dental calculi to evaluate the 
diagnostic accuracy and clinical applicability of biofluorescence tech
nology for calculus detection. This study was conducted from July 2020 

to June 2021 at the Clinical Dental Hygiene Laboratory of a university in 
Seoul, Republic of Korea. This study was approved by the Institutional 
Review Board (IRB No. 116286–202006-HR-02) and conducted in 
accordance with the ethical principles of the Declaration of Helsinki.

Sites with visible calculus in the oral cavity of participants meeting 
the inclusion criteria were imaged using a biofluorescence-based device 
to obtain both white light and biofluorescence images. Two trained 
examiners performed visual tactile (VT) examinations to determine the 
presence or absence of calculi. Based on the VT results, each site was 
classified into one of the three groups according to the degree of calculus 
accumulation: No calculus, Initial calculus, or Advanced calculus. Color 
differences (ΔE) and biofluorescence parameters (ΔR) were calculated 
and compared across the three groups. VT examination was used as the 
gold standard to evaluate the diagnostic accuracy of calculus detection 
using both white light and biofluorescence images (Fig. 1).

2.2. Participants selection

Participants were healthy adults aged 19–65 years who had no sys
temic diseases and voluntarily agreed to participate after receiving both 
written and verbal explanations of the study’s purpose and procedures. 
Eligible participants had 28 natural teeth, excluding third molars, and 
had not undergone scaling or calculus removal within the past year. The 
exclusion criteria included the use of antibiotics within one month prior 
to the study, pregnancy or lactation, presence of severe oral pathological 
conditions (e.g., oral cancer or significant inflammation), advanced 
periodontal disease, or extensive dental caries.

2.3. Selection of teeth and evaluation sites

A preliminary oral examination was conducted on 25 initially 
recruited participants (21 males and 4 females; mean age: 22.6 ± 6.2 
years). Of these, 10 participants (7 males and 3 females; mean age: 22.8 
± 6.8 years) were ultimately selected based on the absence of restora
tions on the evaluation teeth and fulfillment of the inclusion criteria. The 
target teeth were chosen from regions adjacent to salivary gland open
ings—areas prone to active mineral deposition and often missed during 
routine oral hygiene. Accordingly, 10 natural teeth were selected per 
participant: the maxillary right and left first and second molars, and the 
mandibular right and left central incisors, lateral incisors, and canines. 
From these, the buccal surfaces of the maxillary molars and the lingual 
surfaces of the mandibular anterior teeth—sites with a high prevalence 
of calculus formation—were designated as evaluation areas, yielding 
100 tooth surfaces (40 maxillary and 60 mandibular anterior lingual 
surfaces). Each surface was further divided into three sections (mesial, 
central, and distal) based on anatomical landmarks, resulting in 300 
evaluation sites for analysis. The presence or absence of calculus at each 
site was determined by VT examination, followed by quantitative 
analysis.

2.4. Acquisition of calculus images

Calculus imaging was performed under standardized conditions by a 
single examiner, following a consistent protocol. Prior to imaging, tooth 
brushing was performed to remove food debris, material alba, and 
dental biofilms, thereby minimizing external factors that could affect the 
analysis. Using the Qraypen CⓇ (AIOBIO, Seoul, Republic of Korea), 
white-light (WLI) and biofluorescence images (BFI) were captured 
sequentially. The device automatically captured images in sequence 
using an autofocus function. First, the white LED was activated to ac
quire the WLI. Then, a short-wavelength excitation light centered at 405 
nm was used to acquire the BFI [25,26]. This visible blue-violet light 
induces red biofluorescence from calculus, enhancing visual differenti
ation. The camera was positioned as perpendicular to the tooth surface 
as much as possible to ensure proper visualization of the mesial, central, 
and distal areas of each surface. All images were acquired with the 
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participants seated in a dental unit chair within the same clinical labo
ratory. Interference from ambient light was minimized using blackout 
curtains and blocking external illumination. The soft tissues and lips 
were retracted using a cheek retractor and dental mirror, and moisture 
was removed using a 3-way syringe to enhance image clarity.

2.5. Visual-tactile (VT) examination

Following image acquisition, two experienced examiners indepen
dently performed VT examinations using a periodontal probe. The 
presence and distribution of calculus at each evaluation site were 
recorded. The location of calculus deposits was documented using a 
custom-designed “calculus drawing chart,” developed for this study. 
This chart reflected the anatomical structure of the tooth, dividing each 
surface into three regions—mesial, central, and distal—to allow precise 

recording of localized calculus distribution. In cases where the exam
iners’ assessments differed, a consensus process was conducted to 
resolve discrepancies and ensure consistency and reliability in the final 
evaluation results.

2.6. Classification of calculus

Previous studies on calculus detection have often relied on either 
visual inspection or tactile examination alone [6,21,23]. In contrast, the 
present study employed a combined VT examination to achieve a more 
accurate assessment. Based on the VT results, the degree of calculus 
accumulation was classified into three categories according to opera
tional definitions: ‘No calculus,’ ‘Initial calculus,’ and ‘Advanced cal
culus.’ The VT examination results obtained through this procedure 
were established as the gold standard in this study and served as the 

Fig. 1. Flow diagram of the dental calculus quantification process.

Fig. 2. Visual-tactile (VT) classification of dental calculus with representative images and tactile chart annotations. Black arrows indicate the location of the calculus 
on the tooth surface as confirmed by VT examination.
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reference for the subsequent quantitative analysis and comparison of 
detection accuracy. The definitions of each calculus category, along with 
representative examples of WLIs and VT chart recordings, are presented 
in Fig. 2.

2.7. Image selection and area of interest (AOI) designation

A dataset was constructed by selecting WLIs and BFIs that matched 
the anatomical structure of the gold standard chart to quantitatively 
analyze the color difference between dental calculus and sound tooth 
surfaces based on the presence or absence of calculus. The selected 
images were cropped and aligned according to the chart structure, and 
tooth positions were standardized for consistent use in subsequent an
alyses (Fig. 3). For each participant, 10 WLIs were collected under white 
light and 10 BFIs were collected under biofluorescence, resulting in a 
total of 20 images per subject. Each tooth surface was divided into three 
regions—mesial, central, and distal—yielding 300 evaluation sites. Area 
of interest (AOIs) were designated using the ImageJ software (version 
1.51j, National Institutes of Health, Bethesda, MD, USA). Based on the 
gold standard chart, patches were placed over regions with confirmed 
calculi and saved as AOIs. The same AOIs were then applied to both the 
WLIs and BFIs. For the sound areas, adjacent calculus-free regions were 
selected and the patch lengths matched those of the calculus areas. To 
ensure consistency, the AOIs were designated within the same surface, 
while considering the optical conditions and surface characteristics.

2.8. Color difference analysis

The CIELAB color space system was used to quantitatively analyze 
the color differences between the calculus and sound tooth surfaces in 
both WLIs and BFIs [27,28]. For each area of interest (AOI), L* (light
ness), a* (red–green), b* (yellow–blue) values were extracted based on 
predefined analysis patches. The same AOIs were applied to both WLIs 
and BFIs to ensure consistency. Color difference (ΔE) between the two 
regions was calculated using the following formula [28,29]: 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
L∗

calculus − L∗
sound

)2
+
(
a∗

calculus − a∗
sound

)2
+
(
b∗

calculus − b∗

sound
)2

√

A ΔE value of 1 or higher is generally perceptible to the human eye, 
and in dental clinical settings, a value of ΔE ≥ 3.7 is commonly 
considered a clinically meaningful color difference [30,31]. In this 
study, ΔE values were calculated separately for WLIs and BFIs. In 

addition, for the BFIs, a red biofluorescence intensity difference (ΔR) 
was also computed to reflect the relative strength of red biofluorescence 
[28,32]. To calculate ΔR, red (R) and green (G) values were extracted 
from each AOI in the RGB color space, and the difference in the 
red-to-green ratio between the calculus and sound regions was calcu
lated using the following formula: 

ΔR (%) =
(R/G)calculus − (R/G)sound

(R/G)sound
× 100 

2.9. Image assessment for calculus detection

To compare the performance of image-based calculus detection, two 
conditions were established: (1) white-light image (WLI) only and (2) 
WLI combined with biofluorescence image (BFI). Two examiners inde
pendently assessed the presence or absence of calculi under each im
aging condition. In cases of disagreement, the final detection result was 
determined by consensus. The consensus results were then compared 
with the gold standard, defined by VT examination, to evaluate the ac
curacy of calculus detection under each imaging condition. Based on this 
comparison, the differences in the detection accuracy according to the 
imaging method were analyzed.

2.10. Statistical analysis

Statistical analyses were performed to evaluate the results of color- 
difference measurements and image-based calculus detection. The 
color difference variables (ΔE and ΔR) extracted from WLIs and BFIs 
were tested for normality using the Kolmogorov-Smirnov test. As the 
data were not normally distributed, the Kruskal-Wallis test was used to 
compare ΔE and ΔR values among three calculus groups (No calculus, 
Initial calculus, and Advanced calculus). When statistically significant 
differences were found, post-hoc analysis was performed using the Mann- 
Whitney U test with Bonferroni correction. To evaluate image-based 
calculus detection, the results from two conditions—WLI only and WLI 
with BFI—were analyzed. Following independent assessments by two 
examiners under each condition, the consensus results were compared 
with the gold standard defined by the VT examination. Based on this 
comparison, the sensitivity, specificity, false-positive rate, and false- 
negative rate were calculated for each image assessment condition. All 
statistical analyses were performed using SPSS software (version 23.0; 
SPSS Inc., Chicago, IL, USA), with a significance level set at α = 0.05.

Fig. 3. Color difference analysis (ΔE, ΔR) of dental calculus using image patches defined by gold standard localization.
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3. Results

A total of 100 tooth surfaces were evaluated from 10 study partici
pants, and each surface was divided into three regions (mesial, central, 
and distal), resulting in 300 evaluation sites. Among these, 15 sites were 
excluded on the basis of the VT examination results because they were 
identified as dental biofilms rather than calculi. Finally, 285 sites were 
included in the final analysis. Of these, 55 sites (19.3%) were classified 
as having no calculi, whereas 230 (80.7%) were identified as having 
calculi. Among the calculus-positive sites, 89 (31.2%) were classified as 
initial calculi and 141 (49.5%) as advanced calculi according to the VT 
calculus classification criteria (Table 1).

On WLI, sites without calculus (No calculus) exhibited a smooth 
surface with retained gloss, and the color was consistent with the 
adjacent sound enamel areas (Fig. 4). Sites classified as Initial calculus 
showed surface characteristics similar to those of sound areas. In some 
regions, a slight loss of gross or suspected roughness was noted, but no 
distinct color differences were observed. In contrast, sites with 
Advanced calculus clearly displayed rough surfaces with visually 
distinct deposits in white or yellowish tones, forming defined 

boundaries. In BFI, Initial calculus sites showed localized red bio
fluorescence that was not visible under white light observation. 
Advanced calculus sites exhibit strong red biofluorescence in the 
calculus-affected areas, presenting a clear color contrast from the sur
rounding sound surfaces.

The ΔE value, a quantitative indicator of color difference between 
calculus sites and adjacent sound areas, showed statistically significant 
differences among the three VT calculus classification groups in both 
WLIs and BFIs (p < 0.001, Table 1). In WLIs, the Initial calculus group 
exhibited the highest ΔE value (4.21), and no statistically significant 
difference was found between the Initial and Advanced calculus groups. 
In contrast, in the BFIs, the ΔE values increased progressively from the 
No calculus group (3.20) to the Initial calculus group (5.88) and the 
Advanced calculus group (11.52), with all pairwise comparisons 
showing statistically significant differences (p < 0.001). Additionally, 
within each calculus group, ΔE values were higher in BFIs than in WLIs, 
and this difference tended to increase with the severity of calculus. 
Notably, in the Advanced calculus group, the ΔE value in BFIs was 
approximately three times higher than that in WLIs.

The ΔR value, a quantitative indicator of the difference in red bio
fluorescence intensity between calculus sites and adjacent sound areas, 
showed statistically significant differences among the three VT calculus 
classification groups in BFIs (p < 0.001, Table 1). The ΔR value was 
lowest in the No calculus group (2.75%) and increased progressively in 
the Initial calculus (6.06%) and the Advanced calculus group (15.58%). 
Compared to the No calculus group, the ΔR value was approximately 2.2 
times higher in the Initial calculus and 5.7 times higher in the Advanced 
calculus group than in the No calculus group. In addition, as the degree 
of calculus accumulation increased, the range of ΔR values tended to 
widen, indicating greater variability in red biofluorescence intensity 
within the Advanced calculus group.

A comparison of the calculus detection performance between the 
WLI-only condition and the combined WLI and BFI conditions revealed a 
clear difference between the two approaches (Table 2). Among the 230 
calculus-positive sites identified based on the VT gold standard, 193 
(83.9%) were detected under WLI with BFI, whereas only 141 (61.3%) 
were detected under WLI-only. Of the 55 calculus-free sites, false- 

Table 1 
Color difference (ΔE) according to calculus classification in white-light and biofluorescence images.

VT calculus classification N (%) White-light image Biofluorescence image

ΔE ΔE ΔR (%)

No calculus 55 (19.3) 2.68a 

(2.08, 4.14)
3.20a 

(2.63, 4.66)
2.75a 

(1.97, 4.12)
Initial calculus 89 (31.2) 4.21b 

(2.90, 5.81)
5.88b 

(4.33, 9.90)
6.06b 

(4.11, 12.48)
Advanced calculus 141 (49.5) 3.80b 

(2.49, 5.89)
11.52c 

(7.34, 18.15)
15.58c 

(9.25, 28.71)
P-value < 0.001 < 0.001 < 0.001

Data are median (first, third quartile) values.
Different letters (a-c) within the same column indicate significant differences between the calculus groups by the Kruskal-Wallis test and Mann-Whitney U test with 
Bonferroni post-hoc correction.
VT, visual-tactile examination.

Fig. 4. Representative white-light and biofluorescence images of teeth cate
gorized according to the visual-tactile (VT)-based calculus classification. Ar
rows indicate the evaluation sites on each tooth surface. The three categories 
were classified based on the VT gold standard.

Table 2 
Diagnostic performance by imaging modality for dental calculus detection.

Imaging 
modality

Detection performance

Sensitivity Specificity False-positive 
rate (%)

False-negative 
rate (%)

WLI-only 0.61 0.91 9.1 38.7
WLI with BFI 0.84 1.00 0.0 16.1

Calculus detection was based on the visual-tactile examination as the reference 
standard.
Sensitivity and specificity were calculated for each imaging modality.
WLI, white-light image; BFI, biofluorescence image.
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positive detections occurred at 5 sites (9.1%) under the WLI-only con
dition, whereas no false positives were observed under the WLI with BFI 
condition. The sensitivity and specificity of the WLI with BFI condition 
were 0.84 and 1.00, respectively. The false-negative rate was 16.1% for 
WLI with BFI and 38.7% for WLI-only, whereas the false-positive rates 
were 0.0% and 9.1%, respectively.

4. Discussion

This study aimed to quantitatively evaluate the presence and accu
mulation of dental calculus using biofluorescence technology and to 
examine the diagnostic accuracy and clinical applicability of bio
fluorescence image-based calculus detection by comparing it with 
white-light imaging. To address the limitations of conventional assess
ment methods, which primarily consider the quantity of calculus and 
overlook qualitative changes, calculus was operationally classified into 
initial and advanced stages. Traditional visual-tactile examination 
methods often fail to detect early-stage calculus immediately after 
deposition [6,33,34], thereby hindering early diagnosis and preventive 
intervention. In this study, calculus was categorized based on qualitative 
changes observed during formation and mineralization—particularly 
surface texture and color characteristics—and the efficacy of bio
fluorescence imaging in detecting not only advanced but also Initial 
calculus was evaluated according to this operational definition. Quan
titative analysis of color difference (ΔE) and red biofluorescence in
tensity (ΔR) revealed statistically significant differences in both 
variables according to the presence and severity of calculus in BFIs. 
These findings demonstrate that biofluorescence-based detection offers 
superior diagnostic performance compared to conventional visual and 
tactile examinations and may serve as a reliable and objective tool for 
calculus detection in clinical practice. Furthermore, this quantitative 
approach extends beyond the binary classification of calculus presence 
and proposes a novel diagnostic framework capable of stratifying and 
objectively assessing the condition of dental calculus. This represents a 
meaningful contribution from both academic and clinical perspectives.

In this study, an operational definition of dental calculus was 
established by classifying it into three categories—No calculus, Initial 
calculus, and Advanced calculus—based on the degree of accumulation. 
This classification was designed to enable a more refined evaluation of 
calculus and to systematically assess the sensitivity and specificity of 
biofluorescence-based detection. Previous studies have largely relied on 
binary assessments of calculus presence or absence, limiting their ability 
to detect early or marginal deposits. In contrast, the present study pro
poses a clinically relevant classification system based on parallel visual- 
tactile (VT) examinations that considers both the visibility and struc
tural characteristics of calculi. This operational definition served as a 
quantitative basis for comparing groups in the analysis of image-based 
ΔE and ΔR values, providing a foundation for objectively evaluating 
detection sensitivity according to calculus severity. Notably, the signif
icantly higher ΔR values observed in the Initial calculus group compared 
to the No calculus group suggest that biofluorescence technology has the 
potential to quantitatively detect early-stage calculus that may not be 
distinguishable through visual or tactile means. Furthermore, the 
highest ΔR values recorded in the Advanced calculus group support the 
validity of this classification system in reflecting the correlation between 
calculus accumulation and image-derived fluorescence signals. Overall, 
the operational definition employed in this study goes beyond simple 
presence or absence identification and offers a meaningful framework 
for differentiating between the maturity and qualitative characteristics 
of dental calculi. This may serve as a foundation for developing future 
diagnostic algorithms linked to the pathophysiological properties of 
calculus. Additionally, this classification system has practical implica
tions for both clinical and educational settings, where accurate detection 
and personalized feedback are essential for effective calculus 
management.

According to the findings of this study, tooth surfaces with calculus 

appeared primarily yellowish or whitish under WLIs, making it difficult 
to visually distinguish between Initial and Advanced calculus (Fig. 4). 
Consistent with this observation, the ΔE analysis under WLIs revealed no 
clear differences among the three calculus groups, and no statistically 
significant difference was found between the Initial and Advanced cal
culus groups (Table 1). Moreover, the ΔE values under WLIs were close 
to 3.7, the clinically accepted threshold for perceptible color differences, 
indicating that WLI alone has limited ability to quantitatively distin
guish the presence or severity of calculus [30,31]. In contrast, under 
BFIs, calculus-affected areas exhibited distinct red biofluorescence that 
clearly differentiated them from sound surfaces. The corresponding ΔE 
values increased significantly with the degree of calculus accumulation 
(Table 1). Notably, the ΔE value for the Initial calculus group was 
approximately three times higher under BFIs than under WLIs, sug
gesting the technique’s effectiveness in detecting early-stage deposits 
not easily visible to the naked eye. These results indicate that bio
fluorescence imaging enables not only the detection of calculus presence 
but also the quantitative differentiation of its accumulation level—based 
on the operational definition—reflecting qualitative differences in the 
deposit.

In BFIs, dental calculus is visualized as red biofluorescence. This 
study quantified the intensity of this fluorescence response by analyzing 
the ΔR value. The results showed that ΔR significantly increased with 
the degree of calculus accumulation, with the highest values observed in 
the advanced calculus group. Compared to the No calculus group, the 
ΔR value was approximately 2.2 times higher in the Initial calculus 
group and 5.7 times higher in the Advanced calculus group. Importantly, 
ΔR significantly distinguished Initial calculus from sound surfaces, 
suggesting that biofluorescence-based analysis can detect early-stage 
calculus that is often not identifiable through visual inspection alone. 
The primary cause of this red biofluorescence is porphyrin metabolites 
produced by late-colonizing bacteria during the heme biosynthesis 
pathway within oral biofilms [35,36]. These porphyrins emit strong red 
fluorescence when excited with blue light near 405 nm [37,38]. Since 
dental calculus is a calcified form of biofilm, the concentration of these 
fluorescent metabolites [39] progressively increases during its forma
tion and accumulation. The structural features of dental calculi were 
found to enhance the fluorescence signals by promoting the accumula
tion of porphyrin-based metabolites. Dental calculus is a mineralized 
structure composed of inorganic components, primarily hydroxyapatite, 
carbonate-substituted apatite, and organic matter [40,41]. Its porous 
architecture provides a favorable environment for the accumulation and 
retention of bacterial metabolites [5], which may become fixed or 
concentrated within the structure over time. In addition, the inorganic 
minerals deposited during calcification may serve as a matrix that ab
sorbs or stabilizes porphyrin molecules, thereby enhancing the intensity 
and persistence of the fluorescence response [15,20]. Therefore, the 
increase in ΔR reflects not only the presence of bacterial activity or 
biomass but also structural changes within the calculus and the retention 
of fluorescence-emitting metabolites. From this perspective, ΔR may 
serve as a potential indicator of calculus maturity and pathogenic 
accumulation [12,18,42,43].

In this study, the diagnostic accuracy of calculus detection under two 
image assessment conditions—WLI-only and WLI with BFI—was 
compared using the VT examination as the reference standard. The 
validity of the biofluorescence-assisted method was evaluated based on 
sensitivity, specificity, false-positive rate, and false-negative rate. The 
analysis demonstrated that the WLI with BFI condition provided supe
rior detection performance compared to that provided by WLI-only. 
Sensitivity for WLI with BFI was 0.84, approximately 1.4 times higher 
than that of WLI-only (0.61), and the false-negative rate was 16.1%, less 
than half that observed under the WLI-only condition (38.7%). Because 
red biofluorescence is selectively expressed at calculus sites in BFIs, the 
likelihood of visual confusion due to enamel color or anatomical fea
tures is greatly reduced. This was supported by a false-positive rate of 
0% under the WLI with BFI condition, indicating no misidentification of 
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sound surfaces as calculus. In contrast, the WLI-only condition showed a 
false-positive rate of 9.1%, likely resulting from visual misinterpretation 
of similarly colored tooth surfaces or anatomical shadows. This high
lights the limitations of WLI-only, particularly in detecting early-stage 
deposits such as Initial calculus, which often have indistinct borders 
and minimal visual contrast. Without adjunctive tactile input, achieving 
accurate detection in such cases is challenging. However, WLI with BFI 
enabled selective visualization of red biofluorescence even in Initial 
calculus, improving visual detectability. This was further supported by 
ΔR analysis, which showed significantly higher red biofluorescence in
tensity in Initial calculus than in sound surfaces. These findings provide 
scientific evidence that WLI with BFI improves the sensitivity and ac
curacy of calculus detection and can effectively compensate for the 
diagnostic limitations of WLI-only approaches.

This study is the first attempt to evaluate the quantitative potential 
and diagnostic accuracy of biofluorescence-based technology for the 
detection of dental calculi. Although these findings provide meaningful 
insights, several limitations should be acknowledged. First, definitive 
clinical thresholds for interpreting ΔE and ΔR values have not yet been 
established. In this study, the interpretation was based on the previous 
literature and the perception of color differences. Future studies are 
needed to determine clinically applicable cut-off values under diverse 
clinical conditions. Second, the analysis was limited to 285 areas of in
terest (AOIs) obtained from a relatively homogeneous sample. Caution 
should be exercised when generalizing these findings to broader pop
ulations or patients with varying clinical conditions. Third, this study 
used a cross-sectional design that does not capture longitudinal changes 
in calculus accumulation or responses to treatment over time. Addi
tionally, the influence of physical characteristics, such as hardness, 
thickness, and mineral content of the calculus, on the biofluorescence 
intensity was not considered. Further studies should explore the quan
titative relationships between the multidimensional properties of calculi 
and their biofluorescence responses. Lastly, although this study assumed 
that ΔR values may be associated with pathogenicity, this assumption 
was based on existing literature rather than direct microbiological evi
dence. To validate the use of ΔR as an indicator of pathogenic potential, 
future experimental and clinical studies should investigate its quanti
tative relationship with microbial composition and inflammatory 
markers.

This study provides foundational evidence supporting the use of 
biofluorescence imaging not only in clinical dentistry but also in pre
clinical dental hygiene education. The visual clarity of BFIs may enhance 
learners’ detection skills and contribute to the development of objective 
and reproducible assessment systems. This technology also holds 
considerable potential for expansion into digital educational content, 
simulation-based learning, and artificial intelligence–driven automated 
detection systems [44,45]. Future research should include large-scale 
studies reflecting diverse patient populations and real-world clinical 
environments, as well as investigations into correlations between the 
physical properties of calculus and its fluorescence response. Moreover, 
the clinical validity of ΔR as a predictive indicator of pathogenicity 
should be examined. As a starting point for such future research, the 
present study provides valuable insight by introducing a new paradigm 
for quantifying calculus detection and exploring its application in 
educational contexts.

5. Conclusion

This study demonstrated that biofluorescence imaging enables 
clearer differentiation between calculus-affected and sound tooth sur
faces than white-light imaging. Quantitative analysis using ΔE (color 
difference) and ΔR (red biofluorescence intensity) values allowed for the 
evaluation of fluorescence response according to the degree of calculus 
accumulation. Notably, biofluorescence imaging is effective in detecting 
early stage calculi that are difficult to identify visually. In addition, the 
incorporation of biofluorescence imaging improves the sensitivity and 

specificity of calculus detection, suggesting its potential as a more pre
cise diagnostic tool in clinical practice.

Clinical significance

Biofluorescence imaging enables clearer visual differentiation of 
dental calculus by highlighting color differences, allowing objective 
evaluation and improving diagnostic performance in both clinical 
practice and dental hygiene education.
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