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Abstract

Dental caries remains one of the most prevalent global diseases, and the early detection
of occlusal lesions is critical because demineralization often begins deep within pits and
fissures where conventional visual-tactile or radiographic inspection cannot detect it. Smar-
Tooth, a newly introduced fluorescence device that irradiates enamel with a 655 nm laser
and records the reflected intensity, may provide more objective, quantitative diagnoses.
This study assessed its diagnostic performance against the International Caries Detection
and Assessment System (ICDAS). We examined 1421 occlusal surfaces from 153 adults,
scored each surface with ICDAS codes 0—4, and recorded SmarTooth peak values. Spear-
man’s rank correlation was used to test the association between codes and peak values;
one-way ANOVA with Tukey’s post hoc was used to compare mean values across codes;
and sensitivity, specificity, and the area under the receiver operating characteristic curve
(AUROC) were calculated at three diagnostic thresholds: D1 (0 vs. 1-4), D2 (0-2 vs. 3-4),
and D3 (0-3 vs. 4). The SmarTooth values rose with lesion severity and correlated mod-
erately with ICDAS (r = 0.495, p < 0.001). The AUROC ranged from 0.69 to 0.82, with
the best accuracy observed at D2 (cut-off: 7.0; AUC: 0.82; sensitivity: 78.3%; specificity:
77.4%). These findings suggest that SmarTooth can complement ICDAS scoring as an ad-
junctive tool, potentially enhancing diagnostic accuracy and supporting early intervention
for occlusal caries in general dental practice.

Keywords: dental caries; early diagnosis; laser; fluorescence; ICDAS II; permanent teeth;
clinical study

1. Introduction

Dental caries is a multifactorial, biofilm-related disease characterized by the pro-
gressive demineralization of dental hard tissues due to acid production from bacterial
fermentation of dietary carbohydrates [1]. The development and progression of dental
caries are influenced by a multifactorial interplay of host-related factors including saliva
composition and tooth morphology, microbiological factors such as the presence of aci-
dogenic and aciduric bacteria, behavioral and lifestyle factors including inadequate oral
hygiene and frequent intake of fermentable carbohydrates, and socioenvironmental deter-
minants such as socioeconomic status, limited access to dental care, and low educational
attainment [2]. Dental caries remains one of the most prevalent and burdensome chronic
diseases globally, affecting over 3.09 billion people according to recent estimates from the
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Global Burden of Disease Study [3]. The prevalence of occlusal caries has been reported to
range from 52.7% to 66.3%, primarily due to the unique anatomical characteristics of pits
and fissures that promote plaque retention and hinder natural self-cleansing [4]. Similar
patterns have also been observed in primary dentition, where meta-analyses indicate that
the occlusal surfaces of mandibular molars are among the most frequently affected sites
in preschool children, highlighting the universal vulnerability of these surfaces across age
groups [5]. These microenvironments are particularly susceptible to early-stage deminer-
alization, often progressing unnoticed without overt clinical symptoms until cavitation
occurs [6]. The clinical implications of undetected occlusal caries are substantial, including
pulpitis, pain, and eventual tooth loss, thereby affecting individuals” oral function and
quality of life [1]. The early detection of caries lesions, especially at the non-cavitated
stage, is critical to enable minimally invasive treatment and long-term preservation of
tooth structure.

Despite their widespread use in dental practice, conventional diagnostic approaches
such as visual—tactile inspection and radiographic imaging present several limitations in
identifying early occlusal caries. Visual-tactile inspection relies on examiner expertise
and can be subjective, leading to poor inter-examiner agreement, particularly for subtle
enamel changes that are not readily visible [7]. Although radiographic detection such
as bitewing imaging offer some utility for detecting proximal caries, they are generally
insensitive to early occlusal demineralization due to overlapping anatomical structures
and low radiolucency in incipient caries [8]. Additionally, radiographs do not provide
real-time feedback or quantitative measurements, making them less suited for monitoring
early caries over time. These challenges underscore the need for adjunctive diagnostic tools
that are both objective and capable of detecting caries at an early, reversible stage.

To address these limitations, a variety of optical caries lesion detection technologies
have been developed over the past two decades, with fluorescence-based methods emerging
as some of the most promising approaches [9,10]. Efforts to mitigate caries progression have
primarily focused on the development of antimicrobial and anti-biofilm materials, such as
chlorhexidine-releasing or nano-silver-fluoride-incorporated orthodontic elastomerics, which
have demonstrated significant efficacy against cariogenic biofilms [11-13]. Nonetheless,
early detection remains a critical component of preventive strategies, particularly in patients
undergoing orthodontic treatment or in populations at higher risk of caries. Fluorescence
devices operate by detecting changes in tooth fluorescence properties resulting from the
presence of chromophores, bacterial metabolites, or porosity within demineralized enamel
and dentin [14]. One of the most widely known devices, DIAGNOdent (KaVo, Biberach,
Germany), uses a 655 nm diode laser to quantify fluorescence intensity, offering a numeric
scale from 0 to 99 as an indicator of caries presence and severity. Recent studies have incorpo-
rated fluorescence- and light-based diagnostic devices such as Diagnodent and Diagnocam
(KaVo, Biberach, Germany) in conjunction with ICDAS to evaluate demineralization and
remineralization processes. For example, Scribante et al. demonstrated that combining visual
ICDAS assessment with these adjunctive tools enhanced the evaluation of enamel lesion
changes following the application of remineralizing agents [15]. While such studies primarily
focused on therapeutic outcomes, their methodologies underscore the growing utility of
optical adjuncts in caries detection and monitoring. However, DIAGNOdent has limitations,
including variability across users and tooth surfaces, difficulty in achieving consistent probe
angulation, and susceptibility to false-positive signals caused by exogenous chromophores
unrelated to caries depth. Furthermore, the absence of a standardized classification chart
for occlusal surfaces in the DIAGNOcam system limits its utility for quantitative analysis.
In response to these issues, SmarTooth (SmarTooth Inc., Seoul, Republic of Korea) was de-
veloped as a next-generation fluorescence device specifically optimized for occlusal surface
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detection. The device uses the same 655 nm laser principle but incorporates an ergonomi-
cally enhanced probe tip designed to improve contact with occlusal pits and fissures and
ensure more consistent signal acquisition [16]. These improvements position SmarTooth as a
potentially valuable tool for enhancing diagnostic accuracy and supporting evidence-based
decision-making in dental practice.

Although fluorescence-based caries detection technologies have demonstrated promis-
ing diagnostic capabilities in laboratory and controlled settings, their performance in
clinical environments remains insufficiently characterized [17]. Variability in diagnostic
accuracy has been observed and depends on multiple factors, including lesion severity,
tooth surface, and examiner technique [18]. While previous studies have reported moderate
correlations between fluorescence intensity values and caries progression, many of these
studies were limited by methodological constraints. In particular, a substantial proportion
relied on in vitro models or only examined a narrow spectrum of lesion types, thereby
limiting their clinical applicability [19]. Moreover, heterogeneity in measurement protocols,
such as surface preparation, drying time, probe angulation, and calibration procedures,
further complicates the comparability of findings across studies and devices [20]. Despite
the increasing clinical interest in such technologies, there is currently a paucity of well-
designed in vivo studies assessing the diagnostic validity of SmarTooth across different
degrees of caries severity as classified by the International Caries Detection and Assessment
System (ICDAS). To ensure reliable integration of SmarTooth into everyday dental practice,
clinical validation under standardized conditions using recognized diagnostic frameworks
such as ICDAS is essential. Such efforts are critical not only for confirming its diagnostic
accuracy but also for supporting evidence-based implementation of fluorescence devices in
preventive and operative dentistry.

The integration of objective, device-based diagnostics such as SmarTooth into routine
caries assessment protocols holds significant promise for improving early detection, re-
ducing clinician’s bias, and enhancing treatment planning [21]. In particular, in general
dental practice where variability in clinical experience and training may influence diag-
nostic decisions, tools that provide quantifiable, reproducible data can play a valuable
role in supporting evidence-based care. Furthermore, the use of SmarTooth may facilitate
patient education and motivation by transforming abstract clinical observations into visible,
trackable data points [22]. This not only strengthens communication between the clini-
cian and patient, but may also encourage better oral hygiene compliance and preventive
behaviors. From a public health perspective, improved early detection of occlusal caries
could contribute to reducing treatment costs and preserving natural dentition, especially in
populations at high risk of dental disease.

To objectively evaluate the diagnostic accuracy of such emerging devices, a validated
reference standard is essential. ICDAS provides a comprehensive visual scoring method
that classifies caries lesions, ranging from sound enamel (code 0) to extensive cavitation
(code 6), based on observable changes in enamel color and breakdown [23]. Its hierarchical
coding system has been widely adopted in both clinical research and epidemiological stud-
ies due to its demonstrated correlation with histological depth and strong inter-examiner
reliability when appropriately calibrated [24]. However, certain ICDAS codes, particularly
code 1, which identifies early enamel opacity visible only after air-drying, are suscepti-
ble to examiner variability and may require adjunctive methods to increase diagnostic
confidence [25]. In this context, fluorescence-based devices such as SmarTooth have been
introduced to offer objective and quantifiable caries detection and may support earlier
intervention and monitoring consistency in comparison to conventional methods.

Therefore, this study aimed to evaluate the diagnostic performance of the SmarTooth
fluorescence device for detecting occlusal caries in permanent teeth using ICDAS codes
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as the reference standard. Specifically, we examined SmarTooth’s ability to discriminate
between different ICDAS-defined caries stages using three thresholds: D1 (ICDAS 0 vs. 1-4),
D2 (0-2 vs. 3-4), and D3 (0-3 vs. 4). Diagnostic accuracy was assessed through sensitivity,
specificity, and the area under the receiver operating characteristic curve (AUROC). By
comparing SmarTooth peak values to ICDAS codes on a per-surface basis, this study sought
to provide clinically relevant evidence for the use of SmarTooth as an adjunctive diagnostic
tool in general dental practice.

2. Materials and Methods
2.1. Study Subjects

This prospective clinical study strictly adhered to the ethical principles of the Decla-
ration of Helsinki. Ethical approval was obtained from the Institutional Review Board of
Catholic Kwandong University (IRB No. 2502-0404). Based on an AUROC-based sample
size estimation (0 = 0.85, P = 0.40, W = 0.05, CL = 0.95), a minimum of 1072 occlusal surfaces
was required to ensure precise estimation of diagnostic accuracy. To accommodate potential
exclusions, including the assumption that up to half of occlusal surfaces may be unsuitable
for evaluation, as well as the skewed distribution of ICDAS codes and the need to maintain
robust statistical power for all planned analyses, we ultimately included 157 subjects [26].
Prior to participation, all eligible individuals received a detailed explanation of the study
objectives, procedures, potential risks, and benefits, and provided written informed consent.
The participants were healthy adults aged 18 years or older, with no history of systemic
diseases or medications that could affect oral conditions. The unit of analysis was the
individual tooth; therefore, teeth with enamel hypoplasia or a history of restorative treat-
ment on the occlusal surface were excluded. Additionally, teeth with extensive cavitation
(ICDAS codes 5 and 6), severe discoloration, or structural anomalies were excluded to
ensure accurate assessment of non-cavitated caries. Before examination, all the participants
underwent professional prophylaxis to remove plaque, debris, and extrinsic stains that
could interfere with optical measurements. A total of 157 subjects were initially recruited,
but 4 were excluded due to incomplete visualization of the occlusal surface. The final
sample included 1421 occlusal surfaces from 153 individuals (Figure 1).

2.2. Clinical Examination Protocol

All clinical examinations were performed in a standard dental unit under consistent
ambient lighting conditions. Occlusal surfaces were initially inspected visually to ensure
the absence of biofilm, debris, or calculus. Any residual contaminants were gently removed
using gauze or an air-water syringe. Each surface was then air-dried for at least 5 s
to standardize moisture conditions prior to both ICDAS scoring and fluorescence-based
assessment. All procedures were conducted by a trained examiner using a consistent,
standardized protocol across all subjects.

2.3. Visual Examination Using ICDAS

Visual caries assessments were performed by a single calibrated examiner who had
completed the official ICDAS e-learning calibration program and had prior clinical experi-
ence with ICDAS-based scoring. The ICDAS criteria were applied to each occlusal surface,
with scores ranging from code 0 (sound enamel) to code 4 (underlying dark shadow with
or without localized enamel breakdown). Teeth with ICDAS codes 5 and 6, indicating
extensive cavitated lesions, were excluded from the analysis. Prior to inspection, each
occlusal surface was dried with air for 5 s to enhance the visibility of early enamel opac-
ities, especially those corresponding to codes 1 and 2. All ICDAS scores were recorded
immediately following inspection and documented electronically (Figure 2).
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[ Enrollment ] Assessed for eligibility (n=157)

Excluded (n=4)

+ Not meeting inclusion criteria (n=4)
7] + Declined to participate (n=0)

+ Other reasons (n=0)

Allocated to intervention (n=153)
+ Received clinical examination and Smartooth
assessment as allocated intervention
(n=153)
+ Did not receive allocated intervention (give
reasons) (n=0)

A 4

| Follow-Up Lost to follow-up (n=0)

Discontinued intervention (n=0)

+ Excluded from analysis (n=0)

Figure 1. Study design and participant selection in alignment with CONSORT 2010.

ICDAS Il criteria

Code 0 Code 1 Code 2 Code 3 Code 4
* Sound + Opacity + Opacity * Localized * Underlying
+ First visible + Distinct enamel dark shadow
change visible breakdown + +/- Surface
+ Only after change + Surface integrity
air-drying *  Without integrity loss
air-drying loss

Smartooth device measurement criteria

0-10 11-20 21<
+ Low risk of dental caries * Risk of enamel caries * Risk of dentin caries
+ Maintain current oral * Increased vigilance is + Adental visit is advised.
hygiene practices. recommended.

Figure 2. ICDAS and SmarTooth caries diagnosis criteria used in this study.

2.4. Fluorescence Assessment Using SmarTooth

Fluorescence-based caries detection was conducted using the SmarTooth device, which
emits a 655 nm diode laser and features an ergonomically designed occlusal probe tip. The
device was calibrated prior to each examination session according to the manufacturer’s
instructions. For each occlusal surface, the probe was held as perpendicular as possible
to the surface, maintaining direct enamel contact. The examiner gently rotated the probe
within the fissure area to detect fluorescence signals from multiple angles, thereby minimiz-
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ing measurement variability due to angulation artifacts. Multiple scans were performed
when necessary, and the highest fluorescence peak value was automatically recorded by
the device for analysis. Based on the manufacturer’s guidelines, fluorescence values were
categorized as follows: 0-10 indicates a low risk, 11-20 indicates a moderate risk, and >21
indicates a high risk. These peak values were then used for correlation with ICDAS codes
and for subgroup analysis (Figure 2).

2.5. Statistical Analysis

All statistical analyses were performed using SPSS software version 26.0 (SPSS Inc.,
Chicago, IL, USA) Cross-tabulations were constructed to explore categorical associations
between SmarTooth caries diagnosis criteria and ICDAS codes. The relationship between
SmarTooth caries diagnosis criteria and ICDAS codes was assessed using Spearman’s rank
correlation coefficient, which was chosen due to the ordinal nature of the ICDAS scale
and the non-parametric distribution of fluorescence data. Differences in mean SmarTooth
peak values across ICDAS code groups were assessed using one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test for pairwise comparisons. Diagnostic validity
was evaluated at three thresholds frequently used in caries detection research: D1 (ICDAS
code 0 vs. codes 1-4), D2 (codes 0-2 vs. 3—4), and D3 (codes 0-3 vs. 4). For each thresh-
old, sensitivity, specificity, and the area under the receiver operating characteristic curve
(AUROC) were calculated.

3. Results
3.1. Correlation Between ICDAS and SmarTooth Caries Diagnostic Criteria

To assess the association between caries severity identified by visual examination
and fluorescence intensity, we conducted a cross-tabulation analysis comparing ICDAS
codes with the SmarTooth diagnostic categories (low: 0-10; moderate: 11-20; high: >21), as
defined by the manufacturer. The results showed a clear tendency for higher fluorescence
categories to align with higher ICDAS codes. Additionally, Spearman’s rank correlation
analysis was performed using the full dataset of 1421 occlusal surfaces, revealing a moderate
but statistically significant positive correlation (p = 0.495, p < 0.001) between SmarTooth
peak values and ICDAS codes (Table 1).

Table 1. Correlation between ICDAS codes and SmarTooth caries risk categories.

SmarTooth Caries Diagnosis Criteria

ICDAS Code  Low Risk of Risk of Risk of Total N (%) r
Dental Caries Enamel Caries  Dentin Caries

0 804 29 7 840 (59.1)
1 184 22 9 215 (15.1)
2 138 76 23 237 (16.7)
3 25 29 48 102 (7.2) 0.495*
4 11 6 10 27 (1.9)

Total N (%) 1162 (81.8) 162 (11.4) 97 (6.8) 1421 (100)

r is the Spearman correlation coefficient for the correlation between ICDAS and SmarTooth caries diagnosis
criteria. N indicates the total number of analyzed occlusal surfaces. * p < 0.001.

3.2. Comparative Analysis of SmarTooth Peak Values Across ICDAS Code Groups

SmarTooth peak values exhibited a consistent upward trend corresponding to in-
creasing ICDAS codes, reflecting a statistically significant association with lesion severity.
The mean peak fluorescence value for sound enamel surfaces (ICDAS code 0) was 3.9,
which rose markedly to 20.8 for ICDAS code 4, which is indicative of dentin involvement,
representing over a 5.3-fold increase across the caries progression spectrum. Post hoc
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comparisons using Tukey’s test further validated that the differences in mean peak values
between most adjacent ICDAS codes (0 vs. 1, 1 vs. 2, and 2 vs. 3) were statistically sig-
nificant (p < 0.05), although no significant difference was observed between codes 3 and
4 (p > 0.05), suggesting potential overlap in fluorescence values at more advanced stages
(Table 2).

Table 2. SmarTooth peak value in each ICDAS code.

ICDAS Code N (Occlusal Surfaces) SmarTooth Peak Value Mean (SD)
0 840 39(3.8)2
1 215 6.2 (5.9) P
2 237 10.6 (8.0) ©
3 102 21.1(15.7) 4
4 27 20.8 (24.0) 4

Superscripts within the same column indicate significant differences between groups using Tukey post hoc test
(p < 0.05). N represents the number of occlusal surfaces assessed for each ICDAS code. Each surface was treated
as an independent unit of analysis.

3.3. Sensitivity, Specificity, and AUROC According to ICDAS Thresholds

To assess the diagnostic utility of SmarTooth in clinical settings, performance metrics
including sensitivity, specificity, and the area under the receiver operating characteristic
curve (AUROC) were calculated across three ICDAS-defined thresholds. For the D1 thresh-
old (code 0 vs. codes 1-4), SmarTooth demonstrated a sensitivity of 71.1%, specificity of
67.4%, and AUROC of 0.76, indicating a good level of diagnostic accuracy (Figure 3A). At
the D2 threshold (codes 0-2 vs. codes 3—-4), the diagnostic performance improved, with
the sensitivity reaching 78.3%, the specificity reaching 77.4%, and the AUROC reaching
0.82, suggesting very good discriminative ability (Figure 3A). In contrast, the D3 threshold
(codes 0-3 vs. code 4) yielded a lower sensitivity (60.9%) and specificity (63.5%), with an
AUROC of 0.69, reflecting moderate but clinically acceptable accuracy (Figure 4).

A B
100 |- 100 |-
80 —— 80 —_
> | > |
‘'S 60| S 60}
= i = i
g i Cut-off: 4.4 2 i Cut-off: 7.0
o Sen: 71.1 & o Sen: 78.3
[ Spe: 67.4 i Spe: 77.4
2or AUROC: 0.76 @ AUROC: 0.82
i P <0.001 ! P <0.001
0 [ I T (TN TR S N SN WO T T TN A N M NN SN | 0 IR T S N SN T W AN O TN T N TN T SN N WO TN WO
0 20 40 60 80 100 0 20 40 60 80 100
100- Specificity 100- Specificity

Figure 3. Receiver operating characteristic (ROC) curves depicting the diagnostic performance of
SmarTooth across three ICDAS classification thresholds: (A) code 0 vs. codes 1-4 (D1 threshold);
(B) codes 0-2 vs. codes 3—4 (D2 threshold).
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Figure 4. Receiver operating characteristic (ROC) curve illustrating the diagnostic performance of the
SmarTooth device for distinguishing between ICDAS codes 0-3 vs. code 4 (D3 threshold).

4. Discussion

This study aimed to evaluate the diagnostic accuracy of the SmarTooth fluorescence-
based device in detecting occlusal caries in vivo using the ICDAS as the clinical reference
standard. The findings revealed a statistically significant moderate positive correlation
(p =0.495, p < 0.001) between ICDAS codes and SmarTooth caries diagnosis criteria, indi-
cating partial but meaningful agreement that supports SmarTooth’s role in assisting the
differentiation of occlusal caries severity across a clinically relevant spectrum. A distinct
pattern was observed wherein higher ICDAS codes were consistently associated with
increased SmarTooth fluorescence peak values, thereby reinforcing the convergent validity
between visual examination and fluorescence-based assessment.

The discrepancies observed between SmarTooth and ICDAS stem fundamentally from
the differences in underlying principles and mechanisms of each diagnostic method. ICDAS
is based on the visual inspection of the surface texture, translucency, and discoloration,
and requires air-drying and trained clinical judgment. In addition to its subjectivity, the
ICDAS system presents several structural limitations that may affect diagnostic consistency
and efficiency [27]. Accurate application of ICDAS requires thorough air-drying of the
tooth surface for at least 5 s to reveal subtle changes in enamel translucency or opacity,
a step that may be inconsistently performed in busy clinical settings. Moreover, precise
differentiation between codes, especially for early caries lesions such as codes 1 and 2,
depends on examiner training and calibration, which can vary across institutions and
among clinicians [28]. These procedural demands introduce variability and limit the
scalability of ICDAS-based screening in large-scale or resource-constrained environments.
Consequently, a sole reliance on ICDAS may compromise diagnostic reliability in real-
world contexts unless supported by adjunctive tools or standardized training protocols.
While widely adopted and validated, ICDAS scoring is inherently subjective and may vary
between examiners depending on their training and experience. Conversely, SmarTooth
utilizes 655 nm laser-induced fluorescence to detect metabolic by-products of cariogenic
bacteria or changes in enamel porosity, generating a numerical output that is designed to
support objective and reproducible measurement. This quantitative nature may help reduce
inter-examiner variability and facilitate more consistent monitoring over time, particularly
when used with standardized protocols. However, SmarTooth peak values may be affected
by confounding factors such as residual biofilms, extrinsic stains, or restorative materials
present on the tooth surface [29]. Although professional prophylaxis was performed prior



Appl. Sci. 2025, 15, 10208

9of 14

to examination in this study to minimize such interference, these factors can still lead to
false-positive readings or the attenuation of fluorescence signals, potentially reducing the
diagnostic accuracy. For example, extrinsic stains and resin-based restorations may generate
fluorescence unrelated to caries activity, thereby complicating the interpretation [30]. These
considerations highlight the need for careful surface preparation, standardized protocols,
and the complementary use of visual scoring systems such as ICDAS to enhance the
diagnostic reliability. Future research should further investigate the extent to which these
clinical variables influence fluorescence-based detection in everyday dental practice.

Moreover, SmarTooth’s diagnostic performance varied according to the ICDAS thresh-
olds applied. Using ICDAS as the clinical reference standard, SmarTooth demonstrated
very good diagnostic performance (AUROC = 0.82) in distinguishing non-cavitated enamel
caries (ICDAS codes 0-2) from cavitated caries with substantive tissue loss (ICDAS codes
3-4), according to established AUROC interpretive criteria. This superior performance likely
reflects the pronounced changes in enamel microstructure and the increased accumulation
of organic matter and metabolic byproducts at active cavitated sites, which produce a more
distinct fluorescence differential [29]. Conversely, dentin caries (ICDAS code 4) often lie
deep beneath an intact or partially intact enamel surface; in these cases, the laser light must
penetrate the enamel, scatter within subsurface tissues, and then transmit the reflected flu-
orescence back to the probe, a process susceptible to signal attenuation and scattering [31].
Additionally, dentin caries may exhibit overt discoloration or surface collapse detectable by
visual inspection [32], a feature which SmarTooth may be less sensitive to. These inherent
differences in sensitivity to superficial versus subsurface changes explain the variability in
SmarTooth’s caries detection performance across different ICDAS thresholds.

Previous research evaluating the diagnostic performance of DIAGNOdent, which uses
the same fluorescence-based detection principle as SmarTooth, reported an AUROC of
0.372, sensitivity of 61%, and specificity of 51% at the D1 threshold, indicating a relatively
lower accuracy for early caries detection compared to SmarTooth [33]. These discrepancies
likely arise from the different evaluation criteria employed in the two studies. For example,
the DIAGNOdent study included 44 participants with 230 occlusal surfaces and focused
exclusively on incipient lesions within ICDAS codes 0-3. Although two examiners were
trained and calibrated to ensure high inter-examiner reliability, the relatively small sample
size and restricted lesion range may have limited the generalizability of the findings. Be-
cause sound surfaces (ICDAS code 0) were excluded, that study could not evaluate how
effectively the device distinguishes healthy enamel from carious tissue. In contrast, our
study aimed to more closely replicate clinical conditions by including a wider spectrum
of caries stages (sound surfaces (ICDAS code 0) through ICDAS code 4) and analyzing
the performance across three thresholds (0/1-4, 0-2/3-4, and 0-3/4) [34]. Additionally,
our study incorporated a much larger and more diverse sample (153 participants and
1421 occlusal surfaces) with strict exclusion criteria to minimize confounding factors such
as restorations, hypoplasia, or extensive cavitation, thereby enhancing the robustness of
the results. While our design relied on a single calibrated examiner—ensuring internal
consistency but precluding inter-examiner assessment—this methodological choice distin-
guishes it from prior DIAGNOdent research and should be considered when interpreting
the diagnostic performance. The results demonstrate the device’s clinical utility, especially
in differentiating early from advanced lesions, which is critical for preventive intervention.
Significant mean differences were observed between ICDAS codes 0 and 1, 1 and 2, and 2
and 3 (p < 0.05 for all), indicating that SmarTooth is capable of distinguishing early-stage
non-cavitated caries based on fluorescence intensity. However, the difference between
ICDAS codes 3 and 4 was not statistically significant (p > 0.05), possibly reflecting the
fluorescence signal saturation effect at later stages of caries progression or overlapping
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optical characteristics in more advanced caries. Furthermore, examiner techniques may
also influence diagnostic outcomes: both SmarTooth and DIAGNOdent require rotation of
the probe to record the maximum peak value [35], and examiner proficiency in maintaining
consistent probe angulation and contact pressure can introduce variability in measured
peak values, a consideration that is important for the clinical use of both devices. To
date, only one in vitro study has directly compared SmarTooth with other fluorescence-
based devices using micro-computed tomography (micro-CT) as the gold standard [21].
That study reported that SmarTooth achieved the highest overall diagnostic accuracy at
both enamel and dentin thresholds, showing a stronger correlation with micro-CT than
either DIAGNOdent or ICDAS II. While these results reinforce the potential advantages of
SmarTooth under controlled laboratory conditions, further well-designed in vivo studies
remain essential to validate its diagnostic performance across diverse populations and
clinical contexts.

In addition to fluorescence-based devices, other non-invasive diagnostic modalities
have emerged, offering alternative approaches for caries detection. Several such modalities,
namely Quantitative Light-induced Fluorescence (QLF), Optical Coherence Tomography
(OCT), and Near-Infrared Imaging (NIRI), have shown potential for enhancing caries
diagnostics through alternative mechanisms. QLF allows for the visualization and quantifi-
cation of demineralized enamel by capturing fluorescence loss under blue light excitation.
While QLF offers high sensitivity for early enamel caries and is valuable for longitudinal
monitoring, it typically requires specialized imaging systems and software analysis [36].
OCT, on the other hand, generates high-resolution cross-sectional images of the tooth
structure, enabling visualization of subsurface caries. However, its high cost, technical
complexity, and limited accessibility restrict its widespread adoption in general dental
clinics [37]. OCT studies frequently involve small sample sizes and are often limited to
experimental environments, which contrasts with our large-scale in vivo study in general
adult populations [38,39]. NIRI provides images based on differences in light scattering
and absorption between sound and demineralized enamel, allowing for caries detection
without ionizing radiation. Although promising, NIRI systems are still in relatively early
stages of clinical validation and often require controlled environments for optimal image
acquisition [40]. Furthermore, NIRI has primarily been investigated in in vitro studies and
proximal lesions, making its diagnostic performance less generalizable at this stage [41].
In contrast, the present study incorporated a broad adult cohort with stringent exclusion
criteria, thereby offering clinically relevant evidence under conditions that closely replicate
everyday practice.

According to the manufacturer, SmarTooth incorporates ergonomic enhancements
intended to improve probe stability and optimize contact with occlusal surfaces, thereby
facilitating more consistent fluorescence measurements. In addition, the device is pro-
grammed to automatically record the highest fluorescence peak value obtained across
multiple angulations, which is intended to capture the most representative signal while
reducing potential underestimation due to transient probe misalignment or inconsistent
surface contact. These design features may offer practical benefits in routine clinical settings,
particularly where standardization across users is difficult to achieve. From a clinical stand-
point, the incorporation of such device-based diagnostics into caries detection protocols
may contribute to improving the consistency and objectivity of diagnostic outcomes [42].
In practices where clinician experience varies widely, such as public dental clinics, school-
based programs, or rural healthcare centers, SmarTooth may function as a diagnostic aid to
assist practitioners in making evidence-informed diagnostic decisions. Furthermore, its
numerical output enables better documentation and facilitates longitudinal monitoring of
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caries progression or arrest, providing an advantage over conventional methods that rely
solely on visual impressions.

Patient communication also stands to benefit from SmarTooth integration. By translat-
ing complex diagnostic observations into tangible, quantifiable data, clinicians can more
effectively educate patients about their oral health status [43]. For instance, showing an
increasing fluorescence score over time may motivate behavioral change and reinforce oral
hygiene compliance. This visual feedback may improve communication with pediatric,
adolescent, or elderly patients who may have difficulty understanding abstract diagnostic
information. Additionally, the tool has potential to support teledentistry applications by
providing standardized digital data that can be shared for remote consultation or follow-up.

From a public health standpoint, early detection and non-invasive intervention are key
strategies in reducing the burden of untreated dental caries, which remains a major global
health issue. Fluorescence-based diagnostic tools may be considered for community-level
screening strategies aimed at improving risk-based referral decisions [44]. By enabling
objective documentation of subclinical caries, SmarTooth may also contribute to epidemio-
logic surveillance and program evaluation efforts in school dental programs or regional
oral health campaigns.

As a future direction, the applicability of the SmarTooth device should be explored
in populations with systemic conditions that increase caries susceptibility. For example,
pediatric asthma patients undergoing long-term corticosteroid therapy are known to have
an elevated risk of dental caries due to reduced salivary flow and altered oral microbiota [2].
The non-invasive and quantitative nature of SmarTooth may offer valuable benefits for
caries monitoring in such medically compromised patients.

From a practical perspective, the integration of fluorescence-based devices such as
SmarTooth into busy clinical workflows requires consideration of preparation time, training,
and cost. Although plaque, stains, and calculus may interfere with fluorescence readings,
these influences can be minimized with brief prophylactic cleaning and air-drying, which
can be incorporated into the routine examination sequence without imposing substantial
time burdens. Compared with image-based technologies such as QLF or OCT, SmarTooth
requires a relatively modest learning curve, as it provides immediate numerical outputs
rather than relying on complex image acquisition and software-based analysis. Nonetheless,
proper training in probe angulation and rotation remains essential to ensure reproducibility.
Cost considerations are also relevant: while the device requires initial investment and the
use of disposable probe tips increases recurring expenses, these can be offset by reduced
diagnostic uncertainty and earlier, minimally invasive interventions. Taken together, Smar-
Tooth may be realistically suited for general dental practice as a chairside adjunct to ICDAS
while also offering value in specialist or academic contexts where more detailed monitoring
and validation of preventive protocols are required.

Nonetheless, this study has several limitations. First, all examinations in this study
were conducted by a single calibrated examiner. While this approach ensured internal
consistency in both ICDAS scoring and SmarTooth measurements, it did not allow for
the assessment of inter-examiner reliability. This constraint may have particularly influ-
enced the evaluation of early enamel lesions ICDAS codes 1 and 2) where the diagnostic
outcomes are highly dependent on examiner calibration and visual interpretation. Further-
more, the reproducibility of fluorescence peak values may also vary with differences in
probe angulation and handling technique among clinicians. To overcome these limitations,
future studies should include multiple calibrated examiners and assess the inter-examiner
agreement, thereby enhancing the generalizability and robustness of fluorescence-based
diagnostic devices in diverse clinical settings. Second, although ICDAS is widely adopted
as a reference framework, it is a subjective visual system and does not allow for direct
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histological validation of lesion depth. Recent in vitro research comparing SmarTooth,
DIAGNOdent, and ICDAS II against micro-computed tomography (micro-CT) as the gold
standard demonstrated that SmarTooth achieved the highest overall diagnostic accuracy,
particularly at the enamel and dentin thresholds [21]. While such findings reinforce the
validity of fluorescence-based devices under controlled conditions, further in vivo studies
incorporating histological or advanced imaging validation are warranted to substantiate
diagnostic accuracy across diverse clinical contexts. Third, the present study was restricted
to healthy adults, which limits the applicability of our findings to other populations such
as children, older adults, and medically compromised patients. Tooth morphology, enamel
thickness, and caries dynamics differ substantially across age groups and clinical conditions.
For instance, pediatric teeth have thinner enamel and deeper fissures, which may increase
both the risk of early caries and the sensitivity of fluorescence detection [45]. In geriatric pa-
tients, age-related changes such as enamel wear, dentin exposure, and a higher prevalence
of root caries may alter fluorescence signals and complicate interpretation. Similarly, in
medically compromised individuals—such as those with xerostomia or systemic conditions
affecting salivary flow—fluorescence-based devices may play an important role in monitor-
ing early lesions but require additional validation. Future research should therefore extend
the evaluation of SmarTooth to these diverse patient groups to determine its diagnostic
reliability and optimize its clinical implementation across different populations. To address
these limitations, future research should consider multi-center study designs that include
examiners with varying levels of clinical expertise. In addition, implementing standard-
ized examiner calibration protocols would facilitate robust evaluation of inter-examiner
reliability and enhance the generalizability of fluorescence-based diagnostic devices such
as SmarTooth in dental practice.

5. Conclusions

This study demonstrated that SmarTooth performs well in detecting early occlusal
caries and can effectively differentiate between non-cavitated and cavitated lesions. Given
its non-invasive, objective, and user-friendly nature, clinicians are encouraged to integrate
such fluorescence-based devices into routine caries screening, especially in general practice
settings where early intervention is critical. Further implementation studies could help
establish clinical guidelines for optimized use across diverse patient populations. Nev-
ertheless, owing to the potential for false positives and operator-dependent variability,
SmarTooth is best interpreted as an adjunctive tool used alongside ICDAS scoring and
clinical judgment rather than as a standalone diagnostic modality.
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