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A B S T R A C T

Objectives: This study aimed to assess the screening performance of the quantitative light-induced fluorescence
(QLF) technology to detect proximal caries using both fluorescence loss and red fluorescence in a clinical si-
tuation. Moreover, a new simplified QLF score for the proximal caries (QS-Proximal) is proposed and its validity
for detecting proximal caries was evaluated as well.
Methods: This clinical study included 280 proximal surfaces, which were assessed by visual-tactile and radio-
graphic examinations and scored by each scoring system according to lesion severity. The occlusal QLF images
were analysed in two different ways: (1) a quantitative analysis producing fluorescence loss (ΔF) and red
fluorescence (ΔR) parameters; and (2) a new QLF scoring index. For both quantitative parameters and QS-
Proximal, the sensitivity, specificity, and area under the receiver operating characteristic curve (AUROC) were
calculated as a function of the radiographic scoring index at the enamel and dentine caries levels.
Results: Both ΔF and ΔR showed excellent AUROC values at the dentine caries level (ΔF = 0.860, ΔR= 0.902)
whereas a relatively lower value was observed at the enamel caries level (ΔF = 0.655, ΔR = 0.686). The QS-
Proximal also showed excellent AUROC ranged from 0.826 to 0.864 for detecting proximal caries at the dentine
level.
Conclusion: The QS-Proximal, which represents fluorescence changes, showed excellent performance in de-
tecting proximal caries using the radiographic score as the gold standard.

1. Introduction

Dental caries are a dynamic and continuous process in which mi-
neral loss and the metabolism of micro-bacteria occur simultaneously
[1]. Detecting caries before they proceed to irreversible lesions is one of
the most important roles of dental professionals. Visual inspection is the
most basic and common method to detect caries in dental clinics, but
there is a limitation in distinguishing the minute stages of caries be-
cause it only can detect changes reflected on the surface [2]. In parti-
cular, most proximal dental caries start below the proximal contact
point, so they are difficult to detect visually. A recent systematic review
reported that visual inspection has high specificity (0.908–0.992) but
relatively low sensitivity (0.274–0.543) in detecting proximal caries in
both primary and permanent teeth [3]. Another common diagnostic
method, bitewing radiography (BR), showed better performance than

visual inspection in detecting dentine caries on proximal surfaces [4].
Furthermore, BR is used as a decision criterion for operative interven-
tions [5,6]. However, according to American Dental Association (ADA)
guidelines, radiographic examinations should not be performed for
screening purposes; they should be performed on an individual basis to
minimize side effects from radiation exposure [7]. Therefore, the de-
tection of proximal dental caries lesions is limited to visible lesions
only.

Quantitative light-induced fluorescence (QLF) technology can
quantitatively assess the degree of fluorescence change by measuring
fluorescence loss and red autofluorescence when irradiated with visible
blue light at 405 nm. The fluorescence loss detected from the teeth was
found to be highly correlated with mineral loss in the lesions, and it is
possible to effectively detect and monitor minute changes in deminer-
alization/remineralization in non-cavitated early carious lesions
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[8–11]. Red fluorescence originates from porphyrin-induced metabo-
lites produced by oral microorganisms and is emitted from caries le-
sions as well as dental plaque and calculus [12–16].

Ko et al. showed that the QLF technology had a similar or higher
level of validity than radiographic examination to detect proximal
caries in simulated tooth pairs in vitro [17]. However, there are still no
clinical studies that evaluated intraoral caries lesions and no studies
have used red fluorescence as a parameter to detect proximal dental
caries and assess severity.

Therefore, the aims of this clinical study were to evaluate the clin-
ical performance of the QLF technology as a screening tool for detecting
proximal caries using both fluorescence loss and red fluorescence while
using a radiographic gold standard for validation. Moreover, a new
simplified QLF scoring index is proposed and its validity for detecting
proximal caries was evaluated as well.

2. Materials and methods

2.1. Study design

The cross-sectional study and was approved by the Yonsei
University Institutional Review Board and conformed to the tenets of
the Declaration of Helsinki (IRB No. 2–2015–0030). The data for this
clinical study were collected at Yonsei Dental Hospital, South Korea,
and followed the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) guidelines. Potential participants were
consecutively recruited from January to November in 2016, and pro-
vided informed consent to participate in the study.

2.2. Study population and site selection

After interviewing and responding to the questionnaire, a visual
inspection was conducted to select subjects according to eligibility.
Patients aged over 18 years in good health with no systemic diseases
were eligible to participate in the study. Additionally, subjects with 1 or
more proximal caries surfaces detected visually or radiographically
were included in the study. The exclusion criteria excluded subjects
with systemic diseases, those who underwent orthodontic treatments,
had a TMJ disorder, severe periodontitis, bleeding symptoms on the
oral mucosa, and pregnant women. The proximal caries surface and
adjacent tooth surface pairs were included in the image analysis pro-
cess. Proximal surfaces with a restoration, marginal ridge loss due to
cavitation, those directly accessible in the occlusal direction, those with
a tooth abnormality, third molar surfaces, and distal surfaces of the
second molar were excluded.

2.3. Visual-tactile examination

Before the examination, two trained dental hygienists (Kim. C. H.,
Jung E. H.) conducted full-mouth scaling and polishing with a tooth-
brush, rubber cup, and ultrasonic scaler. Then, a single trained dentist
(Kim. E. S.) conducted a visual-tactile examination with a dental mirror,
air syringe, and ball-type probe, which was used to check surface
smoothness. The caries status was recorded using the visual-tactile
scoring system for proximal caries and ranged from V0–V4 depending
on the severity of the lesion, which was modified from the ICDAS-2
system in this study (Table 1) as follows: V0: sound, V1: white or brown
spot, V2: localized enamel breakdown, V3: underlying dark shadow or
colour change, and V4: clinically cavitated or exposed dentine.

2.4. Radiographic examination

Digital BR images were captured as a reference standard for all
posterior proximal surfaces (right, left, premolar, and molar views).
Images were taken by a professional radiologist at Yonsei Dental
Hospital using a dental X-ray machine (Kodak 2200 Intraoral X-ray

System, Eastman Kodak Co., Rochester, NY) and extension cone par-
alleling. The radiographic images were scored from R0-R2 according to
International Caries Classification and Management System (ICCMS)
criteria [18] by a single trained examiner (Kim E. S., Table 1) as fol-
lows: R0: no radiolucency, R1: radiolucency in the outer 1/2 of the
enamel, R2: radiolucency in the inner 1/2 of the enamel ± EDJ, R3:
radiolucency limited to the outer 1/3 of the dentine, R4: radiolucency
reaching the middle 1/3 of the dentine, and R5: radiolucency reaching
the inner 1/3 of the dentine.

2.5. QLF image acquisition and assessment

Two trained examiners (Kim. S. K., Kim. G. M.) captured occlusal
fluorescence images with the QLF-Digital Biluminator 2+ (QLF-D,
Inspektor Research Systems BV, Amsterdam, The Netherlands). Lips
and soft tissues were retracted and images were taken in a darkened
room maintained under the same lighting conditions to maximize the
quality of the captured QLF images. Normal white-light images and
sequential fluorescence images were captured with a “live view”-en-
abled full-frame sensor digital SLR camera (model 550D, Canon, Tokyo,
Japan) using the following settings: a shutter speed of 1/20 s, aperture
value of 5.6, and ISO speed of 1600.

The obtained fluorescence images were analysed in two different
ways. Firstly, fluorescence on the tooth’s marginal ridge was analysed
by a single examiner (Kim E. S.) using QA2 software (v. 1.25, Inspektor
Research Systems BV, Amsterdam, The Netherlands), and quantitative
QLF parameters were calculated (ΔF: The average loss of fluorescence
in the carious surface, ΔFmax: The maximum loss of fluorescence in the
carious surface, ΔR: The change in the ratio of red and green fluores-
cence in the lesion area, ΔRmax: The maximum change in the ratio of red
and green fluorescence in the lesion area, RFarea: The area of red fluor-
escence) (Fig. 1). Secondly, fluorescence images were evaluated with a
QLF score for proximal caries (QS-Proximal) by a single examiner (Kim
E. S.). The QS-Proximal was determined by the degree of fluorescence
loss and red autofluorescence according to the severity of the lesion,
which was categorized into 4 grades (Q0–Q3) as follows: no dark
shadow and no red fluorescence (Q0), an irregular dark shadow but no
red fluorescence (Q1), faint red fluorescence limited to 1/3 of the
buccolingual width (Q2), and strong red fluorescence over 1/3 of the
buccolingual width (Q3) (Table 1, Fig. 2).

2.6. Statistical analysis

The normality of all variables measured in this study was confirmed
using the Kolmogorov-Smirnov test. The median values of the measured
QLF parameters were compared according to the severity of the lesions
based on radiographic scores using the Kruskal-Wallis test and Mann-
Whitney post hoc test. To evaluate its validity for detecting proximal
caries, Spearman’s rank correlation coefficients, the sensitivity, speci-
ficity, and the area under the receiver operating characteristic curve
(AUROC) (95% confidence interval [CI]; significance of the difference
to the plotted diagonal; P) were calculated for caries at both the enamel
(R0/R1–5) and dentine (R0–2/R3–5) levels based on the radiographic
score for all QLF parameters. The distributions of QLF scores and visual-
tactile scores according to the radiographic score were analysed using
cross-tabulation, and the associations of each score with the radio-
graphic scores were compared by calculating Spearman’s rank corre-
lation coefficients. To investigate the overall performance of the QLF
score for proximal caries detection, the sensitivity, specificity, and
AUROC were calculated at the Q0/Q1, Q1/Q2, and V2/V3 cut-off levels to
detect dentine caries. To evaluate the repeatability of the QS-Proximal,
intra-examiner reliability was calculated using Cohen’s unweighted
kappa. R version 3.3.4 (The R Foundation, Vienna, Austria), R-studio
1.0.44 (Rstudio, Boston, MA), and PASW Statistics 23.0 (SPSS, IBM
Corporation, Somers, NY) were used for statistical analysis and a p-
value less than 0.05 was considered statistically significant.
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3. Results

In total, 65 participants were included in the final analysis (mean
age: 26.9 years, range: 19–60 years, men: n = 36, women: n = 29).
Two-hundred-eighty tooth surfaces from 65 subjects were selected
(maxillary premolars: n = 89, maxillary molars: n = 53, mandibular
premolars: n = 62, mandibular molars: n = 76, mesial sites: n = 139,
and distal sites: n = 141, Fig. 3).

3.1. Evaluation of QLF parameters to detect proximal caries

Both ΔF and ΔR increased with radiographic scoring increases, and
there were significant differences between R2and R3 in both parameters
(P < 0.001, Fig. 4). The correlations between ΔF, ΔR, and the radio-
graphic scoring system were −0.428 and 0.569, respectively
(P < 0.001). The AUROC at the enamel versus dentine caries levels
was excellent (ΔF = 0.860, ΔR = 0.902, Table 2), whereas at the sound
versus enamel caries levels, the AUROC was relatively lower
(ΔF = 0.655, ΔR = 0.686, data not shown).

3.2. Evaluation of the QLF score for the detection of proximal caries

The QS-Proximal showed an intra-examiner reliability of 0.717. The
QLF and visual-tactile scoring were compared with the radiographic
scoring (Table 3). The correlation coefficient between the QLF scoring
and the radiographic scoring (0.537, P < 0.001) was higher than the
correlation between the visual-tactile scoring and radiographic scoring
(0.280, P < 0.001). For detecting dentine caries, both the Q0/Q1

(0.864, 95% CI: 0.810–0.919) and Q1/Q2 (0.826, 95% CI: 0.753–0.900)
thresholds showed excellent AUROC values, whereas V2/V3 (0.736,
95% CI: 0.652–0.821) showed a relatively lower value (Table 4).

4. Discussion

This is the first study to evaluate the clinical feasibility of QLF
technology to detect proximal caries using both fluorescence loss and
red fluorescence. For a few decades, many techniques such as fibre

optic transillumination (FOTI), an electrical caries monitor (ECM), laser
fluorescence (LF), and QLF were developed as adjunctive methods to
detect caries [19]. However, most of these devices can detect only ei-
ther mineral loss (FOTI, ECM) or bacterial activity (LF). According to a
systematic review, the AUROC values to detect proximal caries were as
follows: visual, 0.80–0.83; DIAGNOdent, 0.69–0.92; radiography,
0.58–0.87; and FOTI, 0.85; however, most were in vitro studies, and the
sensitivities and specificities were inconsistent with large variations
[20]. In a previous in vitro study using QLF-D, the AUROC value to
detect proximal caries at the dentine level was 0.76 [17]. In this study,
the AUROC value was 0.860–0.902, and was higher than those of the
other diagnostic methods.

Red fluorescence detected from QLF technology was shown to be an
indicator of caries severity and progression of lesions, showing high
diagnostic validity to detect proximal caries in this study. Porphyrin
and its derivatives have a Soret band and several Q-band absorbances.
The Soret band gives the strongest absorbance for violet light around
405 nm, while one of the Q bands gives 50 times lower absorbance for
red light [20]. Although laser fluorescence using red light can detect
porphyrin derivatives, the QLF technology can induce more intense
fluorescence by using 405 nm excitation. Another study also results that
the VistaProof, a caries detection device which uses 405 nm showed
higher validty to detect occlusal caries than the DIAGNOdent which
uses red light [21]. In addition, the DIAGNOdent has the possibility of
under-reading because of tip positions and the surface enamel [22]. An
in vivo study using an LF pen reported values of 0.6 and 0.84 for sen-
sitivity and specificity at the dentine level, respectively [22]. In our
study, the sensitivity and specificity of ΔR were 0.842 and 0.879 at the
dentine level, respectively. As a result, the QLF technology can induce
more powerful fluorescence than the DIAGNOdent from porphyrin
derivatives by using short-wavelength excitation, and it can easily de-
tect and quantify minute fluorescence changes on images. Therefore,
the ΔR parameter obtained from the QLF technology could be used to
detect proximal caries lesions.

In this study, sensitivity and specificity at the dentine caries level
(R2/R3) were higher than at the enamel caries level (R0/R1). The QLF
images were captured vertically with respect to the occlusal surfaces

Table 1
Criteria used for QLF, visual, and radiographic scores in this study

QLF score for proximal caries (QS-Proximal, Q0 –Q3) Visual score with modified ICDAS criteria
(V0 –V4)

Radiographic score with ICCMS criteria (R0–R5) [18]

Q0 =No dark shadow and no red fluorescence V0 = Sound R0 = No radiolucency
Q1 = Irregular dark shadow but no red fluorescence V1 = White or brown spot R1 = radiolucency in the outer 1/2 of the enamel
Q2 = Faint red fluorescence limited to 1/3 of the buccolingual

width
V2 = Localized enamel breakdown R2 = radiolucency in the inner 1/2 of the enamel ± EDJ

Q3 = Strong red fluorescence over 1/3 of the buccolingual width V3 = Underlying dark shadow or colour change R3 = radiolucency limited to the outer 1/3 of the dentine
V4 = Clinically cavitated, dentine exposed R4 = radiolucency reaching the middle 1/3 of the dentine

R5 = radiolucency reaching the inner 1/3 of the dentine

Fig. 1. a) A representative fluorescence image of proximal caries. b) A designed patch area around the lesion. Adjacent pits and gingival margins were deactivated to minimize their
influence. The blue line indicates the sound reference area, whereas the red line indicates the deactivated area. c) A reconstructed image based on the fluorescence of the sound area. d)
The fluorescence difference between the original and reconstructed images. e) Analysis results from the lesion area.
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and fluorescence was assessed indirectly by changes reflected on the
marginal ridge. Small fluorescence changes from early lesions could be
difficult to detect in this study because the degree of tooth fluorescence
decreases as the surface enamel becomes thicker [23]. Moreover, a
previous in vitro study, which evaluated proximal caries in three di-
rections (buccal, lingual, and occlusal) reported that it was easier to
detect caries in the buccal and lingual directions than in the occlusal
direction [17]. Another study also showed that taking images at 90 °
with respect to the occlusal surfaces was less effective for detecting
caries than images obtained at other angles [24]. As a result, obtaining
fluorescence images in the occlusal direction will be more appropriate
to detect advanced lesions than early lesions.

In this study, the cut-off value for ΔF to detect dentine caries was
−12.4 using radiographic scoring as the standard (Table 3). However, a
previous study using a histological standard suggested a ΔF value of

−28.3 [17]. Generally, radiographic examinations can underestimate
lesions, whereas histological standards are more sensitive. However, it
is hard to compare them directly because the previous study detected
only 1 caries in the occlusal direction, while the other 8 caries were
detected in the buccal or lingual direction. Further studies should be
conducted to determine the proper cut-off value to detect proximal
caries.

The new QLF scoring system suggested in this study considers
fluorescence loss and red fluorescence simultaneously. It is possible to
assess lesion depth intuitively without a quantitative analysis. Q0 and
Q1 are used to detect tooth fluorescence. Tooth fluorescence is stronger
in the dentine than in the enamel, and is brightest at the dento-enamel
junctions [25]. For Q0, there is no dark shadow and regular fluores-
cence is detected along the dento-enamel junctions. However, for Q1,
irregular dark shadows from caries sites can be detected. For Q2 and Q3,

Fig. 2. QLF score for proximal caries (QS-Proximal). Q0: No fluorescence change. Q1: An irregular dark shadow but no red fluorescence. Q2: Faint red fluorescence limited to 1/3 of the
buccolingual width. Q3: Strong red fluorescence over 1/3 of the buccolingual width. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. Flow diagram for enrolment (n: number of
subjects, N: number of tooth surfaces).
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red fluorescence is expressed by penetrating bacterial metabolites. A
previous study also reported that red fluorescence detected in occlusal
lesions can be used as an indicator of dentine caries lesions [26].
Moreover, red fluorescence is related to active lesions and cariogenic
bacteria [27,28]. As a result, the QLF score suggested in this study
appropriately reflects both mineral loss and bacterial activity and could
be used as an indicator of lesion depth.

The validity of QLF score to detect proximal caries was evaluated
based on BR in this study. However, operative intervention and tem-
porary separation were used as reference standards in other in vivo
studies [29–31]. However, temporary separation has low reliability,
cannot measure lesion depth directly, and requires a second visit by the
patient [31]. Studies using operative interventions also made treatment
decisions based on radiographic examinations [29,32]. That is, BR is
widely used not only for the diagnosis of caries but also for treatment
decision-making. Therefore, proper screening tools for the detection of
proximal caries prior to radiographic examination are needed. In this
study, the AUROC value for QLF scoring at the dentine level showed
excellent results of 0.826–0.864 and was higher than the value for vi-
sual scoring (Table 3). Therefore, fluorescence images can provide ad-
ditional information and it is possible to screen the proximal surface
prior to obtaining radiography.

In some cases, occlusal restorations can influence the QLF evalua-
tion because of the different fluorescence properties of restorations and
tooth structures. In addition, the fluorescence seems to be darker with
occlusal metal restorations because the dark colour of the metal re-
storations can be reflected onto the tooth’s marginal ridge. Detecting
red fluorescence also can be interrupted by confounding factors, such as
caries in an adjacent pit, plaque, cracked enamel, enamel hypoplasia,
microleakage, and some resin restorations. Red fluorescence from
proximal caries usually has irregular boundaries and comes from the
underlying structures. Other confounding factors usually have regular
red fluorescence boundaries and it can be detected on the surfaces di-
rectly. Therefore, cleaning the tooth surfaces prior to obtaining fluor-
escence images and careful detection are recommended.

Recently, cavitation and proximal caries lesion depth have been
considered important factors for treatment decision criteria, while le-
sion activity remains controversial [33]. A recent study reported that
dentists tended to perform more operative interventions in patients at
high risk for caries, even if the lesion depths were the same [6]. Another
recent study suggested that red fluorescence from caries lesions is

Fig. 4. Box-and-whisker plots of QLF parameters related to radiographic scorings. The boxes show the lower quartile, the median (horizontal line), and upper quartile. The asterisks
indicate statistically significant differences between the groups (Kruskal-Wallis test P < 0.001 with post hoc Mann-Whitney U tests).

Table 2
Sensitivity, specificity, and area under the receiver operating characteristic curve
(AUROC) for QLF parameters in detecting proximal caries lesions at the dentinal
threshold (R0–2/R3–5).

QLF parameters

ΔF ΔR

Cut-off points −12.4 23.3
Sensitivity 0.825 0.842
Specificity 0.816 0.879
AUROC (95% CI) 0.860 (0.808–0.913) 0.902 (0.851–0.953)

AUROC, area under the receiver operating characteristic curve; CI, confidence interval.

Table 3
Distributions of QLF and visual scores according to the severity of the proximal caries
lesion based on radiographic scores.

Radiographic score QLF score (QS-Proximal) Visual score

N Q0 Q1 Q2 Q3 V0 V1 V2 V3 V4

R0 110 94 10 6 0 87 19 1 2 1
R1 41 34 5 2 0 35 4 2 0 0
R2 72 58 11 3 0 60 2 1 8 1
R3 31 6 9 14 2 19 0 0 10 2
R4 22 0 2 13 7 7 0 0 11 4
R5 4 0 0 1 3 1 0 0 1 2

Table 4
The sensitivity, specificity, and AUROC value of the QLF score (QS-Proximal) and visual
score at different cut-off thresholds (Q0/Q1, Q1/Q2) to detect proximal caries at the
dentine level (R0-2/R3-5) measured by radiographic scores.

QLF score (QS-Proximal)

Q0/Q1 Q1/Q2

Sensitivity 0.894 0.702
Specificity 0.834 0.951
AUROC (95% CI) 0.864 (0.810–0.919) 0.826 (0.753–0.900)

AUROC, area under the receiver operating characteristic curve; CI, confidence interval.
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related to lesion activity [34]. Further studies about the relationship
between red fluorescence and lesion activity are required to determine
proper treatment plans.

5. Conclusions

Both quantitative parameters (ΔF, ΔR) and the QS-Proximal—which
is a clinical classification system for proximal caries detection showed
high clinical validity at the dentine level. It is postulated that the QLF
technology can be used as a screening tool prior to radiographic ex-
amination.
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