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Abstract. Various technologies used to objectively determine enamel thickness or dentin exposure have been
suggested. However, most methods have clinical limitations. This study was conducted to confirm the potential
of quantitative light-induced fluorescence (QLF) using autofluorescence intensity of occlusal surfaces of worn
teeth according to enamel grinding depth in vitro. Sixteen permanent premolars were used. Each tooth was
gradationally ground down at the occlusal surface in the apical direction. QLF-digital and swept-source optical
coherence tomography images were acquired at each grinding depth (in steps of 100 μm). All QLF images were
converted to 8-bit grayscale images to calculate the fluorescence intensity. The maximum brightness (MB) val-
ues of the same sound regions in grayscale images before (MBbaseline) and phased values after (MBworn) the
grinding process were calculated. Finally, 13 samples were evaluated. MBworn increased over the grinding depth
range with a strong correlation (r ¼ 0.994, P < 0.001). In conclusion, the fluorescence intensity of the teeth and
grinding depth was strongly correlated in the QLF images. Therefore, QLF technology may be a useful non-
invasive tool used to monitor the progression of tooth wear and to conveniently estimate enamel thickness.
© 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.22.12.121701]
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1 Introduction
Pathological tooth wear occurs progressively through the
enamel and dentin layers by the interaction of mechanical
and chemical factors.1–3 Tooth wear is an irreversible loss con-
sisting of damage to the dental hard tissue. It can therefore affect
the lifespan of the entire dentition.4 The progression of tooth
wear to the stage of dentin exposure without preventive manage-
ment or treatment requires restorative treatment. This is because
the ensuing esthetic defect due to the loss of structural integrity
or discoloration increases dentin hypersensitivity and the risk of
pulpal exposure. Once the restorative treatment commences, it
involves a prolonged and continuous course. In addition, the
cost for the re-restoration and subsequent monitoring of the
restored damage and natural teeth is considerable.5,6

Improvements in dietary or parafunctional habits and other
etiological factors by continuous counseling and education for
those at risk of developing pathological tooth wear or those who
already have progressive teeth wearing are necessary to avoid or
postpone the need for restorative treatment. Therefore, early
diagnosis of tooth wear and monitoring of the process are crucial
strategies. Finally, the goal of preventive interventions is to limit
the loss of dental hard tissue to the enamel layer as much as
possible.4,6–8

Indices based on subjective criteria using the naked eye and
measurements of the decrease in length of the incisor clinical
crown have been conventionally used to evaluate the severity

of tooth wear. However, these subjective criteria are not particu-
larly accurate or consistent because determining the presence of
dentin exposure or the remaining enamel depends on highly sub-
jective human decisions.9,10 Furthermore, although the latter
strategy uses a relatively simple method to evaluate tooth
wear, it also has limitations in its reflection of the wear of
the palatal and posterior regions.7,11

Various technologies for the observation of tooth structure
and the determination of decreased enamel thickness or wear-
induced exposure of dentin have been suggested. These include
profilometry, microradiography, scanning electron microscopy,
and computer-aided design-computer-aided manufacturing laser
scanning.8,12–14 However, most devices have clinical limitations.
These limitations include difficulty of use in the oral cavity, con-
siderable time requirements, and low resolution of images.7,13,15

Optical coherence tomography (OCT) is actively used in den-
tistry for the noninvasive observation of tooth structures.16

Because enamel and dentin have different scattering properties,
OCT images can represent light-scattering intensity from differ-
ent layers of dental hard tissue and provide information regard-
ing enamel thickness.13 However, as the scanning range of OCT
is only a few millimeters, it is not sufficient to screen large or
multiple lesions in the dentition. In addition, image quality may
be degraded due to insufficient processing time when rapid
image acquisition is required.16

A previous study showed that teeth emit different fluores-
cence depending on the type and condition of the hard tissues,
and particularly that of dentin, which emits a much more
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brilliant fluorescence signal than the enamel under ultraviolet
excitation.17 Quantitative light-induced fluorescence (QLF) is
an optical technology that detects the autofluorescence of a flu-
orophore, which is caused by excitation of fluorescent photons
in the enamel and dentin layers following irradiation of the teeth
with blue–violet light.18 Quantitative light-induced fluorescence
digital (QLF-D) was introduced in dentistry as a QLF system
using narrowband violet light (405 nm) and a high-specification
digital single-lens reflex (DSLR) camera.19 Using photographs
obtained with QLF-D, relatively bright fluorescence emission
can be observed clinically in regions of suspected dentin expo-
sure on occlusal surfaces of whole dentition (Fig. 1). QLF would
thus be superior to OCT in terms of clinical convenience and
efficiency. However, to the best of our knowledge, no current
studies have reported differences in fluorescence between the
enamel and the dentin in the evaluation of tooth wear. We
thus aimed to determine the relationship between grinding depth
and autofluorescence intensity of occlusal surfaces using QLF
technology in vitro.

2 Materials and Methods

2.1 Sample Collection and Serial Tooth Grinding

This study was approved by the Institutional Review Board of
Yonsei University Dental Hospital in the Republic of Korea
(Approval No. 2-2015-0032). Sixteen permanent teeth (premo-
lars) with no carious lesions or erosion on the occlusal surface
were prepared as specimens. Artificial wear was induced by
serial grinding of the occlusal surfaces. To minimize the distor-
tion of the OCT images due to the surrounding tooth structure
and to render the image analysis more convenient, premolars
with well-developed buccal cusps compared with lingual cusps
(mainly mandibular first premolars and maxillary first premolars
with less-developed lingual cusps) were selected. The teeth were
fixed to acryl molds using acrylic resin (Jet™ Tooth Shade; Lang
Dental Manufacturing Co., Inc., Wheeling, Illinois). To confirm
the grinding angle and to prevent excessive tooth wear, cylin-
drical acryl bars were attached next to the teeth.

A SS-OCT, prototype system (LG Electronics Inc., Seoul,
Republic of Korea) was used to locate and select the measure-
ment point on the cusp where the closest area of the enamel
contoured to the dentinoenamel junction (DEJ) line. The dis-
tance from the measurement point to the base of the specimen
was measured using digital calipers and was set to “0.”
Subsequently, each specimen was ground using 400-grit grind-
ing paper from the occlusal surface in the apical direction
(Fig. 2). The grinding depth was serially calculated by

measuring the length of the same measurement point. When
the length reached “−100 μm” relative to the originally set
“0” point, the QLF and OCT images were acquired, and the
grinding was continued until the point of dentin exposure.

2.2 Quantitative Light-Induced Fluorescence and
Optical Coherence Tomography Image
Acquisition

At each measurement point, fluorescence images of the
occlusal surface were acquired using a QLF-D Biluminator™2þ
system (Inspektor Research Systems BV, Amsterdam, The
Netherlands). The specimens and QLF-D were fixed at the
same location and angle each time the images were acquired.
The cross-sectional (buccal–lingual) images of the measurement
point that was selected at baseline were simultaneously acquired
using OCT.

2.3 Image Analysis

The entire image analysis was conducted using the ImageJ
software program version 1.50i (National Institutes of Health,
Bethesda, Maryland). The fluorescence images were converted
to 8-bit grayscale images so that we could calculate the fluores-
cence intensity by measuring brightness (gray value).20 The area
of interest (AOI) was equally contoured and saved for each
tooth. This area included the region with changes in fluores-
cence on the gray scale. To include all areas wherein changes
in fluorescence intensity occurred on the worn surfaces, the
AOIs were set based on the final images after completing the

Fig. 1 QLF-D images of worn cusps showing bright fluorescence relative to other sites. (a) White-light
and (b) fluorescence images of the occlusal surface of maxillary dentition. (c) White-light and (d) fluores-
cence images of extracted molars naturally worn in the oral cavity. All arrows represent wear facets indi-
cating suspected dentin exposure or thinned enamel on cusps.

Fig. 2 Schematic diagrams of specimen and the grinding process.

Journal of Biomedical Optics 121701-2 December 2017 • Vol. 22(12)

Kim et al.: Quantitative light-induced fluorescence technology for quantitative evaluation of tooth wear



grinding procedure. The maximum brightness (MB) values of
each AOI were measured to determine changes in fluorescence
intensity at each grinding depth. The MB of the AOI at baseline
(MBbaseline) and that at each 100-μm distance for each grinding
depth (MBworn) were measured, and the mean MBbaseline and
each MBworn value were calculated.

A retrospective analysis was conducted to determine changes
in fluorescence over the remaining enamel thickness. After
completing the grinding procedure, the dentin exposure points
of all the teeth were set to “0 μm,” and the remaining enamel
thickness and average MB values corresponding to each enamel
thickness (MBenamel) were calculated from 0 μm (dentin expo-
sure point) to 600 μm at each 100 μm. The minimum grinding
depth was 600 μm for exposure of the dentin in all samples.
Therefore, the calculated enamel thickness ranged from 0 to
600 μm except for the higher range.

2.4 Statistical Analysis

All statistical analyses were conducted using the Statistical
Package for the Social Sciences (SPSS) version 23.0 (SPSS
Inc., Chicago, Illinois) with a significance level of 0.05. The
Pearson’s correlation analysis was performed between the
grinding depth and the average MBworn values to determine
the relationship between the degree of grinding and changes
in fluorescence intensity. In addition, an independent t test
was performed between the averageMBbaseline and each average
MBworn over the entire grinding depth to determine the point
representing a significant difference in the fluorescence intensity
due to the grinding.

A Pearson’s correlation analysis was conducted between the
remaining enamel thickness and the average MBenamel values to
determine changes in fluorescence emission based on enamel
thickness. Furthermore, independent t tests among all average
MBenamel values were conducted to determine differences in
fluorescence intensity over the enamel thickness at 100-μm
intervals.

3 Results
Figure 3 shows the changes in the representative SS-OCT and
QLF-D images and the MB values following the serial tooth
grinding procedure. Thirteen samples were included in the
final analysis of the results of this study. Three samples were
excluded from the final analysis because the OCT detection
of their DEJ contour was limited by crack lesions near the meas-
urement points.

Each of the MBworn values showed a tendency to increase
over the grinding depth with a strong positive correlation
(correlation coefficient r ¼ 0.922 to 0.997, P < 0.001). The
average MBworn values of all samples also showed strong cor-
relations with grinding depth (correlation coefficient r ¼ 0.994,
P < 0.001). There were significant differences between the aver-
age MBbaseline and all MBworn values over the 200-μm grinding
depth [P < 0.05, Fig. 4(a)].

Each of the MBenamel values showed a tendency to decrease
over the enamel thickness with a strong negative correlation
(correlation coefficient r ¼ −0.870 to −0.992, P < 0.05). The
remaining enamel thickness and the average MBenamel also
had a strong negative correlation (r ¼ −0.990, P < 0.001). In
addition, there were significant differences among the average
MBenamel values at 200-, 100-, and 0-μm enamel thickness
[P < 0.01, Fig. 4(b)]. The average rate of increase (%) of the
MBenamel was 4.00% for the range of enamel thickness from
600 to 200 μm, whereas this value was relatively higher in
the range of enamel thickness from 200 μm to the dentin expo-
sure point (6.51%).

4 Discussion
To the best of our knowledge, this is the first study to investigate
the feasibility of using the difference in fluorescence intensity
between the enamel and the dentin to evaluate tooth wear
and estimate enamel thickness using QLF technology. As the
grinding progressed, the fluorescence intensity was significantly
increased by the simulated serial occlusal wear (r ¼ 0.994,

Fig. 3 Representative QLF-D images (white-light and fluorescence images) and SS-OCT of specimens
in serial remaining enamel thickness. MB values were calculated from grayscale images converted from
fluorescence images. The two-way arrows represent the enamel thickness (the nearest distance from the
enamel surface to the DEJ line).
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P < 0.001). A previous study using the QLF technique sug-
gested that thick enamel has lower fluorescence intensity than
thin enamel because of the longer distance through which the
light is transmitted, which in turn increases light absorption
and scatter in the enamel layer. This is a major piece of evidence
that may describe the results obtained in this study.21

In contrast to images obtained using previous versions of the
QLF system, the sound tooth surfaces have a whitish color in
QLF-D images.22 Therefore, the conversion of the fluorescence
images to grayscale images enables the measurement of fluores-
cence intensity as brightness values. The ability of QLF-D to
distinguish between various resin composites and natural
enamel surfaces due to the varying fluorescence intensities emit-
ted by resin composites has already been reported.23 It has also
been demonstrated that it is possible to detect subtle changes in
fluorescence intensity on worn tooth surfaces using QLF-D.

Three samples were excluded from the analysis because their
DEJ contours on OCT were limited due to crack lesions on or
near the measurement points. However, it was possible to
observe changes in fluorescence intensity during the grinding
procedure in the QLF images. The effect of the natural morphol-
ogy of occlusal surfaces on the transmission (penetration) of
light has been reported as a limitation of OCT image analysis
in studies investigating tooth structure or measuring enamel
thickness using OCT.12,16,24 The crack lesions may also
have affected the OCT images acquired in this study. These
cracks appeared to be relatively dark in the QLF images likely
due to a similar reason.25 Therefore, the worn regions can be
clearly distinguished from cracks using the QLF technique.
Furthermore, as the MB values were used in the image analysis,
a more objective evaluation was possible by excluding errors
related to anatomical factors or cracks that darken specific
areas in the QLF images.

For the real-time observation of the serial changes in fluores-
cence intensity over the grinding process, we measured the
grinding depth using calipers and confirmed our measurements
using OCT images, which were used as the gold standard. This
method substituted histological analysis in our study. The retro-
spective analysis was necessary to determine changes in fluores-
cence intensity based on the remaining enamel thickness instead

of the grinding depth as the samples had various enamel thick-
ness values at baseline. Therefore, each dentin exposure point
was selected as a starting point, and the matched remaining
enamel thickness at 100-μm intervals was recalculated in the
reverse order of each sample grinding depth. These results
revealed that the enamel thickness and MBenamel also had a
strong correlation (r ¼ −0.990, P < 0.001). The standard
deviation of each MBenamel was lower than that of the MBworn

and showed a tendency to gradually decrease as the enamel
thickness approached the dentin exposure point. These results
highlight the possibility of estimating the enamel thickness
and determining dentin exposure using changes in fluorescence
intensity.

Considering the importance of early diagnosis and monitor-
ing of tooth wear, an objective method using sensitive instru-
mentation is necessary for the detection of the progression of
tooth wear and dentin exposure.8 Although this was an in
vitro study, the use of QLF in the detection of fluorescence
changes induced by the grinding depth and decreasing enamel
thickness, even at differences of 100 μm, would be clinically
significant. Therefore, it is recommended that QLF be applied
to the management of subjects who are expected to progress to
pathological tooth wear by detecting subtle changes in fluores-
cence due to tooth wear and confirming speed of progression.
Furthermore, the higher increase rate of fluorescence intensity
from the 200-μm enamel thickness to the dentin exposure
point than that observed from 600 to 200 μm was determined
at similar intensities in comparable enamel thickness.
Therefore, the present study results may serve as preliminary
data for the diagnosis, monitoring, and intensive management
of the early stages of enamel wearing.

QLF allows the noninvasive acquisition of fluorescence
images of teeth in the oral cavity using harmless visible light.
It will have advantages in confirming the tendency of tooth
wearing and visualizing images in real time without the limita-
tions of frequency and period of acquiring the relevant images.
Considering these strengths, QLF may be a potential supportive
diagnostic instrument for long-term preventive management,
education, and longitudinal epidemiological investigation of
tooth wear. Furthermore, interlocking the QLF-D technology

Fig. 4 Change in average MB values with (a) increasing grinding depth (MBworn) and (b) remaining
enamel thickness (MBenamel). The error bars represent standard deviations. (a) There were significant
differences between the average MBbaseline and all MBworn values over the 200-μm grinding depth.
(b) There were significant differences between the average MBenamel values at 200-, 100-, and 0-μm
enamel thickness. �P < 0.05 and � � P < 0.01.
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with a DSLR camera enables the simple acquisition of high-res-
olution images of the entire dentition. Therefore, the time spent
on detection, diagnosis, and performance of screening tests may
be reduced when it is difficult to distinguish the exposed dentin
using the naked eye.

Tooth wear is common in the cervical area as well as in the
occlusal area due to the hard tissue loss in the cementoenamel
junction.26 Cervical wear leads to lesions caused by the interac-
tion of mechanical and chemical factors.27,28 In addition, when
the occlusion is not ideal, weighted stress due to the occlusion
can be a major factor contributing to cervical wear.29 Using the
QLF technique, it would be possible to directly detect wear in
the cervical region or to determine complex patterns of occlusal
and cervical wear due to abnormal occlusion. QLF is also
expected to provide visual information regarding the hypersen-
sitivity caused by gingival recession and cervical dentin
exposure.

Fluorescence image visualization and analysis using QLF
had excellent stability in vitro. The experimental method
used in this study detected subtle changes in the repetitive
tooth wear process, suggesting that it has high reproducibility.
However, to obtain reproducibility and stability of analysis
using QLF in the clinical environment, the ambient light con-
ditions should be kept as constant as possible when obtaining
repetitive QLF images. Blocking of external light provides an
ideal environment for increasing image quality. Additionally,
relative analysis using the difference in standardized fluores-
cence intensity between sound enamel and exposed dentin
through advanced analysis methods and algorithms will further
improve the reproducibility and accuracy of the results. This will
be possible using the QLF-dedicated analysis program under
development.

Further studies would be necessary to confirm the direct rela-
tionship between the fluorescence intensities and the remaining
enamel thickness of worn teeth in the oral cavity or a simulated
environment. In addition, a demonstration that fluorescence
emissions differ depending on the various causes and symptoms
of tooth wear would be the ultimate goal. This technique may
serve as the major indicator used for the differential diagnosis of
tooth wear using fluorescence.

5 Conclusions
The autofluorescence intensity of the cusps was shown to gradu-
ally increase based on the progression of mechanical occlusal
tooth wear, and both parameters showed a strong correlation.
In particular, the fluorescence intensity increased rapidly over
the 200-μm remaining enamel thickness to the dentin exposure
point.
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