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Summary
Purpose: The aim of this study was to evaluate the efficacy of quantitative light-induced
fluorescence-digital (QLF-D) compared to a spectrophotometer in monitoring progression of
enamel lesions.
Methods: To generate artificial caries with various severities of lesion depths, twenty bovine
specimens were immersed in demineralizing solution for 40 days. During the production of the
lesions, repeat measurements of fluorescence loss (�F) and color change (�E) were performed
in six distinct stages after the demineralization of the specimens: after 3, 5, 10, 20, 30, and
40 days of exposure to the demineralizing solution. Changes in the �F values in the lesions
were analyzed using the QLF-D, and changes in the �E values in lesions were analyzed using a
spectrophotometer. The repeated measures ANOVA of �F and �E values were used to determine
whether there are significant differences at different exposure times in the demineralizing
solution. Spearman’s rank correlation coefficient was analyzed between �F and �E.
Results and conclusion: The �F values significantly decreased based on the demineralizing
period (p < 0.001). Relatively large changes in �F values were observed during the first 10
days. There were significant changes in L*, a*, b*, and �E values in lesions with increasing
demineralizing duration (p < 0.001). A strong correlation was observed between �F and �E with
p = −0.853 (p < 0.001). The results support the efficacy of QLF-D in monitoring color changes. Our
findings demonstrate that QLF-D are a more efficient and stable tool for early caries detection.
© 2015 Elsevier B.V. All rights reserved.
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Introduction

Early caries lesions are clinically observed as a white opaque
spot. Histologically these lesions have a relatively intact sur-
face layer, and the subsurface area (body of the lesion) has
low mineral content (10—70 vol%) [1]. Because of these his-
tological features, initial lesions in enamel are more difficult
to detect. Currently, consensus in the dentistry emphasizes
the importance of accurately detecting the earliest stage
of the dental caries process. A new assessment system, the
International Caries Detection & Assessment System (ICDAS),
was developed to inform decisions regarding the appropriate
diagnosis on dental caries. Especially, non-cavitated lesions
were divided into two codes, codes 1 and 2, by the ICDAS
criteria [2]. White spot lesions of the code 1 type can be visu-
ally detected with air-drying, while the lesions of the code
2 type can be visually detected without air-drying [3]. Thus,
the lesions of the code 2 type are a more advanced stage
of dental caries than the code 1 type [4]. However, these
code 2 lesions are difficult to reverse with remineralizing
treatment, such as fluoride application because the depth
of these lesions is located some place between the inner 1/2
of the enamel and the outer 1/3 of the dentin [4,5]. There-
fore, it is essential to detect the code 1 lesions to maximize
remineralization of initial lesions [6—9]. Nevertheless, it is
difficult to detect and diagnose the code 1 lesions physically
with the naked eye [10]. Because of this limitation, a large
number of the initial lesions may have been overlooked,
which means a period of appropriate remineralization treat-
ment may be missed [11,12]. Therefore, a detection device
is required to diagnose the initial lesions at early stage of
caries [13—15].

As previously mentioned, a typical characteristic of early
caries is the visual change in lesions. This is the reason that
demineralization challenges make micro-porosity of the sub-
surface enamel increases. Recently, it is possible to detect
initial lesions as early as possible along with the develop-
ment of quantitative methods for caries lesion detection,

even prior to the non-cavitated stage of lesion formation.
Thus we focused on quantitative light-induced fluorescence-
digital (QLF-D) system (Inspektor Research systems BV,
Amsterdam, The Netherlands) which has been recognized
as a useful device to determine not only the occurrence of
the initial lesions but also its progression [15,16].

Many previous studies have reported that QLF systems are
reasonable devices for detecting and diagnosing early caries
lesions [5,17—19]. In recent years, the QLF-D technology,
upgraded versions of the QLF systems, have been developed
(Fig. 1). These QLF-D technology are an optical instrument
set that uses a modified filter set (D007; Inspektor Research
Systems BV, Amsterdam, The Netherlands), an increased
blue light (405 nm) and white light (general visual light)
source, and a digital single-lens reflex (DSLR) camera with
high resolution. In taking lesion images, fluorescence and
general images were taken at a one shutter. The QLF-D tech-
nology can show the teeth in their natural color as well as
identify the fluorescence change of the initial lesion. More-
over, the best advantage of the QLF-D technology can help
with the continuous management of early caries because it is
possible to nondestructively monitor dynamic changes of net
de-/remineralization in the lesions. Clinically, the whitish
appearance of early caries lesions becomes quite distinct
with greater porosity from sound teeth. The clinical sign of
the initial lesions is first detected via visual inspection by
a dental professional. Thus, it is essential to focus on the
color changes in the lesions.

In general, the color changes of a specific sample can
be measured with a digital colorimetric device, such as
a spectrophotometer [20]. According to previous study, a
spectrophotometer based on the CIE L*a*b* color system was
recognized as a reliable and an objective tool for quanti-
tative evaluation of the changes in the vital tooth color
[21—23]. Above all, it can measure slight color changes
between the sound and lesion area in enamel because the
spectrophotometer can numerically identify the differences
in color that are difficult to physically see.

Fig. 1 Quantitative light-induced fluorescence-digital (QLF-D) BiluminatorTM 2 systems (a), the light sources of the QLF-D tech-
nology (b), and the QA2 program for analysis (C).
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As previous explanation, typical clinical change of the
early caries is the formation of an opaque white spot lesion.
We can manage the early caries lesions by continuously
monitoring this whiteness change of the initial lesions. The
whiteness of the initial lesions is optical phenomena that
result from increased porosity within the enamel crystalline
structure [24]. Thus, it will be possible that color changes
of the enamel surface are quantitatively predicted as ana-
lyzing mineral loss. Therefore, the aims of this study were
to compare a QLF-D analysis, which can assess fluorescence
loss, and spectrophotometer measurements, which can
assess color changes to monitor mineral changes in the
early caries lesions.

Materials and methods

Preparation of enamel specimens

Twenty bovine incisors without cracks and white
spots were selected. All specimens were sectioned
(8 mm × 4 mm × 3 mm) from the labial surface of the bovine
incisors using a low-speed saw with a diamond blade. All
specimens were embedded in epoxy resin and ground with
600—4000 grit abrasive disc paper (SiC Sand Paper, R&B
Inc., Daejeon, South Korea) on a water-cooled polishing
unit to form a flat enamel surface.

Artificial caries lesion creation

Before generating artificial early caries lesions, half of
each specimen surface was covered with acid-resistant nail
varnish (Mix-nails, Mix&Match, Incheon, South Korea) to
preserve the sound tooth surface. Dried specimens were
immersed in deionized water for 30 min. To generate artifi-
cial caries lesions in enamel, each specimen was immersed
in 40 ml of a demineralizing solution for 40 days at 37 ◦C.
After initial lesion formation, the specimens were rinsed
with deionized water. The demineralizing solution contained
0.1 M lactic acid gel (pH 4.8) with 1% carbopol (Carbopol®

ETD 2050 polymer, Noveon Inc., Wickliffe, OH, USA) and
50% saturated with hydroxyapatite (calcium phosphate trib-
asic, Sigma, St. Louis, MO, USA). After the demineralization
period, the specimens were stored at a 100% relative humid-
ity until needed.

Early caries lesions with various severities of lesion
depths were created over a period of 40 days. Repeat mea-
surements on specimens were performed after 3, 5, 10, 20,
30, and 40 days of exposure to the demineralizing solution
using the quantitative light-induced fluorescence-digital
(QLF-D) technology (QLF-D BiluminatorTM 2+, Inspektor
Research systems BV, Amsterdam, The Netherlands) and
spectrophotometer (CM-3500d, Minolta, Tokyo, Japan).

Measurements of fluorescence loss

The fluorescence loss in enamel was evaluated by �F
using QLF-D technology. The �F is the change of fluores-
cence between the sound and the demineralized lesion part
expressed as a percentage. From this variable, the quantifi-
cation of mineral changes in initial lesions was determined,

that is, using 0 as a reference point for sound enamel, �F
represents the mineral loss.

All specimens were air-dried for at least 15 s at room
temperature before QLF-D measurement. QLF-D examina-
tions were conducted in a controlled and dark environment.
The distance between the camera lens and surface of the
enamel block was kept constant throughout the experiment
to facilitate repeat measurements. After taking specimens
images using the QLF-D technology, the fluorescence loss
(�F, %) values in lesions were evaluated in six distinct stages:
after 3, 5, 10, 20, 30, and 40 days of exposure to the dem-
ineralizing solution. The image taking conditions of the blue
light of QLF-D technology were set as follows; shutter speed
1/15 s, aperture value 8.0, ISO speed 1600. Because the
lesion window was identical in size for all specimens, only
the average �F values were recorded at the 5% threshold
level between the sound and demineralized enamel using
the QA2 program (Inspektor Research systems BV, Amster-
dam, the Netherlands) [25].

Measurements of the color changes

A spectrophotometer was used to measure the color changes
between the sound and early caries lesion parts. The CIE
L*a*b* color system is a three-dimensional uniform color
space with axes L*, a*, and b* where the difference in the
distance from the origin measures the color change. The
L* values represent lightness and extend from 0 (black) to
100 (white). Both a* and b* values represent the redness
to greenness and yellowness to blueness axes, respectively.
The color change (�E) between the two parts can be auto-
matically calculated within the CIE L*a*b* color system.

All specimens were dried for at least 30 min at room tem-
perature and measured using the same black background in
a dark room with controlled lighting settings. Prior to each
use, the unit was calibrated using a white calibration plate
and a zero calibration box. All specimens were measured
on the target mask CM-A121 (3 mm in diameter) to capture
the same site of each specimen. L*, a* and b* readings were
obtained, and the color change (�E) between the baseline
(sound enamel) and the demineralized part was calculated
using the following equation:

�E = [(�L∗)2 + (�a∗)2 + (�b∗)2]
1/2

,

where �L*, �a* and �b* are the differences between the
sound and post-demineralized parts.

Statistical analysis

To analyze changes in early caries lesions based on the
exposure times in demineralizing solution, the results were
compared by one-way repeated measures ANOVA and Bon-
ferroni’s post hoc analysis with 95% confidence intervals.
Spearman’s rank correlation coefficient was found between
the �F and �E. All statistical analyses were conducted using
the IBM SPSS package program (IBM SPSS Statistics 20.0 for
windows, SPSS Inc., Chicago, USA).
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Results

The average �F values were monitored by the QLF-D tech-
nology for 40 days. According to the result of the repeated
measure ANOVA, the �F values significantly decreased based

on the demineralizing period (Table 1, p < 0.001). A rela-
tively drastic decrease in the �F values was observed for all
specimens within the 10 days of exposure to demineralizing
solution. There were no significant changes in the �F values
from 30 to 40 days.

Table 1 Changes in the fluorescence loss by the QLF-D technology during the demineralizing period (unit: %).

Exposure time (days)

3 5 10 20 30 40

ΔF

-12.86

(3.90)

-22.86

(3.95)

-34.74

(4.07)

-47.21

(3.04)

-50.62

(2.95)

-51.38

(4.07)

ΔΔ

F

-10.00

(1.43)

-11.88

(2.13)

-12.46

(1.82)

-3.41

(1.76)

-0.77

(2.32)

p <0.001 <0.001 <0.001 <0.001

All values are given as the mean (SD).
p-Values denote statistically significant differences within rows by repeated measures ANOVA and the Bonferroni’s test at ˛ = 0.05.

Table 2 Changes in the mean L*, a*, b*, and �E values according to a spectrophotometer during the demineralizing period.

All values are given as the mean (SD).
p-Values denote statistically significant differences within rows by repeated measures ANOVA and the Bonferroni’s test at ˛ = 0.05.
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Table 3 Spearman’s rank correlation coefficient (p values) of the �F by the QLF-D with variables by the spectrophotometer.

�F Variables by the spectrophotometer

L* a* b* �E

p −0.813 −0.703 −0.722 −0.853
p* <0.001 <0.001 <0.001 <0.001

p is the Spearman’s rank correlation coefficient.
* p < 0.01.

Fig. 2 Fluorescence and general images in lesions by QLF-D technology were presented according to demineralizing solution expo-
sure duration. Fluorescence changes in lesions were represented by �F values and whiteness changes in lesions were represented
by �E values. Left corresponds to the sound part of specimen and right to the demineralizing part.

The color changes in early caries lesions were also mon-
itored with a spectrophotometer for a period of 40 days.
Overall, there were significant changes in each of the L*,
a*, and b* values in the lesions with an increase in the dem-
ineralizing solution exposure duration (Table 2, p < 0.001). In
particular, an increase in the demineralizing time resulted
in an increase in the L* values, which reflected lightness
of the lesion parts. Additionally, the a* values increased as
the demineralizing time increased, and the b* values were
positive at 0 day and negative 3 days or later. Compared
to the sound enamel, the green color of the lesion parts
faded, while the blue color intensified. Although the �E
values changed irregularly between 3 and 5 days, the �E val-
ues increased continuously after 5 days (Table 2, p < 0.001).
There were no statistically significant differences in the �E
values at 30 days or later.

There was a strong correlation between the �F and
�E values (p = −0.853, p < 0.001, Table 3). Fig. 2 respec-
tively shows the fluorescence loss and color change aspects
of specimens under blue and white light according to the
demineralization period (Fig. 2). The changes of the fluo-
rescence in the lesion parts were clearly distinguished in
the fluorescence images, while it was difficult to differen-
tiate the changes of the whitish appearance in the general
images.

Discussion

In this study, we focus on monitoring lesions of code 1 by the
ICDAS, which is especially difficult to detect with the naked
eye. With our same demineralizing method, we had con-
firmed the histological lesion depth values by polarized light
microscopy (PLM) according to the demineralizing period.
The lesion depths were as follows; 10 days of exposure
causes approximately 113 ± 5.70 �m deep lesions, 20 days
causes 218 ± 10.79 �m, 30 days causes 268 ± 8.08 �m, and
40 days causes 310 ± 18.38 �m (Data no shown). According
to PLM analysis, the histological lesion depth values were sig-
nificantly correlated with the �F values measured with the
QLF-D with r = 0.94 (Spearman rank correlation, p < 0.001)
[16]. Therefore, we produced artificial early caries lesions
with various severities of lesion depths to measure the rep-
resentative characteristics of early caries lesions, such as
fluorescence loss and color changes with the QLF-D and the
spectrophotometer.

In general, clinical signs of the early caries lesions in
enamel are assessed as color changes in lesions by visual
inspection or roughness of surface on lesions by tactile
examination with probe. However, in a previous study,
although visual and tactile examinations were used together,
the sensitivity of the dental caries diagnosis is reduced
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to less than 20% for early caries on the occlusal surface
[13]. The limitations of these traditional detection meth-
ods cause a wide deviation in the diagnosis of early caries
at dental clinics. This variation in dentists’ clinical deci-
sion might not be able to make the initial lesions that could
remineralize recover by preventive dental care. Therefore,
a quantitative optical detection system that can detect
these clinical signs needs to correctly assess the pathological
process.

As a result of this study, there was a strong correlation
between the �F and �E values (p = −0.853, p < 0.001). It
is reasonable to assume that the �F values can sensitively
reflect color changes in the initial lesions. When images of
the initial lesions were taken with blue and white light as
two light sources, such as in Fig. 2, fluorescence loss changes
of fluorescence images collected with 405 nm blue light can
be identified in lesion area, while color changes of gen-
eral images collected with the white light (general visible
light) cannot be identified by the naked eye. It is proper
to compare these results to those of previous studies that
the difference in color could be considered imperceptible
when the �E value was between 0.0 and 1.1 [26,27]. The
variation became visibly perceptible but acceptable when
the �E values were between 1.1 and 3.3 [28]. However,
the effects are considered clearly visible and clinically dis-
turbing when �E > 3.3 [29]. In the results of this study, it
means that the color change between sound and lesion parts
could be distinguished with the naked eye, while the color
change during the progression of the caries lesions was not
detectable with the naked eye because ��E was under 3
units. Thus, this result indicates that the QLF-D technol-
ogy can be used in the dental clinics to improve limitation
which did not objectively quantify the color changes in code
1 lesion area.

According to the observed lesion with the spectropho-
tometer, the L* values increased as the demineralization
period increased (Table 2). Lesions tended to be brighter
as the severity of the lesion increased. This result agrees
with that of a previous study which reported that the caries
progression could be assessed based on lightness [30]. Addi-
tionally, the �E values also increased proportionally to the
demineralization period (Table 2). In this case, because
the �E values were greater than seven units, it was pos-
sible to distinguish color changes between the sound and
lesion parts. This is because a casual viewer can distin-
guish the color difference when the �E values between
two colors are 5—6 units [29]. Nevertheless, the obser-
vation of early caries lesions with a spectrophotometer
has the following limitation. First, all ��E values in ini-
tial lesions were under 3 units. It means that the color
changes during lesion progression were not physically vis-
ible. This is because a trained eye can distinguish color
differences when �E values are 3 to 4 units [28]. Sec-
ondly, the �E values were irregularly changed between 3
and 5 days, which is the earliest stage in progression of the
caries lesions (Table 2, p < 0.001). This could be because the
enamel surface roughness increased drastically at the earli-
est stage of early caries. Thus, there is the limitation that
stable detection for code 1 lesions through only color change
analysis of lesion surface cannot perform. Finally, the spec-
trophotometer has limitations in correctly measuring color
changes of teeth with a curved surface. The reason is that

this device can measure the only flat surface of a solid,
but not liquid, sample because it is very sensitive in light
intervention.

Because of the aforementioned limitations for color
changes in the lesion area, we focus on assessing early
caries lesions using the QLF-D technology. Based on our
results, mineral loss in lesions increased as the deminer-
alizing solution exposure duration increased (Table 1). The
�F values sharply decreased for all specimens in the first
10 days of exposure. However, there were relatively small
changes in the ��F values (below 5%) 20 days and later.
Trend of these results was similar to those of previous
studies, which analyzed mineral loss using TMR after dem-
ineralization [31—33]. The dynamic equilibrium of mineral
ions was probably reached in the interface between the
enamel surface and demineralizing solution because the
demineralizing solution was never replenished. Neverthe-
less, we found that infinitesimal mineral changes in a
shallow lesion in the outer half of enamel can be cor-
rectly monitored with the use of the QLF-D technology
(Fig. 1). This result was opposing to the result of the spec-
trophotometer analysis. In other words, the clinical changes
in the initial stage with progression of caries lesions are
more stably analyzed with QLF-D technology than with a
spectrophotometer. Additionally, the accuracy and relia-
bility of QLF have already been demonstrated in many
previous studies [5—7,13,17,34,35]. Therefore, the QLF-
D technology, upgrading the version of QLF could also
help with longitudinally quantifying early mineral losses
or gains in the initial lesions, and this technique can be
used to capture high resolution images of arrested ini-
tial and subclinical lesions, which will critically facilitate
clinical assessments [36]. Therefore, the changes in the flu-
orescence images according to the lesion depth that are
not observed in the general images by white light can
be confirmed with blue light such as in Fig. 2. Addition-
ally, patients can easily understand their oral condition
because the pathological changes of the initial lesions can
be quantitatively confirmed through a chair-side computer
system.

We found that the �F values can be used more stable
than the �E values in the lesion area. Additionally, the
QLF-D technology can simultaneously provide visual image
information and quantitative analysis of lesion changes at
during incremental oral health care. Therefore, we sug-
gest that preventive management of early caries lesion
will become more useful with the QLF-D technology. How-
ever, further studies are required conducting experimental
setups that mimic an oral situation, such as using in situ
model.
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