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A B S T R A C T

Background: This study compared two fluorescence parameters (fluorescence loss [ΔF] and red fluorescence gain
[ΔR]) among three generations of quantitative light-induced fluorescence (QLF) systems with the aim of de-
termining the validities of these parameters in the three devices for differentiating the severity of enamel caries.
Methods: Forty-one extracted human premolars and molars with suspected enamel caries were selected.
Fluorescence images of all teeth were obtained using first-, second-, and third-generation QLF systems (Inspektor
Pro, QLF-D, and Qraycam, respectively). Fluorescence parameters were then calculated using proprietary soft-
ware. All of the specimens were also categorized histologically using polarized-light microscopy (PLM) based on
histological levels related to the lesion depth into sound enamel (S), caries limited to the outer half of the enamel
(E1), and caries involving the inner half of the enamel (E2). The Mann-Whitney test with Bonferroni correction
was used to compare fluorescence parameters among the three generations of systems. The sensitivity, speci-
ficity, and area under the receiver operating characteristics curve (AUC) at two thresholds (S/E1 for detecting
enamel caries lesions and E1/E2 for differentiating the caries severity) were calculated for evaluating the va-
lidities of the fluorescence parameters obtained using all three generations of QLF devices.
Results: ΔF did not differ significantly between the devices at any histological level. In addition, ΔF showed large
AUCs at the thresholds of S/E1 and E1/E2 (0.97–0.98 and 0.89–0.90, respectively). On the other hand, ΔR was
significantly higher for the third-generation device than for the first- and second-generation devices for E2 le-
sions (P < 0.001). At the S/E1 threshold, ΔR values of the first- and third-generation devices showed larger AUCs
(0.96–0.97) compared with that of the second-generation device (0.91), whereas at the E1/E2 threshold the AUC
was the largest for the third-generation device (0.87).
Conclusions: The ΔF fluorescence parameter did not differ between the three generations of QLF devices, and
showed high validity values. In terms of ΔR, the devices of all generations also showed good diagnostic per-
formance for quantifying and detecting enamel caries lesions, but the third-generation QLF system produced
superior results.

1. Introduction

Dental caries has been defined as a cavitated lesion that can be
clearly detected by the naked eye in conventional dental paradigm
mainly focused on restorative treatment [1]. These cavitated lesions
must be treated surgically because they cannot recover reversibly due
to the irreversible physiochemical loss of dental hard tissue [2]. There
has recently been a paradigm shift in the early detection of non-
cavitated caries lesions and treating them nonsurgically before they

become cavitated [3–5]. Radiography has been used as a traditional
diagnostic method until now, but it is not suitable for detecting non-
cavitated caries lesion due to its low reported sensitivity (0.17–0.83)
[6].

Various optical diagnostic devices such as fiber-optic transillumi-
nation, optical coherence tomography, the DIAGNOdent device, and
quantitative light-induced fluorescence (QLF) have been developed in
recent years to overcome the limitations of conventional diagnostic
methods [6–8]. QLF technology has in particular been widely used
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since it was introduced in the 1980s, and it can be used to observe two
kinds of fluorescence (changes in autofluorescence from the tooth and
in red fluorescence) using visible light in the blue spectral range [9].
Changes in the mineral contents involved in the caries process cause
light scattering, and the intensity of autofluorescence emitted from
fluorophores located in the dentinoenamel junction (DEJ) is reduced.
One of the fluorescence parameters employed in QLF technology to
indicate the reduced autofluorescence intensity of tooth is the fluores-
cence loss (ΔF). ΔF allows minute changes in dental hard tissues such as
those associated with dental caries, dental fluorosis, and dental erosion
to be quantified nondestructively [10–12]. The other fluorescence
parameter is the red fluorescence gain (ΔR), which relates to the red
fluorescence generated by porphyrin produced by bacterial metabo-
lism. Red fluorescence can be found in mature plaques, the tongue
coating, dental cracks, and active caries lesions [13–17].

Various types of devices based on the QLF technology have been
developed (Fig. 1). The first-generation QLF system, Inspektor Pro
(Inspektor Research Systems BV, Amsterdam, the Netherlands), was
introduced in 2004 and comprises a 404 nm peak wavelength of light
(with a full width at half maximum of 22 nm), a high-pass filter
(> 520 nm), and a micro−CCD camera. The Quantitative Light-In-
duced Fluorescence—Digital Biluminator 2+ device (QLF-D, Inspektor
Research Systems BV), which was introduced as the second-generation
device in 2012, mainly uses a single-lens reflex (SLR) camera in which
the Biluminator system containing 405 nm peak wavelength of violet-
blue light LEDs with full width at half maximum of 15 nm and white-
light LEDs and an Inspektor filter (high-pass filter > 480 nm in com-
bination with a pink filter to emphasize on the 630–640 nm band) are
embedded in the main body. The Qraycam device (AIOBIO, Seoul,
Republic of Korea) introduced in 2014 is a third-generation QLF device,
comprising a set of LEDs (in the same configuration as QLF-D), a CCD
camera, and an Inspektor glass filter (with the same filter as in the QLF-
D device).

These various generations of QLF devices use visible light of the
same wavelength but different cameras, capturing methods, and filters.
Nevertheless, few studies have directly compared the fluorescence
patterns from the different generations of QLF systems in evaluations of
the same caries lesion. The aims of this in vitro study were therefore to
compare the fluorescence parameters for quantifying enamel caries on
smooth surfaces among the generations of QLF system and to confirm
the validities of fluorescence parameters for the detection of caries le-
sions.

2. Materials and methods

2.1. Selection and preparation of teeth samples

The Ethics Committee of the Dental Hospital of Yonsei University
approved the study (IRB 2-2017-0044), and all of the voluntary parti-
cipants were provided informed consent before teeth were extracted.
Forty-one permanent human premolars and molars with suspected en-
amel caries on smooth surfaces (including proximal surfaces, partially)
were selected after excluding teeth with enamel dysplasia or dental

fluorosis. Dental plaque and residues including periodontal tissue re-
maining on the tooth surfaces were removed using toothbrushes and
curettes. The teeth were stored at −20 °C in a container blocked from
external light. Tooth specimens were kept stable when capturing sur-
face images by fixing them vertically into a 15-mm × 12-mm × 8-mm
acrylic mold with a 9-mm-diameter hole using a self-cured resin (Ortho-
Jet, Lang Dental Manufacturing, Wheeling, IL, USA).

2.2. Acquisition of fluorescence images and quantitative analysis of
fluorescence parameters

Before fluorescence images were captured, the specimens were
dried for 15 s using compressed air [18]. According to the results of the
preliminary experiment, the order of capturing the fluorescence images
with the different devices did not affect the fluorescence loss. There-
fore, without randomization, the first-, second-, and third-generation
devices (Inspektor Pro, QLF-D, and Qraycam, respectively) were used in
the same sequence to obtain fluorescence images of each specimen.
Images of the specimens were captured using the proprietary software
supplied with each QLF device. The QLF-D fluorescence images were
captured using an ISO of 1600, a shutter speed of 1/30, and an aperture
value of 6.7, while the Qraycam settings were an exposure of 0 and a
contrast of 0. According to the manufacturer’s instructions, the dis-
tances between the specimens and the first-generation device and the
LEDs of the second- and third-generation devices were 0.5, 13, and
8 cm, respectively. Since the size of the fluorescence images differ
among the devices, patches were drawn around the same region to be
analyzed in each image and set as the area of interest (AOI). The
fluorescence intensity in the AOI was quantified using the two kinds of
fluorescence parameters, ΔF and ΔR, which were both measured as
percentages using analysis software (QA2 version 1.24, Inspektor Re-
search Systems BV). ΔF represents the percentage decrease in the au-
tofluorescence intensity in a caries lesion compared with that in sound
enamel, and it reflects changes in the mineral contents of enamel. ΔR is
the percentage increase in red fluorescence intensity due to porphyrins
from bacterial metabolism compared with that for sound enamel, and it
reflects the activity of oral microorganisms.

2.3. Histological analysis

All of the teeth used in this study were histologically analyzed to
calculate the goldstandard, lesion depth. Before cutting the specimens,
wax was used to cover the crown to prevent destruction of enamel. The
specimens were cut at the center of the AOI using a microtome
(TechCut 4™, Allied High Tech Products, Compton, CA, USA). The slide
containing the specimen was ground to a thickness of 100 μm using
600-grit silicon-carbide sandpaper (R&B, Daejeon, Republic of Korea).
The ground specimens were photographed at 40× and 100× using
polarized light microscope (PLM, CX31-P, Olympus, Tokyo, Japan). The
results based for the depths of the caries lesion observed in the PLM
images were classified into three categories: code S refers to sound
enamel, code E1 refers to enamel demineralization limited to the outer
half of the enamel layer, and code E2 refers to enamel demineralization

Fig. 1. First-, second-, and third- generation QLF devices: (A) Inspektor Pro, (B) QLF-D, and (C) Qraycam, respectively.

S.-W. Park et al. Photodiagnosis and Photodynamic Therapy 25 (2019) 142–147

143



involving the inner half of the enamel, up to the DEJ.

2.4. Statistical analysis

Box-and-whisker plots were drawn to display the distribution of
fluorescence parameters. The Kruskal-Wallis test and Mann-Whitney
test with Bonferroni correction were applied to identify significant
differences in fluorescence parameters among the three generations of
QLF devices. Receiver operating characteristics curves were calculated
to evaluate the validities of the fluorescence parameters for detecting
enamel caries lesions among the QLF devices. The sensitivity, specifi-
city, and area under the receiver operating characteristics curve (AUC)
were calculated at two thresholds: one for detecting enamel caries le-
sions (S/E1) and the other for differentiating the caries severity (E1/E2).
All statistical analyses were conducted using PASW version 23.0 (IBM,
Somers, NY, USA) and MedCalc® (MedCalc Software, Ostend, Belgium).

3. Results

The histological results showed that 15 teeth were code S (36.6%),
17 teeth had E1 lesions (41.5%), and 9 teeth had E2 lesions (22.0%).
The fluorescence properties observed for sound enamel differ among
the three generations of devices (Fig. 2). The first-generation device
visualizes the sound enamel as green, whereas tooth-colored fluores-
cence appeared in the second- and third-generation devices. When
observing the caries lesion area, the decreased intensity of auto-
fluorescence simply appeared dark. On the other hand, red fluorescence
in the fluorescence images of the second- and third-generation devices
appeared together with decreased autofluorescence of the caries lesion.

Comparison of ΔF between all three devices showed no statistically
significant difference for each of the histological codes (Fig. 3A). In the
red fluorescence analysis, there was no statistically significant differ-
ence in ΔR between codes S and E1. However, for code E2, ΔR was
significantly larger for the second- and third-generation devices than for
the first-generation device (Fig. 3B, P < 0.001).

For distinguishing enamel caries from sound enamel (at the S/E1

threshold), cutoff ΔF values of the QLF devices ranged from –11.0 to
–9.7 (Fig. 4A). The sensitivity, specificity, and AUC for ΔF showed ex-
cellent values of 0.92, 1.00, and 0.97–0.98, respectively. The cutoff
values for ΔR ranged from 20.0 to 29.9 (Fig. 4B). The sensitivity, spe-
cificity, and AUC for ΔR also showed excellent values, of 0.85–0.89,
0.93–1.00, and 0.91–0.97, respectively.

At threshold E1/E2 for distinguishing the severity of enamel caries,
the cutoff ΔF values of the devices ranged from –16.1 to –13.1. Validity
analyses showed that the devices of all generations had good ac-
curacies, with high sensitivities (0.89–1.00), specificities (0.69–0.78),
and AUCs (0.89–0.90) (Fig. 5A). The cutoff ΔR values were similar in
the first- and second-generation devices, while it was 1.4-fold higher in
the third-generation device (Fig. 5B). The sensitivity, specificity, and
AUC were higher for the third-generation device than for the first-
generation. In addition, the AUC was smallest (0.81) for the first-gen-
eration device.

4. Discussion

The comparisons among three generations of QLF devices per-
formed in this study revealed that ΔF values (which reflect the mineral
contents of teeth) did not differ among the devices and had excellent
diagnostic accuracies for detecting enamel caries on smooth surfaces
and differentiating lesion severity. Meanwhile, ΔR (representing the
microbial activity) was significantly higher for the second- and third-
generation devices than for the first-generation device for code E2

(P < 0.001). Two kinds of fluorescence parameters from QLF devices
have been demonstrated to be useful for distinguishing enamel caries
lesions. Nonetheless, for the red fluorescence, the third-generation de-
vice with an integrated glass filter could provide clearer fluorescence
images and showed better performance for differentiating the enamel
caries severity than the first-generation device (with one filter) and the
second-generation device (with two filters).

The fluorescence images produced by the three generations of QLF
devices looked different to the naked eye even though there were no
significant differences in the calculated ΔF values. The main reason for
this apparent discrepancy is the different filters in the three QLF de-
vices. As QLF technology has developed, new filters have been devel-
oped for the second- and third-generation devices to emphasize the
minute differences in fluorescence intensities by broadening the red and
blue spectral ranges. This has resulted in the colors of sound enamel and
caries lesions differing among the fluorescence images produced by the
devices. However, ΔF is not affected by the filters because it is calcu-
lated only from the green spectral components of the autofluorescence
of teeth. This resulted in the ratios of the decrease in green fluorescence
intensity in caries lesions relative to sound enamel being similar among
all of the devices.

Both red fluorescence and green fluorescence can be observed in

Fig. 2. Representative polarized light microscope (PLM, magnified 100x), white light, and fluorescence images obtained using each QLF device.
Black arrows indicate the AOI for QLF image analysis. S, sound enaeml; E1, demineralization limited to the outer half of the enamel; E2, demineralization involving
the inner half of the enamel.
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caries lesions. Demineralized enamel caries lesions contain a lower
volume of minerals and a higher volume of organic matter and water
compared to sound enamel [19,20]. This can result in the formation of
porous pathways connecting between the inside and outside of the

lesion. Previous studies using QLF systems have mainly investigated the
red fluorescence in mature and pathogenic biofilms [21,22]. Lee et al.
were the first to report that the red fluorescence that had been observed
in mature plaques could also be observed in cross-sectional images of

Fig. 3. Comparison of ΔF (A) and ΔR (B) values between the three generations of QLF devices for different histological codes.
S, sound enamel; E1, demineralization limited to the outer half of the enamel; E2, demineralization involving the inner half of the enamel.

Fig. 4. Receiver operating characteristics (ROC) curves of ΔF (A) and ΔR (B) at the threshold for detecting enamel caries lesions (S/E1).
Sen, sensitivity; Spe, specificity; AUC, area under the receiver operating characteristics curve.

Fig. 5. Receiver operating characteristics (ROC) curves of ΔF (A) and ΔR (B) at the threshold for differentiating the severity of enamel caries lesions (E1/E2).
Sen, sensitivity; Spe, specificity; AUC, area under the receiver operating characteristics curve.
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occlusal caries lesions in in vitro experiments [23]. The red fluorescence
inside caries lesions has also been reported for some in vivo studies that
evaluated how ΔR varied with increased depths of occlusal and prox-
imal caries lesions [24,25]. These results indicate that QLF technology
demonstrated that mature and pathogenic biofilms can potentially pe-
netrate enlarged porous structures, and hence this technology can be
regarded as a useful tool for detecting red fluorescence inside enamel
caries lesions.

The ΔR values differed among the devices of different generations.
Kim and Kim evaluated the progression of caries lesions using the total
intensity of red fluorescence, and reported that the second-generation
QLF device had an improved capability for detecting red fluorescence
and could improve the ability to predict the progression of caries
compared to the first-generation device [17,26]. As stated above, the
validity for distinguishing between shallow enamel caries lesions (E1)
and deep caries lesions (E2) was highest for the third-generation device
and lowest for the first-generation device (Fig. 5B). In particular, for
deep lesions there were no differences in ΔF among the three devices,
but differences in ΔR were present due to the use of different filters
(Fig. 3B). Therefore, there are no differences in the low levels of red
fluorescence for shallow caries lesions, while differences can occur for
the high intensity of red fluorescence for deep caries lesions due to ΔR
being higher in the second- and third-generation devices than in the
first-generation device.

The results of this study suggest that the ΔR value—which reflects
not only the microbial activity but also the mineral content—could be a
useful parameter for evaluating enamel caries lesions. This is supported
by the present in vitro study finding excellent validity values for the use
of red fluorescence in distinguishing enamel caries lesions. A previous
in vivo study found a validity of 0.69 for ΔR in distinguishing proximal
enamel caries using the second-generation device [24]. That validity
value is lower than those in the present study due to inherent limita-
tions of an in vivo study. Proximal caries lesions generally occur mainly
below the contact points of adjacent teeth, which makes them difficult
to observe directly [27]. The previous assessments of proximal caries
only captured fluorescence images of the occlusal surface, and the in-
direct evaluations had limitations in demonstrating the relationship
between lesion depth and fluorescence parameters despite the good
validity. For this reason, we obtained direct images of lesions, which
make accurate validation tests of the fluorescence parameters possible.
Another potential limitation is the type of gold-standard method used.
The previous study used conventional bitewing radiography, which
showed a low sensitivity of 0.41 for detecting proximal caries lesions
[28]. In contrast, the present in vitro study used a histological analysis
with the aid of PLM to calculate the precise lesion depth, which re-
confirmed the possibility of using red fluorescence to detect proximal
caries and thereby augmented the previous in vivo study by yielding
clear evidence.

To the best of our knowledge, this is the first in vitro study to con-
firm differences in representative three QLF devices for detecting en-
amel caries lesions, and also the first to use the latest-generation device
and confirm the excellent validities of the devices of all generations in
detecting enamel caries. From our results we suggest that the most-
appropriate choice of QLF device depends on the capturing environ-
ment and desired usage, as follows:

1 The first-generation device (Inspektor Pro) comprises of an intraoral
camera that makes it easy to obtain fluorescence images of a single
tooth and to monitor lesions due to its video repositioning capability
to capture sequential images at the same position.

2 The second-generation device (QLF-D) is suitable for use in both
clinics and laboratories because it can continuously capture high-
resolution white-light and fluorescence images every 2 s. It is pos-
sible to image a complete quadrant (or sextant) with high resolution
so that individual teeth can be envisioned with the same image
quality as the first generation device. Posterior teeth can be imaged

indirectly by using a mirror. Due to the use of the double filter of
this device, it shows a much higher contrast in red fluorescence
enabling the detection of oral anomalies which could not detected
with the previous device.

3 The third-generation QLF device (Qraycam), which is similar to the
second-generation QLF device, is capable of full-range imaging.
With the second and third generation devices it is easy to detect
lesions in the clinic. The quality of the images obtained with the
third-generation device is similar to that of the second generation
device. It is also both light weight and portable as well, which makes
it easier for dental professionals to capturing image in the clinical
environment. Additionally, it is a practical device to be used large-
scale epidemiological surveys and for providing oral-care education
in schools and public health centers.

Considering the above characteristics, the various generations of
QLF devices can be effective detection and education tools for enamel
caries in a variety of situations. Future studies should attempt to con-
firm their utility in other diverse cases and situations.

5. Conclusion

This in vitro study was aimed to compare the difference of the
fluorescent parameters of enamel caries on smooth surfaces with three
different QLF generation devices. It was found that ΔF (fluorescence
loss) did not differ among the first-, second-, and third-generation QLF
devices of smooth enamel caries lesions. In contrast, ΔR (red fluores-
cence gain) had higher validity for the second- and third-generation
devices than for the first-generation device.
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