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Abstract. The purpose of the present study was to identify factors useful for diagnosis of the caries stage from
laser-induced autofluorescence (AF) spectra. Affected teeth were accurately staged and allocated to four
groups: sound, stage II, stage III, or stage IV. A 405-nm laser was used to produce AF spectra. The spectrum
factors analyzed were spectrum slope at 550 to 600 nm, spectral area from 500 and 590 nm, and intensity ratio of
peaks 625 and 667 nm (625∕667 nm). DIAGNOdent was used as control measurement. AF spectra of sound
teeth had a peak near 500 nm followed by a smooth decline to 800 nm. As caries progressed, some specimens in
stages II to IV showed one or two peak(s) near 625 and 667 nm. Slopes at 550 to 600 nm and areas under the
curve at 500 to 590 nm were significantly different (p < 0.001) for each stage. Two-peak ratios were also sig-
nificantly different (p < 0.001) except for stage III and stage IV. DIAGNOdent readings for sound and stage II and
stage III and IV were not significantly different. Among the studied factors, the spectrum slope at 550 to 600 nm
and area under curve at 500 to 590 nm could be useful treatment decision-making tools for carious lesions.© 2016
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1 Introduction
Caries is one of the most common oral diseases that affects teeth
function and vitality. This disease is caused by demineralization
of teeth surfaces due to plaque and biofilm formation.
Demineralization is usually initiated by oral acids, such as acetic
and lactic acid, which are produced by oral bacteria from dietary
sugars and carbohydrates.1 Such locally formed acids dissolve
minerals from enamel, weakening enamel strength and hard-
ness, and thus, causing partial fractures and cavity formation.
Furthermore, tooth discoloration can occur due to the infiltration
of porous teeth by food colorants. Initially, carious lesions can
be repaired through remineralization by minerals in saliva.
However, when the balance between mineral loss and mineral
uptake is not maintained, demineralization is prolonged.
Moreover, the situation is exacerbated when saliva is reduced
due to diabetes mellitus, insufficient nutrition, and improper
tooth cleaning.2–4

Various methods, such as visual and tactile inspections to
device-assisted inspection, have been used to detect carious
lesions.5–7 Conventional methods, such as visual and tactile
inspections and x-ray test, are ineffective at detecting early
caries because they lack sensitivity. As for the device-assisted
methods, digital image fiber optic transillumination (DIFOTI)
uses a high-intensity white light to enhance shadows by light
scattering between sound and carious lesions. This method is
subjective due to its low sensitivity (<0.5).7 Electrical

conductance measurement utilizes the difference of electrical re-
sistance or impedance between sound and carious teeth. This
method showed a good reproducibility with <0.8 sensitivity
and specificity. However, due to the low distribution in dental
clinics, clinical trials are considerably low.7 Quantitative light-
induced fluorescence is a visible light system that can detect
early caries and monitor caries progression and regression.
However, reliable reports for sensitivity and specificity are lim-
ited. The portable device DIAGNOdent is popularly used to
detect the autofluorescence (AF) produced by chromophores
on teeth and produces digital results from 0 to 99, which indicate
the degree of caries progression. Accordingly, it provides a
means for staging caries in a cost-effective, nondestructive
device with vast numbers of clinical trials and data due to
the high distribution in clinics. The red laser light (655 nm)
of DIAGNOdent interacts with organic metabolites produced
by oral bacteria. In vitro studies have shown that it enables
the detection of carious lesions on occlusal and smooth surfaces,
but in vivo studies have produced contradictory results.8–10 Also,
an initial study showed a low relation between the number
showed by the DIAGNOdent and depth of decay.11

A 405-nm laser has been found to be useful for diagnosing
various cancers, including oral cancer by detecting porphyrin-
induced fluorescence in malignant tissues.12–15 Like
DIAGNOdent, the 405-nm laser causes carious lesions to pro-
duce AF because they also contain endogenous porphyrins,
which are byproducts of oral bacterial activity.16,17 The present
study was undertaken to determine whether a 405-nm laser
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could be used to detect and stage caries. Results obtained were
compared with DIAGNOdent readings to determine the feasibil-
ity of 405-nm laser use and factors useful for differentiating
caries stages were identified.

2 Materials and Methods

2.1 Tooth Preparation

The present study was conducted using 413 teeth (molars and
premolars) that were cleaned, frozen, and stored at a relative
humidity of 100% after extraction. The Institutional Review
Board at Pusan National University Dental Hospital,
Yangsan, Republic of Korea, had approved the study and waived
the informed consent. The stored teeth were inspected by two
trained examiners independently through visual inspection (by
eye and under the light microscope) and tactile inspection using
an explorer. The examined teeth were allocated to one of four
caries status groups (sound, stage II, stage III, stage IV)
(Table 1). Teeth in the same group were all identically classified
by two examiners. From each group, 20 teeth were randomly
selected for tests.

2.2 Autofluorescence Analysis

Laser-induced AF spectra of teeth were obtained using the 405-
nm laser (LVI Technology, Seoul, Republic of Korea), which
was operated at an output power of <2 mW as measured
using a power meter (PM3/FieldMax, Coherent, Portland,
Oregon). Each tooth was placed on the XYZ stage. The laser
was focused on the center of each lesion using a convex lens
(f ¼ 10 cm) and irradiated for 1 s. Emission spectra were
recorded using a spectrometer (QE65000FL, Ocean Optics
Inc., Dunedin, Florida) by guiding emitted light through an opti-
cal fiber (QP600-1-UV-VIS; 600-μm diameter silica core). The
detecting range of CCD detector in the spectrometer is 200 to
1000 nm and the optical resolution of the spectrometer is ∼0.14
to 7.7 nm (FWHM, depending on split). The end of an optical
fiber was positioned 1 cm away from the lesion surface. A 450-
nm longpass filter (Thorlabs Inc., Newton, New Jersey) was
placed in front of the optical fiber to attenuate the excita-
tion light.

From the obtained AF spectra, the spectrum slope was
assessed. To determine the spectrum slope, AF spectra were

analyzed at 550 to 600 nm; this range was determined by check-
ing linearity (correlation coefficient, R) using a linear fit model.
In this range, most specimens (77∕80) had an R value of >0.99.
The area under the curve from 500 to 590 nm was determined by
integrating the curve using ORIGIN (Microcal Software Inc.,
Southampton, Massachusetts). Since some specimens showed
an increasing emission profile after 590 nm, the range for evalu-
ation was fixed from 500 to 590 nm. To quantify spectral
changes after 600 nm, the ratio (625∕667 nm) of peak emissions
at 625 and 667 nm was calculated. These wavelengths were
determined because some specimens in stages II to IV showed
one or two raising peaks near 625 and 667 nm as caries
progressed.

2.3 Examination Using a DIAGNOdent

Caries was assessed using a DIAGNOdent pen (KaVo Dental,
Biberach, Germany), according to the manufacturer’s instruc-
tion. Before measurement, the device was calibrated against a
ceramic standard. Measurements were performed on the same
areas that were used to produce AF spectra. As described by
the manufacturer, peak values were classified as follows: 0 to
13, healthy; 14 to 20, beginning of demineralization; 21 to
29, strong demineralization; and >30, dentin caries. Values
of >30 indicate consideration of an x-ray test and of possible
minimally invasive treatment or resin filling.

2.4 Statistical Analysis

The obtained results (spectrum slopes, areas under curve, two-
peak ratios, and DIAGNOdent values) were analyzed by one-
way analysis of variance followed by a posthoc Tukey test
for multiple comparisons. Statistical significance was accepted
for p values of <0.05.

3 Results
Figure 1 shows lesions of different stages on the tested speci-
mens. Sound teeth were caries free with smooth and glossy sur-
faces. Stage II teeth showed white nonglossy spots. Stage III
teeth had much more visible yellowish/white spots but no evi-
dence of cavitation, and Stage IV specimens showed cavitation
with white chalky centers and less brown margins (IV-1).
However, some teeth exhibited obvious cavitation with a
dark brown center and white margin (IV-2).

Table 1 Description of caries stages defined in this study.

Code Description Relevant ICDAS II

Sound Sound and glossy surface Sound tooth surface (0)

Stage II Demineralization less 1∕3 enamel, visible white spot, no glossy
surface, remineralization can occur, dentist warns finding of incipient
caries

First/distinct visual change in enamel (1,2)

Stage III Demineralization over 1∕3 enamel and possibly damaged to dentin,
more clearly visible white spot than stage II, sometimes light to dark
brown spot is visible, no cavitation yet, immediate treatment depend
on internal demineralization

Enamel breakdown, no dentin visible (3)

Stage IV Cavitation is visible and progressed into dentin, white and/or brown
discolored lesion is frequently visible, immediate treatment is required

Underlying dentinal shadow (not cavitated into dentin)—in
our case, this case was grouped to III if there is no loss of
surface integrity (4) Distinct cavity with visible dentin (5)
Extensive distinct cavity with visible dentin (6)
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Emission AF spectra of specimens at different stages are
shown in Fig. 2. Specimens in Fig. 2(a) exhibited decreasing
profiles from 500 to 600 nm with high slope and then to
800 nm with low slope. As caries progressed, the peak at
500 nm decreased gradually. On the other hand, specimens
in Fig. 2(b) showed the same trend from 500 to 600 nm but
had one or two peaks after 600 nm. As caries progressed, a
peak near 667 nm appeared first, and this was followed by a
second peak near 625 nm. In any cases, as specimens approach
stage IV, the spectral distribution at 500 to 600 nm was close to
the baseline.

Figure 3 and Table 2 show a plot of scattered data and esti-
mated values of spectrum slope, area under curve, two-peak
ratio, and DIAGNOdent reading. Figure 3(a) shows the esti-
mated spectrum slope at 550 to 600 nm as determined by linear
fitting. As caries progressed, the average slope is significantly
less declined from −68.9� 13.3 to −12.8� 4.1. Each caries
stages had significantly different spectrum slopes (p < 0.001).
Figure 3(b) shows estimated areas under spectral curves at
500 to 590 nm. The area decreased significantly (p < 0.001)
from 850.7� 81.5 to 399.2� 41.9, as caries progressed.
Figure 3(c) shows estimated two-peak ratio (625∕667 nm) val-
ues. These ratios changed significantly from 1.30� 0.05 to
1.03� 0.15, as caries progressed (p < 0.001). However, the
ratios of stages III and IV were not significantly different.
Figure 3(d) shows the DIAGNOdent readings of the four caries
stages. Peak values significantly changed (p < 0.001) from
10.1� 2.9 to 83.6� 22.4 with caries progression, but values
in the sound and stage II groups and in the stage III and
stage IV groups were not significantly different.

Figure 4 shows the correlations between evaluated values.
Figure 4(a) shows the correlation between areas under the
curve and spectrum slopes, which were highly linearly
(R ¼ 0.94) correlated with only two outliers. The correlation
between spectrum slopes and two-peak ratios is shown in
Fig. 4(b). The correlation coefficient (R) between the two
was 0.75 but increased to 0.88 when outliers were excluded

(cases in which the 667-nm peak was higher than the 625-
nm peak). Figure 4(c) shows the correlation (R ¼ −0.74,
p < 0.001) between spectrum slopes and DIAGNOdent read-
ings. For spectrum slopes of 10 to 40, many DIAGNOdent read-
ings reached the maximum value of 99.

Figure 5 shows the correlation between caries stage and ratio
values (ratio is defined as the division of values of stage x and
sound for the relevant evaluation). Spectrum slopes, areas under
curves, and two-peak ratios showed linearly changing patterns
even after they included the first two stages (sound and stage II).
In the case of DIAGNOdent readings, linearity was not main-
tained due to the overestimated readings of stage III.

4 Discussion
In the present study, pre-examined teeth grouped by caries status
were used. AF was produced using a 405-nm laser, and using the
AF spectra obtained, caries-related spectral characteristics were
extracted and their abilities to diagnose caries by stage were
compared with DIAGNOdent readings.

When considering treatment for dental caries, an accurate
diagnosis of caries stage, whether based on visual inspection
or by device-assisted study, is important for timely, appropriate
treatment. ICDAS II (the standard visual inspection system) pro-
vides a standardized means of assessing teeth in different caries
stages.18,19 However, despite the diverse criteria of ICDAS II
(from 0 to 6), a dentist may react in two ways while a patient
waits in the chair, that is, to undertake treatment immediately or
to delay treatment. Except for sound or severe caries, which are
easily identified, decisions to restore a tooth not warranting such
treatment or no to restore a tooth with serious caries situation are
made due to lack of experience or less than distinctive lesion
characteristics due to the use of insensitive conventional meth-
ods. To reduce these pitfalls, a less interventional optically sen-
sitive technique would be desirable.

The tested specimens showed two different spectral profiles
in their AF signals between 500 and 800 nm as caries

Fig. 1 Images of the tested specimens with different caries stages.
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progressed, that is, a decreasing spectrum slope at 500 to 600 nm
and the appearance of new peak(s) after 600 nm.17,20–23 The
strong emission near 500 nm followed by a smoothly decline
with a long tail to 800 nm is mainly due to organic substances
embedded in the inorganic enamel.24 As caries progresses,
demineralization removes both inorganic and organic substan-
ces from the enamel surface and leaves an intact but porous
structure; the gradual decrease in peak intensity around
500 nm is due to the loss of organic substances.25–27

Structural modifications that occur during the porous to cavi-
tated surface transition can reduce the absorption of incident
light and AF emission due to increased scattering.28 The

decrease of peak intensity around 500 nm near the baseline
can be attributable to these two effects. The accumulation of
oral bacteria and their synthesis of endogenous porphyrins,
such as protoporphyrin IX, can be increased in carious lesions
and the appearance of one or two emission peaks observed after
600 nm due to caries progression was probably caused by these
processes.29–31 The difference of surface morphologies in stage
IV (1 and 2) is reflected in the spectral differences between
Figs. 2(a) and 2(b). Cavitation with a white chalky center
and less brown margin can be formed by plaque of low pH
(<5.5).32–34 The situation will be further worsened if plaque
on the tooth surface is not removed due to insufficient brushing

Fig. 2 (a) Autofluorescence spectrum of specimens with different stages. Sound teeth have emission
peaks near 485 nm. As caries progressed, specimens showed different degrees of decline after 500 nm.
However, after 600 nm and regardless of caries progression, the decline was not as high as that of
between 500 and 600 nm. (b) Except the sound case and similar decline between 500 and 600 nm,
some specimens showed one or two emission peaks after 600 nm as caries progressed.
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and a high sugar supply. Since the process occurs within a short
time, the time is not enough to synthesize porphyrins by oral
bacteria [no visible peak(s) after 600 nm, Fig. 2(a)].
However, if the situation is not changed and as time further elap-
ses, porous and weakened enamel surface will be fractured and
removed and then deep cavitation will occur on the visible sub-
surface dentin. At this stage, one or two peaks after 600 nm by
endogenous porphyrins in Fig. 2(b) are probable.

To evaluate the spectrum slope, a range of 500 to 600 nm
could be used, but better linearity is obtained between 550
and 600 nm because the spectra of stages II to IV are less linear
at 500 to 550 nm. Of the 80 specimens, only three had an R
value of <0.99 value (0.98, 0.97, and 0.85) in the range of
550 to 600 nm; thus, slope values may not have been signifi-
cantly affected by narrowing the range from 550 to 600 nm
to 575 to 600 nm.

Fig. 3 Scatter plot of (a) spectrum slopes, (b) area under curve, (c) two-peak ratios, and (d) DIAGNOdent
readings for specimens of different stages. Horizontal lines in each figure represent average values
obtained from the relevant stages.

Table 2 Obtained values from the autofluorescence spectrum analysis and DIAGNOdent reading.

Sounda Stage IIb Stage IIIc Stage IVd P-value

550 to 600 nm slope −68.9� 13.3 (36.6 − 84.1) −47.0� 12.6 (25.9–72.1) −25.1� 7.3 (12.9–38.2) −12.8� 4.1 (7.0–19.9) <0.001

Sounda Stage IIb Stage IIIc Stage IVc

Area under curve at
500 to 590 nm

850.7� 81.5 (951–673) 669.5� 106.3 (870–493) 563.3� 90.1 (876–485) 399.2� 41.9 (471–307) <0.001

Sounda Stage IIb Stage IIIc Stage IVc

625∕667 nm ratio 1.30� 0.05 (1.18–1.35) 1.21� 0.07 (1.07–1.33) 1.11� 0.13 (0.76–1.22) 1.03� 0.15 (0.67–1.15) <0.001

Sounda Stage IIa Stage IIIb Stage Ibb

DIAGNOdent reading 10.1� 2.9 (6–15) 29.0� 14.6 (6–59) 77.4� 26.5 (31–99) 83.6� 22.4 (34–99) <0.001

Note: Statistically significant difference on caries stage is shown by superscript letters. Same letters are not significantly different (p>0.05).
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Estimated mean areas under the curves decreased signifi-
cantly by caries severity. Since the spectra of different stages
had consistently changed at 500 to 600 nm enough to maintain
statistical difference, the area under that spectrum can be
changed consistently and significantly as well [Fig. 4(a)].
However, this consistency cannot be maintained if the range

>590 nm is included, because in some cases, areas under curves
increased rather than decreased with caries progression due to
the appearance of one or two peaks.

Among the specimens, 16 of the 80 teeth (1 stage II, 8 stage
III, and 7 stage IV) showed one or two peaks at or near 625 and
667 nm. To exploit these, ratios between emission intensities at
625 and 667 nm were calculated. Sound and stage II caries were
found to have significantly different ratios, because spectrum
slopes at 625 to 670 nm consistently decreased and peak inten-
sities at 625 nm were always higher than at 667 nm; average and
standard deviations of these ratio values would be high and low,
respectively, and as a result, significantly different for these two
caries stages. However, stage III and IV 625∕667 ratios were not
significantly different, because these two stages showed incon-
sistent spectra. Twenty-five of the 40 in these stages III and IV
groups showed slowly decreasing profiles at 625 to 670 nm, and
the other 15 had increasing profiles with one or two peaks.
These results indicate that two-peak ratios are less sensitive
for diagnosing caries stage. The correlation (R) between spec-
trum slope and two-peak ratio was 0.75 for all evaluated values
and would have been 0.88 if peak ratios of <0.9 were excluded
[Fig. 4(b)].

DIAGNOdent is a laser-assisted fluorescence measurement
device that is widely in use and studied.8–10 According to liter-
ature reviews of clinical studies, DIAGNOdent has mean sensi-
tivities and specificities of <70% and <80%, respectively, in

Fig. 4 Correlation between (a) the values of spectrum slope and area under curve, (b) spectrum slope
and two-peak ratio, and (c) spectrum slope and DIAGNOdent reading.

Fig. 5 Correlation between caries stage and ratio (stage x/sound for
the relevant evaluation) values.

Journal of Biomedical Optics 015001-6 January 2016 • Vol. 21(1)

Son et al.: Spectral characteristics of caries-related autofluorescence spectra. . .



detecting caries of enamel and noncavitated occlusal lesions.7

This red light-emitting device mainly responds to organic and
exogenous bacterial byproducts remaining in lesions, and
thus, may be insensitive to inorganic changes in demineralized
lesions. DIAGNOdent readings of sound (10.1� 2.9) and stage
II (29.0� 14.6) teeth were insignificantly different as were read-
ings of stage III (77.4� 26.5) and IV (83.6� 22.4) teeth. The
average difference between stage II and III readings was >48.
Among specimens belonging to stage III and IV, 20 of the 40
readings were >80. Furthermore, 18 of the 40 teeth recorded
reading values of 99. Almost half of the specimens in stage
III and IV had the maximum value that the device can read;
thus, DIAGNOdent seems to score specimens of stage III,
which have no visible cavitation into dentin, rather highly. In
this case, over- or misjudgment from specimens of stage III can-
not be excluded.

Based on the spectral analysis obtained, the spectrum slope,
area under curve (spectrum), and two-peak ratio appear to be
useful factors in determining the caries stage of unknown
teeth. Since values obtained from these factors were signifi-
cantly different (p < 0.001) for three different stages (sound,
stage II, and stage III) and values changed linearly as caries pro-
gressed, these factors can have merit in diagnosing and deter-
mining caries stage, especially for stages II and III, which
are important for the timely restoration, in conjunction with
ICDAS II criteria.

5 Conclusion
The tested specimens showed consistently decreasing AF pro-
files in the 500 to 600 nm region as caries progressed. After
600 nm, some specimens continued to show decreasing profiles,
but others showed increasing profiles with one or two peaks
depending on the caries stage. Furthermore, spectrum slopes
at 550 to 600 nm and areas under curves at 500 to 590 nm con-
sistently and significantly decreased with caries progression.
The 625∕667 nm two-peak ratios and DIAGNOdent readings
were less sensitive at differentiating caries staging than the spec-
trum slopes and areas under curves. Given the limitations of the
present study, analysis of the spectrum slope and area under the
emission curve could be valuable for diagnosing caries stage and
for determining optimum tooth treatment timing.
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