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Abstract
Objectives The purpose of this study was to determine the
color of white spot lesions.
Materials and methods Human premolars were subjected to
a pH cycling to produce artificial caries lesions and classi-
fied into groups (n010/group): group 1, immersion in
deionized water; group 2, pH cycling without fluoride (F)
application; group 3, pH cycling with immersion in
1,000 ppm NaF solution; and group 4, pH cycling with
immersion in 5,000 ppm NaF solution. CIE L*a*b* color
parameters of the tooth were determined using a spectror-
adiometer at baseline, after demineralization and after pH
cycling. The extent of demineralization was evaluated by

scanning electron microscopy (SEM) and electron micro-
probe analysis (EPMA).
Results Significant degrees of color change (ΔE*) were
observed after demineralization (p<0.05). The changes
were mainly due to an increase in lightness (L*) and a
decrease in yellowness (b*). F application induced a signif-
icantly large ΔE* in group 4 (p<0.05). The color reversal
after remineralization was mostly due to the recovery of L*.
SEM and EPMA verified that net mineral gains occurred in
the subsurface lesions.
Conclusions The initially white appearance of enamel caries
was a result of changes of L* and b*. F treatment partially
restored the color of white spot lesions.
Clinical relevance F-driven remineralization induced both
mineral gains and esthetic enhancement of artificially pro-
duced enamel white spot lesions. The increase of L* and the
decrease of b* contributed to the color changes.
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Introduction

Initial caries lesions induce a loss of mineral while main-
taining an intact surface layer. The increased porosity within
the subsurface crystalline structure enhances optical scatter-
ing, providing a visually discernable white spot lesion [1]. A
white spot lesion with a reasonably hardened surface layer
maintains its mechanical and chemical properties in the oral
environment and does not require any immediate restorative
treatment. However, the whiteness of the enamel surface
often leads to esthetic concerns for patients, necessitating
minimally invasive interventions, such as tooth whitening,
microabrasion, or resin infiltration [2]. The main goal for the
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treatment of white spot lesions is not only to prevent further
demineralization but also to lessen the whiteness of the
initial lesion to resemble the color of the adjacent sound
tissue.

The color statuses of natural teeth and esthetic restorative
materials have been extensively investigated based on the
color measurement systems such as CIE L*a*b* color coor-
dinates. The CIE L*a*b* system is composed of three
components: L* represents the lightness, while a* and b*
denote the coordinates on the red–green and yellow–blue
color axes, respectively [3]. The tristimulus values in the
CIE L*a*b* space are closely related to the human visual
response, which is sensitive to three different wavelength
ranges (red, green, and blue) between 360 and 780 nm. Until
now, only a few studies have been conducted on the color
determination of demineralized tooth structure. CIE L*a*b*
values obtained from photographic images of carious dentin
showed that the L* and a* values were related to caries
activity [4].

A recent study using a spectrophotometer showed that
resin infiltration and fluoride (F) therapy influenced the
lightness (L*) of demineralized bovine enamel [1].

Conventional reflectance measurements taken using a
spectrophotometer or a colorimeter are subject to the edge-
loss effect, i.e., the illuminating light penetrates into the
translucent material and travels to the edges, some of which
is lost without reflection [5]. Therefore, color measurement
systems without the edge-loss effect are required for the
evaluation of tooth specimens given the wide range of
translucency of enamel and dentin [6]. In non-contact mea-
surement devices, such as spectroradiometers, there is no
aperture between the external light source and the object.
Thus, shadows cast on the specimen can be avoided without
the interference of light intensity during observation [7].

Considering that the aforementioned treatment modalities
for white spot lesions involve minimal and microinvasive
approaches, the repair of porous structures via remineraliza-
tion can be an ideally non-invasive restoration. With the F-
driven deposition of calcium (Ca) and phosphate (P) ions,
crystal repair in the subsurface lesion decreases the scatter-
ing effect of the enamel, which affects the perception of the
overall tooth color [8, 9]. There are some clinical studies
showing that the use of topical F contributed to the regres-
sion or disappearance of white spot lesions [10, 11]. How-
ever, the clinically favorable outcome may be related to the
mechanical removal of the surface-softened tissue by abrad-
ing motion of toothbrush and paste [12].

In this in vitro study, we produced initial caries lesions
with a preserved surface layer and induced subsurface remi-
neralization via F application. Also, the extents of deminer-
alization and remineralization of the lesion area was
determined using scanning electron microscopy (SEM)
and elemental analysis. The aims of this study were (1) to

identify the CIE L*a*b* values of white spot lesions using a
spectroradiometer and (2) to determine the effect of F treat-
ment on the CIE L*a*b* values of white spot lesions. The
null hypothesis was that there was no difference in CIE
L*a*b* values of white spot lesions between before and
after F treatment.

Materials and methods

Specimen preparation

This study was approved by the Institutional Review Board
at Seoul National University Dental Hospital (IRB No.
CRI09019). Ten human upper premolars extracted during
orthodontic treatment were used within 6 months of extrac-
tion. The teeth were disinfected in 0.5% chloramine-T for a
week and stored in distilled water at 4°C. The teeth were
inspected under a ×10 stereomicroscope (Jaemyung Ind.,
Seoul, Korea) to ensure that they were free of white spot
lesions or other defects. The roots of the teeth were removed
at the cementoenamel junction with a low-speed diamond
saw (Isomet, Buehler, Lake Bluff, IL, USA). The crown part
was sectioned mesiodistally and buccolingually into four
parts. Each quarter of the crown was ground on the dentin
side, leaving a 2-mm-thick dentin layer. The sections were
then embedded using hot-melt adhesive (polyvinyl alcohol)
with a 2×4-mm window on the enamel surface left exposed.
To produce a white spot lesion, each specimen was im-
mersed in 2.5 ml of demineralizing solution (1.5 mM CaCl2,
0.9 mM KH2PO4, 50 mM acetate buffer, pH 4.8), followed
by immersion in 2.5 ml of remineralizing solution (1.5 mM
CaCl2, 0.9 mM KH2PO4, 20 mM HEPES (4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid), pH 7.0) [13] at
4°C with a daily change of solution (Table 1). Specimens
were rinsed using deionized water for 20 s at every change.
After white spot lesion formation, each of the four speci-
mens from the same tooth was randomly allocated into one
of the following four groups (n010/group):

Group 1: No treatment (control)
Group 2: pH cycling without fluoride application
Group 3: pH cycling with immersion in 1,000 ppm NaF

solution
Group 4: pH cycling with immersion in 5,000 ppm NaF

solution

CIE L*a*b* color measurement

The color of the enamel surface was measured at baseline,
after the formation of white spot lesion, and after F appli-
cation with pH cycling. For the color measurement,
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specimens were retrieved from storage solution (distilled
water), dried with blotting paper, and immediately placed
in a light booth (Color Sense II; Sungjin Hitech, Gyeonggi-
Do, Korea) with Munsell N7 neutral gray walls and floor
(Fig. 1). A spectroradiometer (PR-670; SpectraScan, Photo
Research, Chatsworth, CA, USA) equipped with a Macro-
Spectar MS-75 lens (Photo Research) was fixed on a tripod
at a distance of 355 mm from the measured object and with a
measurement area of 2.63 mm in diameter, providing an
optical configuration of 2° observation to the object [14].
Four D65 simulating tubes (F20T12/65; GretagMacbeth,
Research Triangle Park, NC, USA), having a correlated
color temperature of 6,500 K and a color rendering index
(CRI) of 91, were used as a light source. The tubes were bi-
directionally fixed with a 45° illumination angle at a dis-
tance of 20 cm from the measured object. External light was
excluded by covering all the equipments with a lightproof
cover. The positioning of the lens towards the surface of the
specimen was kept constant to ensure the standardized mea-
surement throughout the experiment. Spectral reflectance
was obtained from 380 to 780 nm with a 2-nm interval
(Spectrawin 2.0, Photo Research) and subsequently con-
verted to the CIE L*, a*, and b* values. Color difference
(ΔE*) was calculated by the equation: (ΔE*)0[(ΔL*)2+
(Δa*)2+(Δb*)2]1/2. Every measurement was performed af-
ter calibration made over white background and repeated
three times.

SEM/electron microprobe analysis (EPMA)

Specimens were embedded in epoxy resin (Epofix, Struers,
Glasgow, UK) and horizontally cross-sectioned along the
midline. The cut surfaces were serially polished with 1,200,
2,400, and 4,000 grit aluminum oxide (Al2O3) abrasive
papers, followed by 1 and 0.25 μm diamond, and 0.1 and
0.05 μm alumina polishing suspensions (Struers, Copenha-
gen, Denmark). The specimens were ultrasonically cleaned
in deionized water for 10 min, dried for 72 h in a desiccator,
and then sputter-coated with carbon. Demineralization
bands on the cross-sectioned surfaces were identified using
the phase contrast of backscattered electron imaging (BSI)

mode of a SEM (JEOL JSM-6610LV, JEOL, Akishima,
Japan). Two line analyses were performed perpendicular to
the outer enamel surface at 0.3-μm-pixel intervals. The
observation areas (superficial layer, demineralized layer,
and inner sound enamel) were determined according to
changes in Ca and P contents using an electron microprobe
(JEOL JXA-8100, JEOL, Akishima, Japan). The operating
conditions for the elemental analyses were 15 kV of accel-
erating voltage and 50 nA of beam current. A fluorapatite
crystal (3.38% F) was used as a standard comparison for F.

Statistical analysis

The mean values (SD) of CIE L*, a*, and b* between each
of the following pairs of measurement points, baseline (BL)
and caries formation (CA), CA and remineralization (RE),
and RE and CA, were compared. ΔE* obtained between
each measurement point was compared among the four
groups. Distribution of the data was examined using the
Shapiro–Wilk test in prior to data analysis procedure con-
sidering the relatively small sample size. Assuming normal
distribution of color differences (p>0.05), the analysis of

Table 1 Treatment sequences
for the experimental groups

aA daily pH cycling comprised
of 3 h demineralization and 20 h
remineralization

Group (treatment regimen) Treatment sequences

White spot lesion formation Remineralization

1 (no treatment) First pH cycling (1 time): demineralization
(96 h)+remineralization (24 h)

Immersion in water (7 days)

2 (only pH cycling) pH cyclinga (7 days)

3 (pH cycling+1,000 ppm
NaF treatment)

Second pH cycling (7 times): demineralization
(3 h)+remineralization (20 h)

pH cyclinga (7 days) with
immersion in 1,000 ppm
NaF (1 h)

4 (pH cycling+5,000 ppm
NaF treatment)

pH cyclinga (7 days) with
immersion in 5,000 ppm
NaF (1 h)

Fig. 1 Schematic of the spectroradiometer measurement set-up
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variance (ANOVA) was performed with Tukey's post-hoc
comparison.

Results

Figure 2 and Table 2 show the mean values of CIE L*, a*,
and b* at BL, CA, and RE. At BL, there was no significant
difference in L* (p00.751), a* (p00.051), or b* (p00.502)
among all the groups. At CA, an increase in L*, meaning a
change to a lighter color, was prominent with a mean in-
crease ranging from 6.8 [standard deviation (SD) 3.3] to 8.4
(3.9) CIE units among all the groups. The mean a* value
decreased slightly by 0.7 (0.3) to 2.6 (1.2) CIE units, while
the mean b* value decreased moderately by 3.2 (3.1) to 7.8
(3.4) CIE units. The color difference between BL and CA,
ΔE*(BL–CA), was not significantly different among all the

groups (p>0.05). At RE, the mean L* value changed by
−4.2 (3.2) to 0.9 (2.2) CIE units among all the groups. The
difference in the mean a* value was limited between 0.1
(0.3) and 0.7 (0.3) CIE units. The difference in the mean b*
value was −2.0 (3.4) to 0.6 (1.6) CIE units. The color
difference between CA and RE (ΔE*(CA–RE)) in group 4
was significantly different from that in group 1 [6.1 (2.1) vs.
2.4 (2.2); p00.001]. There were no differences in ΔE(CA–

RE)* among groups 2, 3, and 4 (p>0.05). The color differ-
ence between RE and BL (ΔE*(RE–BL)) in group 4 was
significantly smaller than that in group 1 [6.2 (3.0) vs.
11.4 (3.3); p00.019].

SEM revealed the formation of a subsurface demineral-
ization area underneath a thinly preserved superficial layer
(Fig. 3). Line analyses using electron microprobe analysis
(EPMA) identified the individual distributions of Ca, P, and
F, which made it possible to distinguish the demineralized
layer from the inner sound enamel. The Ca and P levels
dropped in the area that was represented by a dark band in
the micrograph. Ca and P levels started to decrease after the
first 10 to 15 μm and stayed low in the following subsurface
area. The width of the subsurface lesion ranged from 40 to
50 μm.

Discussion

Color determination of a natural tooth involves non-
homogeneous layers of the structure with curved surfaces,
resulting in measurement variations according to specimen
thickness, translucency, gloss, backing conditions, and sur-
face irregularities [15, 16]. The perceived color of a tooth
results from the reflection of incident light, in addition to the
effect of scattered light within the enamel and dentin struc-
tures. Optical characterization of teeth has been widely used
in the detection and quantification of caries lesions [10]. The
enhanced scattering in the porous enamel acts as a barrier
for the excitation light to reach the underlying sound tissues.
Fluorescent light is also prevented from the layers below the
lesion to reach the tooth surface. Based on this phenomenon,
the quantification of enamel fluorescence has been a long-
established diagnostic method in caries detection. However,
color measurements are rarely conducted on enamel caries,
although increased whiteness appearing in early lesions
often causes concerns and requires restorative intervention.
Our first aim was to determine the perceived appearance of
demineralized enamel structure based on CIE L*, a*, and
b*, which are frequently used color parameters in esthetic
restorative dentistry [3]. In this study, each quarter of a
single tooth was allocated into one of four different groups,
since the optical properties of a tooth can be affected by
variations in substrate characteristics such as mineral densi-
ty, crystal size, and prism orientation [8]. The enamel surface

Fig. 2 CIE L*, a*, b* values at baseline, after caries formation, and
after remineralization
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was not ground in order to reflect the natural topography,
maintained by a well-preserved superficial layer. Measure-
ments could still be taken with a spectroradiometer, which is
a non-contact appliance, while surface-flattened specimens
were preferred for conventional contact measurement devices
[6, 17]. The positioning of the specimen was carefully main-
tained at each measurement by coordinating indentation
marks on the lateral sides of the specimen and the platform
of the spectroradiometer. The whole surface of specimen is
illuminated with a spectroradiometer, while a standardized
area is in contact with a small-window aperture of a spectro-
photometer. Hence, spectroradiometer-based color measure-
ments more closely simulate color perception by human eyes
and are less prone to color coordinates deviation, compared to
other contact-measurement devices [18, 19]. In this study, the
specimens had a standardized dentin backing thickness and
were not significantly different with respect to baseline color
(p<0.05). The mean L* values ranged from 81.7 (2.7) to 83.0
(2.0) among all the groups. In the previous study using a
spectroradiometer, the mean L* value of human incisors was
82.23 (4.54), which was very similar to our results [20].

We intended to simulate a well-preserved enamel surface
resembling a clinically long-lasting white spot lesion, al-
though this in vitro experimental setting did not reflect
adjoining biofilm, pH, food colorant, and metabolic byprod-
ucts which influence the optical properties of the early
enamel caries [21]. SEM and EPMA showed that the super-
ficial layer with a thickness of 10–20 μm had mineral
contents equivalent to those of the underlying sound enamel
(Fig. 3). The artificially formed white spot lesion resulted in
a noticeable deviation in the values of L* and b*, but only
minimal alteration in a*, when compared to the baseline.
These patterns of color change were similar to the outcomes
of conventional tooth bleaching using peroxide-containing
products [3]. Bleaching treatment usually results in an in-
crease in lightness (L*) and a decrease in yellowness (b*).
The color change in bleached teeth is known to be due not
only to the removal of colorants but also to the enhancement
of the inherent darkness of the tooth [22]. It is speculated
that rapidly developed surface-softened enamel lesions can be

adversely affected by chemically active peroxide radicals.
There was one in vitro study which evaluated the bleaching
effect on the enamel with artificial caries [23]. It was shown
that 10% carbamide peroxide promoted an increase in mineral
loss and surface morphological changes of carious enamel. In
other study, bleaching agents even incorporated with F did not
support further remineralization [24]. Hence, achieving esthet-
ic enhancement of white spot lesions in addition to substantial
reinforcement of the porous crystalline structure would be an
entirely non-invasive protocol and an ideal treatment modal-
ity. The secondary aim of this study was to determine the
potential of color reversal of white spot lesions through F-
driven remineralization. Remineralization in caries manage-
ment is not mineral precipitation onto enamel surfaces, but
crystal repair that occurs in the subsurface lesion area [25]. In
our study, this type of mineral gain was verified by elemental
analysis combined with corresponding micrographs. In group
4 (5,000 ppm F), mineral deposition in the demineralized layer
was shown to occur and approach the level seen in the inner
sound enamel (Fig. 3d). Comparably, in group 3 (1,000 ppm),
the mineral gain seemed not as substantial as in group 4
(Fig. 3c). With the external F concentration elevated, the
driving force of F is exerted deep into the lesion, where
increased surfaces of crystallite are available for F adsorption
[26, 27]. In the previous study using EMPA, the bulk of F ions
were incorporated into the body of the lesion matching the
area that had the greatest increase in mineral density [25]. This
was also observed in our study; however, the relatively low
gradient of F in group 3 seemed to have reduced ion transport
activity. Furthermore, the perfectly preserved surface layer
might have hampered the incorporation of free ions into the
subsurface area [28]. Group 2 was only subjected to pH
cycling without additional F treatment. This group showed a
slight sign of remineralization on elemental analysis (Fig. 3b).
Even without F supplementation, the concentration gradient
of Ca and P in the fluid environment possibly enabled the
transportation of ions into the lesion area [29].

The extent of remineralization verified by SEM and
EPMA were consistent with the degree of color change
measured by the spectroradiometer. Group 4 showed the

Table 2 The difference in the mean values (SD) of CIE L*, a*, b*, and
ΔE* between each of the following pairs of measurement points:
baseline (BL) and caries formation (CA), CA and remineralization

(RE), and RE and CA. Different superscript letters denote values that
are significantly different from one another in each column (p<0.05)

Group
(N010/group)

Baseline (BL) ΔE*
(BL-CA)

Caries formation (CA) ΔE*
(CA-RE)

Remineralization (RE) ΔE*
RE-BL)

L* a* b* L* a* b* L* a* b*

1 81.7 (2.7) 0.6 (1.1) 5.5 (2.1) 10.1 (4.5) 90.2 (3.2) −1.2 (0.5) 1.0 (2.4) 2.4 (2.2)a 91.0 (2.8) −0.8 (0.5) −0.7 (1.3) 11.4 (3.3)a

2 81.7 (3.3) −0.3 (0.8) 5.6 (1.5) 10.3 (4.4) 90.4 (3.3) −1.6 (0.5) 0.5 (2.3) 3.8 (1.4)a,b 86.8 (2.7) −0.9 (0.4) 0.5 (2.4) 7.7 (3.9)a,b

3 82.1 (3.9) 0.4 (1.0) 6.6 (2.1) 12.0 (4.8) 90.5 (3.6) −2.2 (0.7) −1.2 (3.4) 3.9 (1.8)a,b 87.0 (3.6) −1.8 (0.7) −0.5 (2.7) 9.3 (4.2)a,b

4 83.0 (2.0) −0.1 (0.5) 6.1 (1.2) 7.9 (3.7) 89.9 (3.7) −0.8 (0.4) 2.9 (3.2) 6.1 (2.1)b 85.7 (2.6) −0.7 (0.4) 0.9 (2.3) 6.2 (3.0)b

p value 0.248 0.001 0.019
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largest value of ΔE* between CA and RE, and the value
(6.1 units) exceeded the clinically discernable amount
(2.6 units) [30]. Therefore, our null hypothesis was rejected.
As shown in Fig. 3, increased lightness (ΔL*) contributed to
the majority of the color change (ΔE*), while minimal
changes in a* and b* were observed at RE. However, even
in group 4, a clinically noticeable disparity inΔE* remained
between BL and RE (6.2 units). During caries development,
varying ionic composition of the fluid in a caries lesion
allows for the reprecipitation of mineral phases different
than those of the original structure [31, 32]. The repaired
crystalline structure may contain a different directional ar-
rangement, reflecting its altered optical properties [9]. It also
may be that enlarged pore spaces have not been completely
refilled, although elemental intensities of Ca and P were
regained in the subsurface lesion [33]. It has been well
established that previously demineralized enamel cannot
be completely repaired even with transformed types of ap-
atite [9, 25]. Our result may be related to the fact that long-
existing white spot lesions remain inactive throughout sev-
eral years, but show no detectable color change [34]. Future
approaches may introduce the methodologies which enable
to extend remineralization of subsurface lesions in a long-
term period. Surface pre-treatment also need be considered
for facilitation of ionic transportation. To restore physical
appearance of natural tooth structure, substitution of the
mineral-depleted porosities may be achieved by not only
inorganic ions but also organic compound materials, which
was demonstrated earlier in the resin infiltration technique
[1, 2]. Based on the limitations of this in vitro study, the
color of artificially produced initial caries was perceived as
whiteness, which was a result of the changes in lightness
(L*) and yellowness–blueness (b*) of the demineralized
tooth structure. Remineralization promoted by the high con-
centration of F provided a noticeable change in the color of
the tooth. However, the whiteness in the remineralized
enamel still remained under the short-term F treatment,
yielding a clinically discernable mismatch of color.

Conflicts of interest The authors declare that they have no conflicts
of interest.
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