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Abstract
Background: Specular re�ection can be used to quantify dental erosion, and might also provide similar
results for caries. This study assessed the possibility of using specular re�ection intensity (SRI;
quantitative lesion activity assessment) to measure the progression of initial enamel caries lesions.

Methods: Two hundred native enamel specimens and �at ground enamel specimens (n=100 each) were
subjected to a 4-species bio�lm caries model during 2, 4, 6, 8, and 10 weeks (n=20 each), to induce ‘active’
enamel caries lesions. Afterwards, to induce ‘inactive’ lesions, all specimens were continuously
remineralized and brushed twice daily for 2, 4, 6, 8, and 10 weeks. Change in specular re�ection intensity
(%SRI), visual caries detection (ICDAS) and visual caries severity assessment were performed for all
active lesions and during the remineralization phase. Scanning electron microscopy (SEM) images were
taken for qualitative analysis.

Results: For active lesions, %SRI dropped from 100% to about 80% in native enamel, and to about 15% in
polished enamel. Remineralization/brushing increased %SRI in native enamel, but not in polished enamel.
The comparison with visual caries scores yielded a better linear relationship of %SRI with early enamel
lesion where caries was induced for up to 6 weeks.

Conclusion: The use of the optical re�ectometer for the assessment of caries lesion activity seemed to
work better for early caries lesions and for polished specimens.

Highlights
Good rater reliability is observed when using the optical re�ectometer on sound surfaces and on
caries lesions, on both native and on polished enamel;

On both native and polished enamel, caries lesion formation causes to a decrease in surface
re�ection intensity (SRI);

On native enamel: remineralization/brushing increases SRI for early caries lesions (2-6 weeks
formation); but decreases SRI in more established lesions (8-10 week formation);

On polished enamel: remineralization/brushing decreases SRI for early caries lesions (2-6 weeks
formation); while values remain unchanged for more established lesions (8-10 weeks formation).

Background:
Enamel surface specular re�ection has been shown to be a valid method of quantifying dental erosion in
vitro (1). It is based on the fact that when super�cial and near-surface demineralization occurs, the loss
of minerals from the tooth will lead not only to a softening of the surface, but also to a roughening of the
tooth surface. Based on the principle of specular re�ection intensity, a pen-size device was
developed (2) and validated in vitro (3, 4) for early enamel erosion. However, untreated dental caries



Page 3/18

remains a more globally relevant and widespread disease (5). In order to treat the disease, its early
detection in enamel (6) and its progression rate (7) are crucial parts of caries diagnosis.

In 1999, Nyvad et al. (8) recommended a caries assessment criteria including the classi�cation of lesions
according to their activity, based on a visual/tactile characterization, where the lesions with a
shiny/glossy, smooth surface are classi�ed as inactive, and those with an opaque, matt/chalky surface
are classi�ed as active lesions (8). The latter aspect is due to the progressive demineralization of the
enamel surface, which causes a differential quality to the enamel surface and offers a crucial feature for
enamel lesion activity assessment. ‘Active’ enamel lesions are more likely to progress and turn into
cavitated lesions than inactive lesions (9). 

Neuhaus et al. (10) analyzed visual mattness/glossiness and perpendicular re�ection intensity (PRI) of
purportedly active and inactive lesions and observed, that inactive lesions presented the same glossiness
and roughness as sound enamel, whereas active lesions presented signi�cantly different roughness and
PRI values. A criticism of that study is that the authors studied enamel lesions in extracted teeth and
unanimously judged their degree of activity by their visual appearance. However, if perpendicular
re�ection measurements were able to objectively differentiate active from inactive lesions, it may be
suggested that specular re�ection could also provide similar results. In this case, the optical pen-size
re�ectometer may be used for such assessments, since the optical re�ectometer has shown strong
correlation to enamel surface roughness (1, 11). It could therefore be hypothesized that the optical
re�ectometer may also be used to differentiate active from inactive caries lesions. However, it is known
from earlier experiments that the original surface texture of the teeth (12) or the original curvature of
natural teeth could hamper optical re�ection measurements (10), i.e., ground-polished �at enamel
surfaces might behave differently from native enamel surfaces. Hence, the aim of this study was to
evaluate the re�ection intensity measurements to assess caries activity/inactivity for both ground-
polished �at enamel and for native enamel. We hypothesized, that active caries lesions have a lower
specular re�ection intensity compared to sound surfaces, and that inactivation of enamel caries by
remineralization/tooth brushing increases the specular re�ection intensity. 

Methods:
Specimen preparation

Two-hundred extracted molars with an intact buccal surface were used for this study. The teeth were
taken from a pool of extracted, irreversibly anonymized teeth stored in 1% chloramine solution at 4°C. For
projects using irreversibly anonymized samples, the local ethics committee weaves the requirement of
previous authorization because the data can no longer be assigned to a speci�c individual (KEK: Req-
2016-00332). The roots were separated from the crowns using a high speed diamond. The pulp tissue
was removed mechanically and the remaining crowns were cleaned using Prophy�ex powder. The crowns
were then embedded in self-curing acrylic resin (Paladur, Heraeus Kulzer GmbH, Wehrheim, Germany)
using metal rings. 
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The teeth were then divided into 2 groups to obtain 100 native enamel surfaces (I) and 100 ground-
polished surfaces (II).

The specimens of group II were then ground using rotating silicon carbide paper discs (Knuth-Rotor,
Struers, Copenhagen, Denmark) with decreasing grain sizes of 60, 30, 18, 8 and 5 µm. Further polishing
steps included the use of 3µm and 1µm diamond polishing paste (LaboPol-6, DP-Mol Polishing, DP-Stick
HQ, Struers, Copenhagen, Denmark) and a rotating felt disc. Between each abrading and polishing step,
as well as after the �nal polishing, all enamel slabs were sonicated for 1 min in water. Photographs of all
specimens were taken at 12x magni�cation (Leica M420, Heerbrugg, Switzerland). These photographs
were used to mark a ± 2 mm diameter spot on the surface of each specimen. These spots were later used
to mark the exact position of all future surface re�ection intensity measurements. The specimens were
then stored in 100% humidity in single lockable containers until use.

1st measurement of surface re�ection intensity (baseline)

Before induction of caries lesions, the specimens were bathed in water and exposed to for 20 min at
121°C (Laboklav ECO, SHB Steriltechnik, Detzel Schloss, Germany). Surface re�ection intensity (SRI) was
measured using the pen-sized hand-held optical Re�ectometer. This re�ectometer has a laser diode
source of 635 nm, and the laser beam is coupled into a 105 µm �ber, and the angle of incidence is �xed
at ~23° (2). The device was connected to a computer running a speci�c software program used to
register SRI. The optical re�ectometer has a rubber tip of 2.3 mm diameter that was brought in contact
with the surface of the specimen at the prede�ned spot. The tip was adjusted on the surface of the
sample, and the point of highest re�ection intensity was registered. SRI measurements at baseline were
carried out in duplicate with a 1 week interval.

All specimens were then submitted to A) microbiological assays in order to induce “active” enamel white
spot lesions and B) remineralization/brushing treatments in order to convert the lesion into “inactive”
white spot lesions.

A) Induction of “active” white spot lesions (caries induction)

The enamel surfaces were pre-treated with porcine mucine (type II; Sigma Aldrich, Buchs, Switzerland) for
2 hrs in order to create a pellicle. Initial enamel caries was then created using a 4-species bio�lm model
consisting of Streptococcus mutans ATCC 25175, Streptococcus sobrinus ATCC 33478, Actinomyces
naeslundii ATCC 12104 and Lactobacillus acidophilus ATCC 11975. Bacteria were suspended in 0.9 %
w/v NaCl and adjusted to McFarland 4. Each 0.5 ml of the suspensions with streptococcal strains and 1
ml of the other strains were given into 100 ml of nutrient broth.  The specimens of both groups I and II
were divided into �ve subgroups of 20 specimens each, according to the incubation time. The specimens
were then incubated groupwise for 2, 4, 6, 8, and 10 weeks at 37°C in a microaerophilic atmosphere.
During the experiment, the specimens were placed in nutrient broth for 6 h resulting in acidic conditions,
and in a remineralizing solution for 18 h and during weekends (Table. 1). The pH of in the media was
measured twice a day, each before exchange. Once a week, the bacterial growth was controlled.
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After the incubation periods, the bio�lm was completely removed using maximum vortex and
cleaning with running tap water. The test sites were then cleaned with cotton pellets soaked in 3% sodium
hypochlorite by gently scrubbing across the surface.

2nd measurement of SRI and visual caries assessment (after caries induction)

After the induction of “active” caries lesions, SRI measurements were carried out in duplicate on the
prede�ned spot, as previously described.

The same spot was additionally rated with two different visual caries detection systems. The �rst applied
system was the International Caries Detection and Assessment System (13). Score 0 represented a
healthy, unchanged surface, score 1 an initial white spot lesion that became visible after drying with
compressed air, and score 2 was applied when the white spot lesion was visible on the moist specimen.
Score 3 represents a local enamel breakdown. The second applied system was the Andersson
score (14) in order to describe the severity of the white spot lesions in greater detail: Score 0: No visible
colour change; score 1: Slight white colour change, only visible after air drying; score 2: Slight colour
change with certain marked white areas; score 3: White consistent colour change; score 4: Distinct white
colour change.

Between the experimental steps, the specimens were stored in 100% humidity. 
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B) Conversion into “inactive” white spot lesions (remineralization/brushing)

For inactivation of the lesions, all specimens were incubated in a remineralizing solution (15) at 37°C for
10 weeks. Twice daily, the specimens were removed from the solution and they underwent controlled
tooth brushing. This consisted of immersing the specimens for 2 min in toothpaste slurry (elmex Caries
Protection toothpaste; 1450 ppmF, mixed in 1:2 ration with water), and, within this time, the specimens
were manually brushed for 10 s, with a controlled force of 1.50 ± 0.2 N (15). Tooth brushing occurred
twice daily (during 5 days per week), for a total of 10 weeks. The toothbrush was soft and consisted of
rounded nylon bristles with �lament diameters of 0.15 mm.

3rd measurement of SRI and visual caries detection (after remineralization/brushing). 

After conversion into “inactive” white spot lesions, SRI measurements were again performed on the
prede�ned spot, and ICDAS and Andersson score were also applied. 

Scanning electron microscopy (SEM)

SEM images were obtained after induction of caries and after brushing/remineralization. The chosen
specimens from each group were dehydrated in a desiccator for at least �ve days and then sputter-coated
with gold/palladium (Balzers SCD 050, Balzers, Liechtenstein; 100 s, 50 mA). The enamel surfaces were
evaluated under an SEM (JSM-6010PLUS/LV, Jeol, Tokyo, Japan). Count rates remained constant during
the measurements, indicating that neither contamination nor loss of mass occurred. The magni�cation
was 2,000× representing an area of 60 μm × 45 μm for qualitative analysis. 

Statistics

All SRI measurements had been taken in duplicate. The average of the two measurements were used as
baseline and 2nd and 3rd measurements. The percentage differences in specular re�ection (%SRI)
between the baseline and later measurement moments were calculated. SRI at baseline were considered
as 100% and the later values were calculated: SRIi × 100 / SRIbaseline, where i is the SRI measurement
either after caries induction or after remineralization/brushing.

Differences between the groups among the observed time period were analysed with a time-related non-
parametrical ANOVA, according to (16). Additional analysis for the same variables among a shorter sub
period was done in the same manner. The p values of all these global tests were adjusted according to
Holm-Bonferroni’s method. As post-hoc tests, comparisons between the groups at some singular time
points were done performing Kruskal-Wallis tests and Wilcoxon rank sum tests, respectively. These tests
were not corrected for multiple testing and should be seen in an explorative context. These statistical
results were calculated with R 3.2.2 (r-project.org, University of Vienna, Austria), using its packages
“MASS”, “nparLD” and “exactRankTests”.

Intraclass correlation (ICC) was calculated for intra-rater reliability analysis using a two-way random
effects model. For that, we used the SRI measurements made in duplicate. ICC values were calculated for
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baseline (prior to incubation in the bio�lm), and for measurements after caries induction (after incubation
in the bio�lm). These analyses were made using IBM SPSS Statistics v.24. The level of signi�cance was
set to 0.05.

Results
SRI measurements

Strong intra-rater reliability values were obtained for both native and polished enamel specimens. ICC
values for native enamel specimens were ICC=0.813 and ICC=0.890 for SRI at baseline and after caries
induction, respectively (p<0.001); and polished enamel specimens yielded ICC=0.935 and ICC=0.995 for
SRI at baseline and after caries induction, respectively (p<0.001).

For native enamel, incubation in the bio�lm caused a reduction of the %SRI from 100% at baseline to
values between 80-90% after caries induction for 2 to 10 weeks, but there was no relationship to the
duration of caries induction (p>0.05) (Fig. 1A, light grey boxes). After remineralization/brushing, %SRI
increased in early lesions, i.e., in specimens where caries induction took place for up to 6 weeks, we
observed higher %SRI; whereas for specimens with longer caries induction periods (8 or 10 weeks) and
where enamel lesions were more established, we observed a highly signi�cant drop in %SRI after the
remineralization/brushing period (Fig. 1A, dark grey boxes). A linear relationship of %SRI could not be
detected for remineralization/brushing.

For polished enamel, caries induction with the bio�lm model caused a highly signi�cant drop of %SRI
(Fig. 1B, light grey boxes). Longer caries induction periods caused greater decrease in %SRI, but there
were no signi�cant differences (p>0.05) in %SRI, neither for the very initial lesions (formed after 2 or 4
weeks of caries induction), nor for more established lesions (formed after 8 or 10 weeks of caries
induction). After remineralization/brushing (Fig. 1B, dark grey boxes), %SRI decreased signi�cantly in
initial lesions, in specimens that were exposed to caries induction for up to 6 weeks, but it remained
largely unchanged in more established lesions (formed during 8 and 10 weeks of caries induction).

ICDAS assessments

For native enamel samples, we observed no white spot lesions on specimens that underwent 2 or 4 weeks
of caries induction (median ICDAS score 0). Longer caries induction periods produced more visible caries
lesions and a highly signi�cant increase in the ICDAS scores. After 6 weeks of caries induction, the
lesions had a median ICDAS score 1, and after 8 and 10 weeks caries induction, even more established
enamel lesions were observed, with median signi�cantly rising to ICDAS score 2 (Fig. 2A, light grey
boxes). 

Remineralization/brushing decreased the median ICDAS score to 0 for the initial lesions formed after 6
weeks of caries induction (p=0.08); and decreased the median ICDAS score to 1, for the established
lesions formed after 8 and 10 weeks of induction (p<0.01).
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Likewise, for polished enamel, the white spot lesions became more visible as the caries induction period
increased (Fig. 2B, light grey boxes). On specimens that underwent caries induction in for 6 weeks or
more, the median ICDAS scores signi�cantly increased to 1, and on specimens that underwent 8 or 10
weeks of caries induction, median ICDAS scores signi�cantly increased to 2. We observed, however, no
signi�cant differences in the ICDAS scores between the specimens that underwent 8 or 10 weeks of
caries induction. Remineralisation/brushing (Fig. 2B, dark grey boxes) did not affect the established
caries lesions, that were formed after 6, 8 or 10 weeks of induction period. However, remineralization
caused a signi�cant decrease in the median ICDAS score in specimens when caries induction took place
4 weeks or less.

Lesion severity assessments 

Similar to the ICDAS, the native enamel specimens presented highly signi�cant differences in lesion
severity Andersson scores (Fig. 3A, light grey bars) after 4, 6 and 10 weeks of lesion formation (p<0.01),
but not between 6 and 8 weeks of lesion formation (p=0.21). Remineralization/brushing led to a
signi�cant improvement of lesion severity scores (p<0.01), but did not affect the elder caries lesions
(p=0.72; Fig. 3A, dark grey bars). 

For the polished enamel samples, signi�cantly increased Andersson scores could be observed for white
spot lesions that were created during 6 and 8 weeks of caries induction, but not for the more established
lesions developed after 10 weeks of caries induction (Fig. 3B, light grey bars). Remineralization/brushing
apparently led to a decrease in the severity of the caries lesions formed up to 8 weeks of caries induction,
but not for those formed after 10 weeks (Fig. 3B, dark grey bars).

SEM analysis

The caries lesions on native enamel lesions had a �aky appearance, exposing areas of sound enamel
and presenting ‘focal holes’ within a slightly eroded surface that are typical for enamel caries, where
bio�lm is allowed to grow undisturbed (Fig. 4A). Remineralization/brushing led to a clear shift towards a
smoother surface, though still �aky, and the focal holes were no longer seen (Fig. 4B). In the polished
enamel, only a small number of focal holes could be detected. Instead, the polished surface showed a
more uniform eroded enamel surface (Fig. 4C). Remineralization/brushing apparently led to a slightly
more scratched surface (Fig. 4D).

Discussion
In the mouth, active enamel lesions occur under undisturbed demineralizing conditions and show
progressive lesion dynamics, whereas inactive lesions refer to the process of stagnation of progression
due to lesion remineralization and brushing of the surface (removal of bio�lm, polishing). To our best
knowledge, this is the �rst study to use specular surface re�ection intensity to discriminate caries lesion
activity on both native and ground/polished enamel. Our results show that the handheld re�ectometer
was able to measure a loss of surface re�ectivity after caries induction on both native and polished
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specimens. However, speci�c differences regarding caries severity (time of caries induction) were not
observed on native specimens, only on polished specimens.

Caries induction caused a decrease in %SRI to different degrees on native and polished specimens.
Generally, SRI measurements are easier to accomplish on �at and polished enamel, since the �at,
smoother surface allows for a more regular re�ection of the laser (4), thus yielding higher SRI values as
native enamel; whereas, the rougher native enamel surfaces tend to scatter the laser beam, but they are
also less susceptible to acid demineralisation than polished enamel (12, 17), and this may explain why
%SRI values did not decrease more than 20%, levelling out at a plateau of ±80%, even in groups with
longer caries induction times of 8 or 10 weeks. Also, native enamel may have a natural hypermineralized
layer on its surface, and this may have also protected the surface against demineralization, leading to a
slower progression of the lesion, which could, in part, also explain the differences in the results between
native and polished surfaces. Glossiness of polished specimens also decreased during caries
development, leading to a decrease in %SRI by more than 50% after 6 weeks, and over 80% after 10
weeks. Surprisingly, we were not able to detect a clear change of %SRI values after the remineralization
and tooth brushing period on these specimens.

During the remineralization period, we expected that the combination of the abrasive forces of the
toothbrush together with the mineral deposition in the white spot lesions would lead to an increase in
enamel surface glossiness (polishing) and, thus, an increase in the %SRI values. On the contrary,
toothbrushing actually caused a further decrease in %SRI in all polished specimens. An explanation for
this signi�cant decrease in %SRI after the remineralization period is that the initial caries induction period
caused a demineralization of the enamel. Since polished enamel is more susceptible to demineralisation
than native enamel, the caries induction weakened the enamel surface and caused an initial surface
roughening. Subsequently, the brushing with toothpaste, during the remineralisation phase, actually
removed part of this weakened surface, thus causing a further roughening of the enamel surface. This is
supported by further experiments made in our laboratory. In the present experimental model, we brushed
the specimens for a total of 1000 s (10 s twice daily, 5 days per week, for a total of 10 weeks), and when
we brushed a sound (caries-free) polished tooth surface for 1000 s, it already caused some roughening of
the surface, with an average decrease in %SRI of ± 7 %. So, the act of brushing a polished specimen, even
when not weakened by caries, already leads to a detectable roughening of the surface, which is
exacerbated when the surface is demineralised during caries induction.

Contrary to the polished specimens, the remineralization period promoted remarkably positive results on
native enamel with early caries lesions (2, 4, and 6 weeks of caries induction), where tooth-brushing
caused an increase in surface glossiness and an increase in %SRI. So, the native enamel specimens with
early caries lesions (2, 4, and 6 weeks of caries induction) behaved according to our expectations and
clinical experience, where the caries lesions are apparently shinier (more re�ective) when they are inactive
(8). Interestingly, similarly to polished specimens, we also observed a decrease in %SRI after
brushing/remineralization that had undergone caries induction for 8–10 weeks (where more established
enamel lesions were formed – ICDAS score 2). In this case, we hypothesize that the early caries lesions
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(induced for 2, 4, or 6 weeks) on native specimens were able to decrease the glossiness of the native
enamel surface, thus causing a small, albeit distinct, decrease in %SRI, but this early demineralization
was not able to weaken the enamel surface enough to allow a further roughening from tooth-brushing.
On the other hand, longer caries induction (8–10 weeks) not only caused a decrease in glossiness, but it
also caused a weakening of the enamel surface, which was later roughened by the brushing. Furthermore,
our limited remineralisation phase (only 10 weeks) produced only a �nite toothbrushing period. This was
not enough to effectively smoothen the weakened enamel surface, accounting for the lower %SRI values.
We can, therefore, also speculate that, in the clinical setting, the recurrent brushing periods that last
several months could probably, in time, remove a great deal of the weakened outermost layer of
demineralised enamel, thus leading to a smoother surface, with the traditional shiny/glossy appearance
of inactive lesions (8). Unfortunately, because we used unpolished, native enamel specimens in this
study, we were not able to precisely measure either surface hardness or roughness in the present
experiment. Further studies are still necessary to verify our hypothesis, and to assess the relationship
between these parameters and %SRI in a caries induction model.

Our caries model mimicking active and inactive enamel lesions worked, and it produced typical white
spot lesions. One limitation, however, is that we did not use any histological or non-destructive methods
to measure the depth of these lesions, or methods such as TMR to measure the remineralizing effect
after toothbrushing. On the other hand, some of these methods are not easily carried out in native enamel
surfaces, which we used in the present study. We did, however, use the ICDAS and the Andersson scores
to con�rm the presence and changes to the white spot lesions. ICDAS is a validated system that links
visual appearance to lesion depth (18), while the Andersson score assessed the severity of ICDAS 2
lesions (14). A bacterial bio�lm under cariogenic conditions not only leads to super�cial enamel erosion,
but also, and more importantly, to a subsurface demineralization. The longer and the more aggressive the
cariogenic challenge, the deeper the demineralization, as could be con�rmed by our results: ICDAS and
Andersson in this study were sensitive enough to measure an increase of lesion depth and lesion severity
during the caries formation stage. After the remineralization/brushing period of the experiment, the visual
assessments were sensitive enough to detect a decrease of severity and, partially, lesion depth.
Subsurface demineralization is characterized by a pseudo-intact surface that allows bacterial acids to
penetrate the enamel through focal holes (Fig. 4A). Only at an advanced stage of caries does the net
demineralization eventually lead to a breakdown of the surface. This was found in some of the native
enamel specimens after 10 weeks of caries formation (Fig. 2A). Thus, the enamel specimens, both native
and polished, behaved as expected under long-term cariogenic/demineralizing conditions and under
remineralizing/abrasive conditions. In theory and from our clinical experience, enamel lesions under an
undisturbed bio�lm challenged by cariogenic conditions are ‘active’ lesions, while regular removal of
bio�lm by tooth-brushing, abrasion of the surface by toothpaste, and remineralization of the enamel by
�uoride, calcium and phosphorous lead to characteristic surface changes (increase of glossiness, less
chalky appearance) that are attributed to ‘inactive’ lesions (9). However, although we observed a change
in lesion appearance mirrored in the ICDAS and Andersson scores, we were not able to detect changes of
glossiness or mattness in our specimens throughout the duration of the study. This could be because the
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caries model chosen was rather mild, or that we needed longer brushing periods to allow for further tooth
surface polishing.

The visual appearance of enamel lesions is dependent on many factors, e.g. the level of magni�cation
(19), the amount of light that is used during caries diagnosis (20), or on the examiner him/herself: In an
ex vivo study on 104 extracted teeth with white spot lesions, only about half of the lesions were
unanimously rated “matte” or “shiny” by 4 examiners (21). Therefore, an objective method would be
desirable to measure the re�ective light and thus to quantify mattness of a lesion. A �rst promising step
was described some time ago using a chromatic confocal white light sensor that measured the
perpendicular re�ection intensity (PRI) with an angle of 0° between incoming and re�ected light (10). Due
to the nature of the confocal sensor, the wavelength of the incident light was not important for the
measurements, but only its re�ection intensity. In an ex vivo study, 43 white spot lesions were visually
judged as being ‘active’ or ‘inactive’, and the PRI method was correlated well to these visual judgements. A
true validation however was not possible, because it is error-prone to judge the status of lesion activity on
extracted teeth without the necessary speci�c clinical information. Furthermore, some lesions can also be
regarded as ‘mixed’ lesions, with surface characteristics of both active and inactive lesions. Therefore,
instead of using extracted teeth with caries lesions, we have opted for a bacterial caries model to reliably
simulate clinical conditions for caries development, thus standardizing the cariogenic impact. We set up
a rather mild caries model, with a total �uoride content of 1 ppmF in the demineralization solution, in
order to be able to better display a time-related relationship between caries formation and loss of SRI. Our
caries model allowed for distinct differences in %SRI on the polished specimens, where we observe a
gradual decrease in %SRI as the duration of caries induction increased.

Different to PRI, the Optipen device operates on SRI (specular re�ection intensity), using a red laser light
(635 nm) with entrance angle and re�ection angle both set at 23°. Therefore, it could be speculated that
PRI and SRI measure different re�ection features. It was shown earlier that light absorption into human
enamel increases with decreasing wavelengths (22). Therefore, absorption would not interfere at the
chosen wavelength. In a former study by (23) the wavelength of 633 nm was reported to almost perfectly
�t to a Monte Carlo curve. In this curve the scattering maximum is at 0°, while for angles >20° the curve
reaches a plateau at log (Fract. scattered energy) of 10−1, indicating that scattering at the surface in
enamel is almost negligible (23). So, under the parameters chosen in our experiment, the light beam of
the Optipen purportedly is transduced into the enamel and is scattered at the body of the white spot
lesion. The formerly established method of laser �uorescence for caries detection operates on a quite
similar wavelength of 655 nm and uses the backscattered �uorescence signal to measure lesion depth
(24). Thus, while PRI measures only re�ection intensity of the surface, the Optipen probably also excites
�uorophores of bacterial porphyrins that are located in the subsurface lesion (25). This also explains why
the SRI measurements in our experiment remained stable in the native enamel group. PRI was found to
correspond well with lesion activity in enamel caries lesions that were induced for 3,6 and 9 days,
respectively (26). However, in the latter study only �at polished enamel was used, and the results cannot
be transferred to native enamel.
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Because lesion activity is not only characterized by optical appearance (shiny or matte), but also by
tactile surface features (rough or smooth), it would have been desirable to also measure roughness of our
specimens. Although this was not possible in this paper, previous erosion studies using the SRI device
have shown a strong correlation between surface roughness and SRI (27), so the decrease in %SRI
observed in our specimens is most probably related to an increase in enamel surface roughness.
Moreover, there is a strong correlation between SRI and surface hardness, where a decrease in %SRI is
also related to a weakening of the enamel surface (3). This corroborates our initial hypothesis, that
enamel specimens submitted to our caries model presented a decrease in %SRI, which is associated to a
rougher and weaker enamel surface, and less gloss; while the subsequent remineralization period (tooth-
brushing) further roughened the enamel surface, provoking an even greater decrease in %SRI values.

Despite the interesting positive results with the Optipen for early enamel lesions on native enamel, there
are two main disadvantages to this device that could hinder its use in the clinical setting. The �rst is that
the Optipen is highly surface-dependent, where the SRI values will depend on the surface micro-
morphology of each tooth surface. This means that different teeth, depending on their surface micro-
morphology and roughness, will yield very different SRI values. It follows that, we cannot generate a
universal SRI range for “sound” and “demineralised” tooth surfaces, instead, each tooth surface will have
its own “sound” and “demineralised” values. Therefore, the Optipen should rather not be used as a
diagnosis tool, but as a monitoring device. The other disadvantage is that the Optipen is also, to some
extent, rater-dependent, where different individuals using the device on the same tooth surface will obtain
slightly different SRI values. This, however, can be counterbalanced by training, where trained individuals
have obtained good agreements, with intraclass correlation of ICC = 0.77 and 0.86 for deciduous and
permanent teeth, respectively (3).

Conclusion
Our expectations to use specular surface re�ection intensity to discriminate between active and inactive
caries lesions were only partially met. While the hand-held re�ectometer was able to distinguish between
caries-free and caries-active enamel surfaces (before and after caries induction), it was neither able to
fully discriminate lesion activity on polished specimens, nor to distinguish established caries lesions
(formed for 8–10 weeks caries induction) on native specimens. Although optical enamel lesion activity
assessment is desirable, Optipen, in its current form, would be suitable only for early enamel lesions on
native enamel.
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Figure 1

Surface re�ection intensity (SRI) at each experimental period after caries induction (light grey boxes) and
after remineralization (dark grey boxes): A) native enamel, B) polished enamel.

Figure 2

Median ICDAS score at each experimental period after caries induction (light grey boxes) and after
remineralization (dark grey boxes): A) native enamel, B) polished enamel.
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Figure 3

Median Anderson score at each experimental period after caries induction (light grey boxes) and after
remineralization (dark grey boxes): A) native enamel, B) polished enamel.
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Figure 4

Scanning electron microscopy images of the enamel surface. A) Native enamel after caries induction; B)
Native enamel after remineralization/brushing; C) Polished enamel after caries induction; D) Polished
enamel after remineralization/brushing.


